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ABSTRACT

There is a large body of work investigating whiplash-associated injury in motor vehicles 

and its causation. Being unable to detect the actual injury and having to use the 

symptoms of the sufferer as a surrogate has made progress in understanding the injury 

causation slow. Still lacking are the causal relationships between the biomechanical load 

on the vehicle occupant in the crash, the resulting loading on the neck and the actual 

injuries suffered. The optimisation of the design of vehicle safety systems to minimise

whiplash needs a better understanding of human tolerance to these injuries.

This thesis describes the development of a mathematical multi-body C5/C6 motion

segment model to investigate the causation of soft-tissue neck injury. This model was 

validated with available static in-vitro experimental data on excised motion-segments

and then integrated into the existing, validated multi-body human head and neck model

developed by van der Horst, to allow the application of realistic dynamic loads. The 

responses and injury sensing capability of the C5/C6 model were compared with 

available data for volunteers and cadavers in rear impacts.

The head and neck model was applied to the investigation of a group of real rear impact

crashes (n = 78) of vehicles equipped with a crash-pulse recorder and with known post-

crash injury outcomes. The motion of the occupants in these crashes had previously 

been reconstructed with a MADYMO BioRID II dummy-in-seat model validated by 

sled testing. The occupant T1 accelerations from these reconstructions were used to 

drive the head and neck model. The soft-tissue loading at C5/C6 of the head and neck 

model was analysed during the early stage of the impact, prior to contact with the head 

restraint. The loading and the pain outcome from the vehicle occupants in the actual 

crash were compared statistically.

For the longer-term whiplash-associated pain outcomes (of greater than 1 month

duration) for these occupants, the C5/C6 model indicated good correlation with the 

magnitude of the shear loading on the facet capsule. In lower severity impacts, the 

model result supported a second hypothesis of injury to this motion segment: facet 

surface impingement.
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Introduction

CHAPTER 1 INTRODUCTION

1.1  Problem Statement 

Whiplash associated injury following a motor vehicle impact is a major source of third-

party motor vehicle insurance claims and is a considerable cost to society. In Australia, 

the proportion of claims due to this type of injury varies between states depending on 

whether a ‘no-fault’ system operates as in Victoria and Tasmania, or the tort system,

which governs the other states. Ryan and Gibson (1998) estimated that 30,000 new 

cases of whiplash-associated injury occur annually in Australia, with an incidence rate 

of about 167 per 100,000 of the population. The total cost of these cases was estimated

at $540 million – just less than 10% of the estimated annual cost of all road injuries in 

Australia. Until recently, attempts to control the problem in Australia have included 

changes to the rules governing the criteria for making a claim, and concerted efforts to 

detect fraudulent claims. Lowering the cost of injuries to the community requires the 

best use of current knowledge by means of a multi-disciplinary approach to the 

problem.

There is a vast body of work investigating whiplash associated injury (or disorder 

WAD, as it is sometimes called) and its causation at all levels, including crash 

investigation, clinical studies, post-mortem studies, biomechanical testing, and 

simulation. The slow progress in understanding the injury causation is due to the fact 

that we are yet unable to detect the actual injury, relying on the symptoms of the 

sufferer as a surrogate. The knowledge gained from these areas of study has 

significantly advanced our understanding of both the causes and treatment of such 

injuries.

Investigations into crashes with whiplash associated injury outcomes have resulted in 

evidence regarding the circumstances and occupant types most likely to be affected 

(States, Balcerak & Williams 1972; Morris & Thomas 1996). Crash researchers have 

concluded that: 

The severity of whiplash symptoms is related to that of the impact, particularly for

rear impacts (Krafft et al. 2000); 

Women are more likely to be affected than men (Morris & Thomas 1996); and,
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Being aware of the impending impact has a protective effect at the time of the injury 

(Ryan et al. 1993). 

Crash investigation has also added insight into the roles of the vehicle and seat 

structures in the causation of WAD. Researchers have made the following observations:

Wearing a seat belt appears to increase the likelihood of injury (Morris & Thomas

1996; Viano 1992a);

Seat back characteristics have a greater effect than the vehicle structure itself 

(Haland et al. 1996); and,

Attempts to regulate effective head restraints have been ineffective (Kahane 1982). 

Clinically, it has been found that many of the traditional treatments have been 

ineffective in reducing the symptoms (Bogduk 1998). While the lesions are 

indiscernible using normal radiographic techniques, the pain symptom patterns are 

characteristic of persons with chronic spinal pain (Dwyer, Aprill & Bogduk 1990). In a 

major breakthrough, Lord, Barnsley and Bogduk (1993) rigorously demonstrated that 

for more than 50% of patients suffering chronic whiplash symptoms (those persisting 

for more than six months), the pain originates from within the cervical facet joints 

(zygapophysial joints). This has been achieved through the investigation of facet joint 

pain by means of controlled, double blind, differential, diagnostic anaesthetic blocks. 

The work strongly supports that patients with persisting symptoms after whiplash have 

physical lesions and real pain (Barnsley, Lord & Bogduk 1998). 

Post-mortem studies on the necks of crash victims have revealed the existence of a wide 

range of soft-tissue neck injuries that may be connected with the pain symptoms of 

whiplash associated injury (Taylor & Taylor 1996). Further insight into the causation of 

the injury found in autopsy has been gained by means of: 

In vitro testing of isolated cervical spine motion segments (Siegmund et al. 2000b; 

Winkelstein et al. 2000);

Dynamic testing of intact head and neck complexes (Yoganandan, Pintar & 

Kleinberger 1998); and

Dynamic testing of whole cadavers (Deng et al. 2000a).
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In complementary studies, the dynamic head and neck motion during a whiplash event, 

and the effects of the active muscles have been investigated by volunteer testing to near 

injurious levels (Szabo & Welcher 1997). Recent volunteer testing using high-speed 

radiography has been useful in defining normal head and neck motion in a rear impact

(Ono et al. 1997).

The greater availability of accurate test data on the mechanical properties of the soft-

tissue neck components has supported the development of mathematical models of the 

human head and neck, with acceptable biofidelity in their dynamic responses. Some of 

these models have the capability of including the effects of active muscles (de Jager et 

al. 1996). In their present stages of development, these models can simulate the 

kinematic response of the head and neck to impact loading, but cannot adequately 

simulate the detailed soft-tissue injury mechanisms (van der Horst et al. 2001). 

Still lacking are the causal relationships between the biomechanical load on the vehicle 

occupant in the crash, the resulting loading on the neck, and the actual injuries suffered. 

The primary users of such information – vehicle manufacturers worldwide, are presently 

experiencing a period of rapid change driven by two major influences: increasingly 

stringent safety requirements and rapid developments in the technology available to 

meet them. To optimise the design of vehicle safety systems to minimise whiplash 

injuries, automotive engineers need to improve their understanding of the causes of the 

injuries, the injury mechanisms, and human tolerance to the injury. The relationship 

between the crash loading applied to the vehicle occupant and the risk of injury to the 

neck needs to be better defined.

1.2 Aims of the Study 

The aims of this study are: 

To develop a mathematical C5/C6 motion segment model that can be used to 

investigate the causation of soft-tissue neck injury in rear impacts;

To validate the predicted motions and injury of the C5/C6 model with available 

static in-vitro experimental data; 

To integrate the C5/C6 model into an existing, validated human neck model for the 

application of dynamic loads; 
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To validate the predicted motions and injury of the C5/C6 model with available 

dynamic experimental data from volunteers and cadavers in rear impacts;

To demonstrate the injury-sensing capabilities of the C5/C6 model by applying it to 

the analysis of a group of rear impact crashes with known pain outcomes; and,

To investigate the correlation of early soft-tissue injuries to the neck with existing 

neck injury hypotheses. 

1.3 Research Methodology

The various stages of this study are summarised in Figure 1.1 below.

Chapter 8 Investigation of Early Soft-
Tissue Neck Injury in Rear Impacts

Chapter 9 Discussion, Conclusion and
Recommendations

Chapter 1 Introduction

Chapter 2 Incidence in Crashes Chapter 3 Biomechanics of Whiplash
Injury

Chapter 5 Incidence and Cost of Soft-
Tissue Neck Injury in Australia

Chapter 4 Selection of Investigative
Process

Chapter 6 Development of a C5/C6
Cervical Spine Motion Segment Model

Chapter 7 The Head and Neck Model

Figure 1.1 Diagram showing the various stages undertaken in the study and the corresponding chapters in
this thesis. The chapters 5, 6, 7 and 8 contain the new work. The colour coding is followed through the
thesis.

A thorough review of the published literature was conducted in the early stages. Chapter 

2 is a review of selected field accident studies and vehicle engineering interventions that 

have been used to mitigate whiplash injuries to date. This is to place into context the 
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motor vehicle and occupant related factors involved in the incidence and characteristics 

of soft tissue neck injury. Chapter 3 reviews the anatomy of the neck required to model

the C5/C6 motion segment; the available biomechanics of injury from clinical and post-

mortem studies; relevant experimental studies based on both cadavers and volunteers; 

and, various hypotheses of soft-tissue neck injury mechanisms.

A preliminary investigation into the crash-related characteristics of neck injury 

associated with chronic pain is reported on in Chapter 4. The results of the investigation 

are used to make estimates of the incidence and cost of whiplash injury in Australia, 

which are not directly from insurance claim based data.

Chapter 5 reviews the available mathematical models of the head and neck, and presents 

the background of the modelling approach used for the development of the investigative 

model. The basis for the development was a MADYMO multi-body human head and 

neck model, developed by van der Horst et al. (2001). This well developed model has 

already been validated, has acceptable kinematic biofidelity and includes active muscle

capability.

A mathematical C5/C6 motion segment model was developed in Chapter 6, based on 

the van der Horst human head and neck model (van der Horst et al. 2001). The new 

motion segment model incorporated recent descriptive work on the anatomy of the neck 

disc and the results of the most recent biomechanical experiments. It was validated 

using the results of recent in-vitro testing of cervical spine motion segments reproducing 

whiplash-type loading. 

The integration of this new mathematical C5/C6 motion segment model with the van 

der Horst human head and neck model is described in Chapter 7. The response of the 

new head and neck model was verified dynamically with the results of published tests of 

volunteers, whole cadavers and intact cadaver head and neck complexes.

The new head and neck model was then applied to the investigation of a group of real 

crashes (n = 78) of vehicles equipped with a crash pulse recorder and known post-crash 

outcomes in the form of pain duration. These crashes had been reconstructed with a 

MADYMO BioRID II dummy and seat model, which was validated by sled testing 

(Kullgren et al. 2003). The T1 acceleration from these reconstructions was used to drive 
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the head and neck model. The soft tissue component loading of the C5/C6 motion

segment was analysed. The motion segment loading and the whiplash-associated 

outcomes for the vehicle occupants in the crash were analysed statistically.

1.4 Ethics

Permission was granted by the NSW Privacy Commission to access the Police Accident 

Records of patients from the Cervical Spine Research Unit, Newcastle, for the 

investigation in Chapter 4.

6



Incidence in Crashes

CHAPTER 2 INCIDENCE IN CRASHES 

2.1 Introduction 

Lowering the cost of injury to the community increasingly requires multidisciplinary

approaches to the problem. For the automotive engineer to be able to design vehicle 

safety systems to minimize injuries such as whiplash, an understanding of the causes of 

the injuries, the injury mechanisms, and human tolerance, is required. 

Whiplash injury is examined in this Chapter from the perspective of an automotive

engineer. The main areas covered and the context of this chapter with in the thesis is 

shown in Figure 2.1. The results of several important field accident studies on the 

incidence of soft-tissue neck injury and the significant crash and victim parameters

identified are summarised. This is extended to the vehicle factors known to be involved 

in injury causation: the structural response, the seat design, the head restraints fitted and 

the interaction with a restraint system. A brief overview of the design methods currently 

being used by engineers to minimise whiplash-associated disorder (WAD) are 

presented. Further, the regulatory and consumer information interventions are also 

outlined. Finally the need for an accepted dynamic test methodology is discussed, 

including the identification of the available anthropomorphic test devices (ATD). 

Chapter 3 Biomechanics of Whiplash
Injury

Chapter 5 Incidence and Cost of Soft-
Tissue Neck Injury in Australia

Vehicle factors

Human factors

Chapter 2 Incidence in Crashes

Figure 2.1 The main areas covered and the context of this chapter within the thesis.

2.2 Accident Studies

The analysis of accident data has been useful in providing insight into those human

characteristics and vehicle factors, which influence the incidence of whiplash injuries in 

vehicle crashes. Such research projects are difficult and expensive to carry out if enough 

precision in the data and a sufficient number of cases are to be gathered to achieve 

statistically significant results. The following studies have been important in the area 

and give insight into the characteristics of soft-tissue neck injury associated with 

whiplash.
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One of the earlier field accident studies, which is often referred to and still relevant, is 

that by States, Balcerak and Williams (1972). This study included all rear-end crashes 

reported in Rochester, New York over a three-month period. The cases were followed-

up through special police forms, telephone interviews and mail questionnaires. 

Additionally, approximately every 20th case was provided with vehicle photographs and 

medical examinations. A total of 691 rear-end crashes were collected, and the following 

observations were made (none of which were regarded as statistically significant): 

Whiplash was the principal injury to occupants of struck vehicles, totalling 99.3% of 

all injuries and occurring at 38% frequency; 

Head restraints were effective for both the driver and right front passenger. The 

whiplash injury frequency was 37% for head restraint-equipped vehicles and 42% 

for vehicles without fitted head restraints; 

The benefit of head restraints appeared to be more noticeable for female occupants, 

for whom the whiplash injury frequency was 38% in vehicles with head restraints 

and 51% in those without; 

Occupants with fixed head restraints were better off and had a whiplash injury 

frequency of 13% compared with an overall rate of 16%; 

Seat back damage showed no effect on whiplash injury frequency; 

The overall whiplash injury frequency for females was 44%, and 35% for males;

The whiplash injury frequency for rear and centre front seat occupants was very low 

at 22%, which was associated with the high usage by younger and smaller

occupants;

The use of lap belts seemed to increase the whiplash injury frequency. 

Ryan et al. (1993) made a follow-up study of WAD. Thirty-two individuals with neck 

strain following a car crash were interviewed and given a physical examination, soon 

after the crash and again after six months. Each case vehicle and crash site was 

inspected and the crash reconstructed. The severity of the crash was assessed by using 

the maximum vehicle residual deformation to estimate the change in velocity.

In 22 cases, the impact originated from the rear; the remainder were from the front or 

side. Neck strain occurred as a result of low severity impacts, with six cases having a 
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velocity change of less than 10 km/h and eight cases resulting in a maximum vehicle 

residual deformation of less than 50 mm. For rear impacts, maximum residual

deformation and velocity change were positively associated with the measures of neck 

strain severity. Six months after the impact, 19 (66%) of the 29 subjects available for 

follow-up still showed evidence of injury. There was no statistically significant

association between either measure of crash severity and persistence of neck strain at 

six months. Subjects who were aware of the impending impact had less severe 

symptoms initially, and were much less likely to experience persisting problems.

A more recent study by Morris and Thomas (1996) on soft-tissue neck injury was based 

on the Cooperative Crash Injury Study (CCIS) in the UK, which commenced in 1983 

 (STNI) for all accident types was found to 

have been increasing steadily over the data collection period, from 11.2% in 1984 to 

males increasing at a faster rate than for males. The rate for females

e rate was 38%.

estrained occupants sustaining neck

to 36 km/h for those without injuries. The critical speed region for these 

and ended in 1992. This database contains 11,866 occupants and 6,973 crashed vehicles. 

They found the following: 

The incidence of soft tissue neck injury

22.8% in 1991; 

There was a distinct gender effect for all accident types with the soft-tissue neck 

injury rate for fe

had climbed from 14% in 1984 to 31% in 1991, while for males the rise was from

10% in 1984 to 18% in 1991; 

Soft-tissue neck injury occurred in all impact directions with an average injury rate 

of 16%, but for rear impacts th

Seatbelt use increased the overall likelihood of soft-tissue neck injury, with 20% of 

restrained occupants compared with 8% of unr

injury. Seatbelts increased the injury likelihood for males but had no effect on 

females;

Rear impacts resulting in neck injuries occur at a lower average speed of 32 km/h as 

compared

impacts was apparently between 17.5 and 27.5 km/h;
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Occupant and seating characteristics have some effect, the most marked being that 

neck injured females appear to be using higher head restraints, are younger and 

lighter, as shown in Table 2.1; 

The type of head restraint showed no differences in effectiveness; and, 

There was some tendency for reduced STNI when the seat back was deformed.

Table 2.1 The relationship between occupant height, weight and age in relationship to seat characteristics 
in rear impacts, Morris and Thomas (1996). 

STNI No STNI Characteristic
mean mean

 Males 
 Head restraint height (cm) 77.5 77.7
 Age (years) 41.5 38.9
 Weight (kg) 79.7 74
 Height (m) 1.79 1.75
 Females 
 Head restraint height (cm) 77.8 75.9
 Age (years) 36 43.8
 Weight (kg) 61.7 64.4
 Height (m) 1.63 1.61

Temming (1998) analysed the Volkswagen accident database to investigate the 

significance of human factors, such as gender, age, height and weight, on the frequency 

of occurrence and risk of suffering whiplash injuries in rear collisions. It was shown that 

for all combinations of parameters (belted, belted with multiple collisions, and belted 

with single rear collision), female occupants had a higher risk of neck injury (cervical 

spine distortion) than males by a factor of between 1.9 and 2.4, Table 2.2 and Table 2.3.

Within the age range of 18 to 57 years (88.7% of cases), there was a general reduction 

in frequency of occurrence of whiplash injuries with increasing age (from about 30% to 

about 5%). Risk of neck injury ranged between 20 and 30% for all age groups older 

than 18 years, with no clear trends noted. There were no clear trends regarding the 

influence of body height either. The trends relating risk by body weight were the same

as by gender. Temming suggested the following explanations for the gender-specific 

differences:

Men have stronger neck muscles, as indicated by the ratio between head volume and 

neck cross-sectional area; 
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Women have longer necks and larger heads relative to their own body weight than 

men;

Women sit farther forward in their seats than men; and 

Women may be more inclined to file an insurance claim for whiplash than men.

Table 2.2 Occurrence of soft tissue neck injury (distortion) in the Volkswagen data investigated by
Temming (1998).

Collision
damage
location

All passenger
car occupants 

Belted
occupants

Belted
occupants,
injured

Belted
occupants
with neck 
injury

Belted
occupants
with STNI

All collisions 14 276 10 349 4 570 1 621 1 229 
Frontal 9 064 6 650 2 773 931 700
Right side 1 368 940 432 106 71
Left side 1 635 1 146 574 171 119
Impact side 
occupants

1 482 1 067 576 173 118

Opposite side
occupants

1 386 953 374 88 58

Multiple
collisions (rear 
most severe) 

1 744 1 295 594 358 297

Single rear-end 1 005 836 330 226 186
Rollover 386 281 216 56 46

Table 2.3 Risk by gender of neck injury (distortion) in the Volkswagen data investigated by Temming
(1998).

Total Male Female M/F ratio
Occupants 886 482 337 58.9%/41.1%
Injured occupants 186 73 113 39.2%/60.8%
Injury Risk 22.2% 15.1% 33.5%

A Swedish study, Krafft (1998), found that women with whiplash injuries are more

likely to develop long-term symptoms of whiplash than are men with whiplash. In this 

study fifty-five percent of the women who sustained whiplash injuries went on to 

develop longer term symptoms compared with only 38 percent of men.

2.3 Engineering for Rear Impact Injury 

As shown in Figure 2.2, engineering intervention aimed at mitigating whiplash injury 

can be implemented either before the crash, by reducing the likelihood of the crash, or 

during the crash, by minimizing the injury risk of the crash. The necessary engineering 

design changes can be applied to the vehicle structure, to change its performance during 

the crash, or to the individual components of the vehicle such as seats. The process of 
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designing to minimise an injury requires detailed understanding of the likely injury 

mechanisms and the availability of appropriate injury tolerance data.

Pre-crash factors

Crash

Vehicle

Mechanical load

Crash victim

Biomechanical response

Injury mechanism

Injury

Crash prevention measures

Injury tolerance criteria

Injury prevention measures

Figure 2.2 The biomechanical injury/load model showing how engineering interventions can reduce 
crash related injury, after Wismans (1995).

2.3.1 Crash Prevention

Prevention of the crash includes vehicle design features aimed at reducing the likelihood 

of the crash occurring at all. Road vehicles have undergone numerous improvements in 

the performance of braking systems and consistency of operation (such as the user 

ergonomics, road holding and wet-weather performance) since their inception. The 

areas now open for improvements in crash prevention are mainly tied to developments

in intelligent vehicle systems. The crash prevention area, which has the potential to be 

very effective in reducing whiplash associated disorder is peripheral to the aims of this 

thesis.

2.3.2 Injury Prevention

Injury prevention includes measures designed to reduce injury once the vehicle has been 

involved in a crash. These interventions are aimed at reducing the mechanical load 

applied to the victim during the crash. This is achieved by changing the response of the 

vehicle to the crash. An example is the incorporation of crushable zones in the rear 
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structure of a vehicle for the purpose of reducing the severity of the crash pulse 

generated during a rear impact.

The way in which the load from the vehicle structure is transmitted to the victim during 

a crash interaction may be reduced by: 

Promoting ride down;1

Spreading the energy of the impact in a manner appropriate to the body region 

loaded;

Managing the rate of energy absorption by the use of padding material; and 

Preventing excessive relative motions between the body segments of the crash 

victim.

Applying these principles to the protection of an occupant in a car during a low speed 

rear impact requires several improvements to typical vehicle designs. The rear structure 

of the vehicle must be designed to minimize the severity of the deceleration pulse 

without compromising the structural integrity in a high velocity crash. This must be 

combined with a seat system designed to promote effective ride down of the occupant of 

the rear impact crash pulse, while minimising misalignment in the neck and the 

possibility of rebound following the impact.

The injury tolerance level is the magnitude of loading at the threshold of a specified 

level of injury severity to a human2. There are large variations of tolerance to neck 

injury between individuals, depending on such factors as gender, age, and 

anthropometric and physiological differences (Yoganandan, Pintar & Cusick 1997). 

Injury tolerance applies specifically to living humans and injury tolerance values are of 

limited use to engineers, as they require human subjects (who will be injured) for

testing. The assessment of a specific design during the product development process 

requires the use of a test methodology based on a surrogate, usually a mechanical crash 

test dummy, and associated injury criteria. For ethical, reliability and consistency 

considerations, crash test dummies are used in regulatory tests. 

1 Ride down is the term used to describe the coupling of the occupant to the vehicle structure with a safety restraint system to minimize the 
acceleration levels applied to the occupant, by using as much of the deceleration distance afforded by the collapse of the front structure of the vehicle 
as possible.
2 Injury severity level is usually measured by means of the Abbreviated Injury Scale (AIS)  (AAAM 1990).
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2.4 Vehicle Factors

2.4.1 Effect of Head Restraints 

In a study for the U.S. Department of Transportation (DoT), Kahane (1982) evaluated 

e ts complying with the original Federal Motor Vehicle 

Safety Standard (FMVSS) 202 in reducing the overall risk of injury in rear impacts. The 

injury in a rear-end 

collision by approximately 20% on average. Fixed head restraints gave a 24% reduction 

asing horizontal distance between the head

and the head restraint. The authors found that a head restraint back-set of more than 10 

the "correct" height –

when the top of the head restraint is at least level with the ear or higher (van Kampen

the eff ctiveness of head restrain

study estimated this to be 17% for integral restraints and 10% for adjustable restraints. 

The effectiveness of head restraints in reducing whiplash could not be determined due 

to lack of recorded data for AIS1 neck injury. The in-use median height for adjustable 

head restraints was determined to be less than 660 mm as compared to over 710 mm for 

the integral restraints. When combined with the erect seated height to the base of the 

skull of a 50th-percentile U.S. male of 700 mm, Kahane hypothesized that head restraint 

heights above 700 mm should give full injury prevention benefits. 

This study is supported by other later studies. Nygren, Gustafsson and Tingvall (1985) 

found that the use of head restraints decreased the risk of neck

and adjustable ones gave a 14% reduction. 

In a study of 33 occupants of Volvo cars, Olsson, Bunketorp and Carlsson (1990) found 

that neck symptoms lasted longer for incre

cm from the back of the head correlated with an increased risk of neck injuries in rear 

impacts. They also suggested that the risk of whiplash injuries could be decreased by 

using controlled plastic deformation of the seat back rest integrated with the head 

restraint, to diminish the relative motion of the head and trunk. 

A Dutch study of front-seat occupants found that roughly 40% of male occupants and 

50% of female occupants had adjusted their head restraints to

1993). However, it should be noted that a seat that meets the minimum height 

requirement of the European vehicle regulations only enables correct height adjustment

for males shorter than the 25th-percentile and for females shorter than the 90th-percentile

of the Dutch population.
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2.4.2 Vehicle Structural Effects 

Krafft et al. (2000) studied the influence of crash severity in rear impacts that led to 

(i.e. injuries lasting less or more than a year, 

respectively). The study was completed in three stages. 

be added to the vehicle behind

the rear axle and has a stiffening effect. This change to the vehicle structural stiffness at 

d Saab 900 (1979-1993) model

cars, with a random sample of AIS1 neck injuries, were selected. Cases with short-term

e vehicles were

inspected, the seat-back deformations were investigated, medical notes and 

short-term or long-term WAD

In the first stage, Volvo 240 model vehicles were tested with and without towbars fitted. 

The fitting of a towbar to a car requires extra structure to

the rear gives a simple method to investigate the effects of the vehicle structure on the 

incidence of neck injury. Full-scale crash tests were run at 25 km/h to give a change in 

velocity of 15 km/h to the struck car. It was found that the acceleration due to the rear 

impact in the towbar-equipped car was higher (9.6 g) than in the car without a towbar 

(8.0 g). Further, the occupant of the towbar-equipped vehicle was subjected to higher 

accelerations. The dummy in the towbar-equipped car had a maximum T1 acceleration 

of 8.9 g, compared to 6.7 g in the car without a towbar. 

In the second part, data was collected from the Folksam insurance company between 

1990 and 1993. Occupants of Volvo 240, Volvo 700 an

consequences, where at least one occupant reported an injury after the accident, were 

represented by 233 reported car crashes. Cases with long-term consequences, where at 

least one occupant sustained long-term consequences in the struck vehicle, were 

represented by 75 reported car crashes. There was a 22% greater risk of long-term

WAD consequences in a struck car with a towbar than in one without.

Finally, an additional 28 rear impacts in which a crash pulse recorder (CPR) was 

mounted under the driver’s seat, were collected from Folksam. Th

questionnaires were obtained, and possible medical symptoms were followed up at least 

6 months after the collision. Fifteen occupants in 11 collisions did not suffer symptoms

to the neck. The maximum acceleration levels in these collisions were 6 g at most. In 

fifteen collisions, 20 occupants sustained short-term consequences. In these cases, the 

maximum accelerations did not exceed 10 g. Two occupants from the 15 collisions 

sustained long-term injuries.  In these cases, the accelerations reached 13 and 15 g. 
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From the study, Krafft et al. (2000) concluded that the stiffness of the vehicle structure 

influences the severity of WAD outcomes. In rear impacts, cars fitted with towbars 

displayed higher peak accelerations than those without. 

2.4.3 Vehicle Seat Response Effects 

Foret-Bruno et al. (1991) analysed a French vehicle accident database containing 8,000

involved vehicles, and made the following conclusions: 

Elastic rebound of the seat back following a rear impact leads to increased neck 

and a cadaver.

spe

foll

s with no damage became less frequent as the severity of the collision 

increased.

 the seat was 

pact severity, which may be 

the

occurs in the neck, see discussion in Chapter 3) as a result of a rear impact. For this 

during impact occurred at a faster rate; 

Deformation of the seat back reduced the incidence of cervical injury in rear

impacts;

loading, which the authors demonstrated with a series of sled tests involving 

dummies

Parkin et al. (1995) used the UK based CCIS crashed vehicle data. The authors looked 

cifically at the relationship between seat damage and AIS1 neck injury and found the 

owing:

Rear impacts only made up 6.0% of the total of 5,361 crashes studied. 

The seat

An occupant was significantly more likely to suffer AIS1 neck injury if

undamaged.

The frequency of AIS1 neck injury was not related to im

related to the greater likelihood of the seat collapsing as the impact severity

increased.

Haland et al. (1996) evaluated various seat designs, which were aimed at minimizing

motion between the upper and lower cervical spine (i.e. limiting the S-shape, which 

testing, the recently developed rear-impact dummy (RID) neck was used on a Hybrid III 

(HIII) dummy. It was found that:

The Opel Corsa seat was worse than the Peugeot 205 seat because the neck motion
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A strengthened standard seat performed worst because the limited deflection (40 

mm) increased the velocity of the lower neck; and,

resp ctural responses, in mitigating

whiplash injuries. 

Another Swedish study by Kraft et al. (2003) was also based on the Folksam insurance 

as strong for males. This was found to be 

consistent with the rear seat being stiffer than the front seats of a vehicle. 

endent on the

severity of the impact. The limit at which an unrestrained occupant would be retained in 

e at 60° of seat back deformation. Beyond this point, the 

 and 23 cm further to 

the rear than their sedan counterparts, respectively. Accident data reported by the police 

A modified seat with an increased seat back deflection of 130 mm reduced the 

velocity of the lower neck.

Based on the loading on dummies in rear-impact tests, the authors concluded that seat 

onses were more important than the vehicle stru

data, in this case of 554 occupants in 195 crashes. It was found that females seated in 

the rear seat were at significantly higher risk of injury in a rear impact than when seated 

in the front or driving. The effect was not 

2.4.4 Seatbelt Effects

In a series of sled tests, Viano (1992a) investigated occupant retention by the seat

during rear impacts. Viano found that the retention of an unrestrained occupant was 

dependent on the degree of seat back deformation, which was in turn dep

his seat was found to b

rearward acceleration of the test dummy was enough to overcome the friction involved, 

and caused it to ramp up the seat and over the head restraint. For a standard seat 

designed to meet FMVSS 202 criteria, this was observed at a 15.5 g peak acceleration 

pulse with a velocity change of 9.6 m/s. In another related study, Viano (1992b)

demonstrated that lap belt use improved retention of the dummy in the seat in rear 

impacts and so reduced ramping. This was particularly evident in slightly offset rear 

impacts (15°), in which the pelvis was kept engaged with the seat.

The effects of shoulder-belt geometry in rear-end collisions were analysed by Krafft et 

al. (1996), by comparing the outcomes of 2- and 4-door Volvo 240 cars (1975-1994) 

and 3- and 5-door Saab 900 cars (1979-1993). In these vehicle models, the 2- and 3-

door vehicles have the seatbelt shoulder anchorage mounted 27 cm
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to the Swedish National Bureau of Statistics was used in the study. It was found that the 

weights of both the struck and striking vehicles, the gender of the occupant, and the 

seatbelt geometry as indicated by whether the cars were hatchbacks or sedans (with the

sedans fairing worse), all influenced the relative risk of AIS1 neck injuries. The authors 

concluded that the influence of the seatbelt geometry on the risk of AIS1 neck injury in 

rear impacts, added support to the hypothesis that rebound from the seat is an important

part of the injury mechanism for whiplash-associated disorders. 

2.4.5 Airbag Effects

Otte (1995) reviewed 41 motor-vehicle accidents in Hannover, in which airbags were 

deployed. He found that half of airbag inflations caused soft tissue neck injury. Otte 

concluded that inflation of an airbag induces an extreme motion of the head and cervical

vertebrae, giving a higher risk of these whiplash injuries. Conversely another German

ider, Hummel & Müller 1996) found that the deployment of 

nd HARM to occupants of vehicles equipped 

with and without SRS airbags. In terms of whiplash-associated injuries, it was found 

0

fitted with standard head restraints, over a period of 18 months. The SAHR reduced 

whiplash injury risks by 75±11%, from an 18±5% incidence in 85 occupants with 

research group (Langwe

driver side airbags resulted in fewer soft tissue neck injuries. These researchers 

proposed that the interception of the head motion by the airbag prevented the

hyperflexion of the cervical spine. 

In a study for the Australian Transport Safety Bureau (ATSB), Morris et al. (2001) 

evaluated the effectiveness of the Australian Design Rule (ADR) 69, which is the full 

frontal barrier crash test requirement with restrained dummies. The case-control study 

of real crashes compared the injuries a

that 19% of drivers in the airbag cases (n = 291) suffered AIS1+ neck injuries, 

compared with 30% in the non-airbag cases (n = 141). The combination of seatbelts 

with or without airbags gave similar results: 19% of belted drivers with airbags (n = 

253), and 31% belted drivers without airbags (n = 130) suffered AIS1+ neck injuries.

2.4.6 Seat Design Developments 

Viano and Olsen (2001) evaluated the field performance of the Saab Active Head 

Restraint (SAHR) in reducing whiplash in rear crashes. Comparisons of single-event 

rear-end Saab crashes involving Saab 9-5/9-3 equipped with SAHR and Saab 9000/90
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standa d head restraints to 4±3% ir n 92 occupants with SAHRs. No SAHR-fitted seats 

signs were studied:

required repair or replacement after the crashes. The SAHR was found to be effective in 

reducing the incidence of medium to long-term whiplash injury in a sample of rear 

crashes in Sweden.

Recent research has investigated the effectiveness of these new head restraint and seat 

designs in reducing neck injury in rear impacts. An Insurance Institute for Highway 

Safety study was based on the claims data supplied by three of the major US insurance 

companies, Nationwide, Progressive, and State Farm (Farmer et al. 2003). The claims

data were supplied by three of the major US insurance companies. Three different seat 

and head restraint de

Improved geometry, allowing the head restraint to be positioned closer to most

occupants’ heads. Ford adopted this principal in their Ford Taurus and Mercury 

Sable models between 2000 and 2002. 

An active head restraint, allowing the occupant’s torso to sink back into the seat 

during a rear-end crash, and engage a mechanism in the seat back, which pushes the 

head restraint up and toward the back of the head. This design was adopted by Saab 

in 1997 as the SAHR system and in some General Motors and Nissan models.

A yielding seat back reduces the forward acceleration of the torso in rear-end 

crashes. The Volvo WHIPS seat design includes a specially designed hinge for the 

wo

Saa

red

any

seat back, which allows rearward movement to reduce forward acceleration, without 

collapse of the seat (Lundell et al. 1998). The Toyota whiplash injury lessening 

(WIL) system allows an occupant to sink farther into the seat back during a rear 

impact (Seizuka 1998). 

Overall, neck injury claims have been reduced. The benefits have been greater for 

men than for men. There was also a 43% reduction in neck injury claim rates for the 

b, General Motors and Nissan models with the active head restraints and an 18% 

uction in the Fords with improved geometry. The Toyota WIL system did not show 

reduction in neck injuries.
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2.5 Minimising Whiplash Injury 

2.5.1 Static Head Restraint Requirements 

Regulations aimed at minimizing neck injury have focused on the mandatory instalment

at back stiffness, to reduce rearward head motion

sult of hyperextension. Typical of current

regulations is the Federal Motor Vehicle Safety Standard, FMVSS 202, which has 

der a 120-lb (54.5 kg) load.

In t the minimum height requirement has 

The full frontal crash testing of

n the scope of this testing has ensued, with the 

inclusion of evaluation of head restraints fitted to vehicles (IIHS 2001). The rating is 

int with respect to the back of

of head restraints and the control of se

in crashes and prevent neck injury as a re

required that all passenger cars sold in the U.S. be fitted with head restraints in the front

outboard seating positions since 1969. FMVSS 202 requires that one of the following 

conditions are met:

The head restraint is at least 27.5 inches (700 mm) above the seat reference point 

when fully extended and the seat back must not deflect more than 4 inches (100 

mm) rearward un

The rearward angular displacement of the head reference line is limited to 45°, 

under a forward acceleration of the seat structure of 8g. 

he current European regulations, ECE 25.04,

been raised to 29.5 inches (750 mm).

New Car Assessment Program (NCAP) started with

vehicles in the U.S. in 1978, as a means of evaluating the safety of vehicles for 

consumer information. An increase i

based on static measurements of the head restraint in its lowest position, with respect to 

a 50th percentile mannequin (Figure 2.3 and Table 2.4):

The vertical position of the top of the head restraint with respect to the top of the 

head (V). 

The horizontal position of the front of the head restra

the head, or its back-set (H). 
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Table 2.4 Geometric criteria used to rate head restraint position by the NCAP (Estep and Lund 1995).

  Rating Height, V (mm) Back-set, H (mm) 

  Good < 60 < 70 
  Acceptable 70 ± 10 80 ± 10 
  Marginal 90 ± 10 100 ± 10 
  Poor > 100 > 110 

Figure 2.3 The head restraint rating dimensions V and H.

The NCAP criteria were used in the evaluation of 164 vehicles from

year (Estep and Lund 1995). Under these criteria, only five vehicles were rated as good, 

 the 1995 model

eight were acceptab n 1995 only 3% of

easured head restraints rated good compared with 45% in 2003 (IIHS 2004). The 

le and the remaining 117 were regarded as poor. I

m

number of poor restraints has decreased dramatically from 82% in 1995 to 10% in 2003. 

Nevertheless, these criteria are purely geometric and have not been correlated with

injury claims. In a study by Bostrom et al. (1997), the researchers concluded that this 

rating system for vehicles based on seat-system geometry evaluation did not correlate 

well with available accident data.

2.5.2 Dummy Neck Response Corridors for Extension 

When the head is allowed to move with respect to the trunk during a rear impact, the 

following occurs: 
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1. The struck vehicle is accelerated forward and the occupants are subjected to a

he head causes its motion to lag behind the torso forcing the neck into 

an S shape, with extension at the base (at the level of C7/T1) and flexion at the top 

Mertz and Patrick (1967) demonstrated that a volunteer in a high backed, rigid seat 

head of the subject rem

stationary with respect to the trunk. bined the volunteer testing with 

forward push by the seat back; 

2. The inertia of t

(at the level of the occipital condyle). 

could withstand 30 km/h rear impacts on a test sled without injury. In these tests, the 

ained in contact with the seat back and hence remained

The researchers com

cadaver tests and derived a dynamic neck response in extension requirement (Figure 

2.4).

The dynamic head/neck moment at the OC in extension, after Mertz and Pat

More recent volunteer tests have been aimed at improving the understanding of 

whiplash injury causation. These tests have been carried out on a variety of subjects, in 

Figure 2.4 rick (1971).

a variety of seat types and with a variety of pulse shapes and have occasionally been to 

the threshold of mild cervical strain injury. Szabo (1997) reviewed 12 of these test 

series, with a total of 298 volunteer exposures in staged vehicle-to-vehicle impacts.

Included in his review were some of the studies cited here (Table 2.4). The review was 

made to determine the level of exposure that has been tolerated by volunteers in rear 
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impacts. The change in vehicle velocity is often used to rate impact severity in low-

speed rear impacts, but it makes no allowance for the duration of the impact or the rate 

of change of the acceleration.

The majority of subjects had no symptoms at all and were seated with a normal posture 

in seats with head restraints and in three-point restraints. Subjects with symptoms,

which persisted for longer than 15 minutes, typically suffered neck stiffness for 

approximately one day after the test. The results are summarised in Table 2.4 below. 

The change in velocity at which injury becomes significant is at 5-6 km/h.

Table 2.4 The summary of human subject vehicle-to-vehicle rear-impact tests from Szabo (1997).

Symptoms for longer than 15 min Change in velocity
(km/h)

No. of 
tests No. %

0-1 7 0 0
1-2 40 0 0
2-3 60 1 1.6
3-4 56 1 1.8
4-5 57 7 12.3
5-6 47 11 23.4
6-7 18 4 22.2
7-8 3 0 0
8-9 5 1 20.0

9-10 3 1 33.3
10-11 2 0 0
T  298 otal 26 8.7

To assist the systematic development of a dumm or use in rea acts, Thunnissen et

al. (1996) reviewed the available kinematic response data for the dummy neck and 

defined performance requirements. Three sets of response data for the neck were found 

be the best availa m current data: the m nt about the occipital condyles as a 

y f r imp

to ble fro ome

function of the head angle, after Mertz and Patrick (1971), Figure 2.4, and two head-

rotation time history corridors at different accelerations, based on the relationship 

between maximum head rotation and average acceleration, after Ono and Kanno (1993). 

These response requirements are designed for relaxed car occupants who are unaware of 

the impending impact. The corridors selected included the effect of T1 motion during

the test, as they were designed to produce a neck to retrofit on Hybrid III dummies for 

use in rear impact testing. The Hybrid III dummy was developed as a frontal crash test 

dummy by General Motors in the 1970s and has since formed the basis for most vehicle 

safety system testing (Mertz 2002). It has a rigid thoracic spine, which reduces the neck 
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motion caused by the interaction of the hips and thorax with the seat during rear 

impacts. These response requirements were used to finalise the design of the TRID 

neck, which was developed from the prototype RID-neck developed by Svensson

(1993).

A comprehensive set of response requirements for dummy necks in low-speed rear 

impacts was stipulated by van den Kroonenberg et al. (1998), to evaluate biofidelity. 

These were based on 43 volunteer tests conducted at the Allianz Center for Technics, 

Germany.

BioRID dummy was designed to be used as 

a rear-impact dummy for testing seats and head restraints. It has a flexible spine with 

s resulted in a proposal

for a standard dynamic test for car seats concerning protection in low-speed rear 

t surance Whiplash Prevention Group (IIWPG). This 

Uses the 50 -percentile BioRID dummy with specific positioning instructions 

traint

contact (must be less than 70 ms) and torso acceleration (must be less than 9.5 

g);

Davidsson (2000) compared the performance of the BioRID P3 rear-impact dummy

prototype in rear impacts to the ten volunteer tests performed at the Japan Automobile

Research Institute by Ono et al. (1999). The 

lordosis and responds to the pressure from a seat in a rear impact in a biofidelic manner.

This dummy is now being manufactured by Denton in the U.S.

2.5.3  A Dynamic Test Method 

WAD countermeasures based on the static measurement of head restraints have been 

shown to be only partially effective (Farmer et al. 2003). This ha

impac s by the International In

proposal consists of a 16 km/h rear-impact sled test of the seat with a BioRID IIe 

dummy as the seated occupant and is currently available for comment (IIWPG 2003).

The head restraint rating scheme currently in use by the Insurance Institute for Highway 

Safety is based on a combination of the static assessment of the head restraint position 

and a dynamic test, with the following characteristics:

th

Impact sled test with a peak acceleration of 10 g (5 g mean), and duration of 91 ms;

Criteria used to assess the seats are:

Two seat design parameter measured during the test, time to head res
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Two evaluation criteria measured on BioRID during the test, the maximum neck 

Using t

Safety rated 73 seat/head restraint combinations available in 63 car models sold in rear-

end a

good o , were tested dynamically. Only 8 of the 

73 seat/head restraints that were dynamically tested earned overall ratings of good. 

Whiplash injury occurs not only in rear impacts, but results 

mpact in motor vehicles. 

studies have included the stiffness of the 

vehicle rear structure, the dynamic stiffness of the seat back and head restraint and the 

t belt.

ion of

consumer information based on static testing has also been only partially effective. For 

shear force and maximum neck tension. 

his new dynamic test procedure and dummy, the Insurance Institute for Highway 

cr shes at low to moderate speeds (IIHS 2004). Seats with head restraints, that had 

r acceptable geometry as described above

Sixteen were acceptable, and 19 rated marginal. The other 30 seat/head restraint

combinations that were tested are rated poor, as are 24 seats that weren't tested because

of inadequate geometry.

2.6 Summary 

Field accident studies have shown that the typical sufferers of chronic neck pain 

resulting from a motor vehicle accident are female, mid thirties in age and in a rear 

impact while stationary.

from all directions of i

The field accident studies also showed that when the seatback was deformed by the rear 

impact there was less likelihood of the occupant sustaining whiplash-related injuries and 

head restraints have proven only partially effective. The use of seat belts seems to 

increase the likelihood of injury.

Some investigators have linked an increased likelihood of chronic pain to a lack of 

awareness of the impending impact or to having the head out of position.

The vehicle factors implicated by the field 

design of the seat belt. It has also been shown that a well-designed seat and head 

restraint is able to overcome the effects of the vehicle structure and the sea

The prevention of injury requires the injury mechanism to be understood, the lack of 

understanding in this area has been a handicap to the implementation of engineering 

solutions. The attempts at regulation of the dimensions and static stiffness of the head 

restraints fitted to vehicles have been only partially effective. The introduct
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the optimisation of the design of the safety systems for vehicles in rear impacts a 

dynamic test procedure is being finalised and a specialised biofidelic rear impact

dummy, the BioRID, is now available. An appropriate injury criterion is still lacking for

use in such testing. There is a need for a better understanding of injury whiplash 

mechanisms to allow the development and acceptance of improved injury criteria. The 

next chapter of this thesis reviews the biomechanics of whiplash-associated injury.
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CHAPTER 3 BIOMECHANICS OF WHIPLASH INJURY

3.1 Introduction 

The biomechanical factors involved in whiplash injury are collected together in this 

chapter. The main areas covered and the context of this chapter within the overall 

structure of the thesis is shown in Figure 3.1. These areas include the basic anatomy and 

biomechanics of the lower neck, the clinical data regarding lower neck injury and the 

insights derived from testing. The testing discussed includes in-vitro testing, as well as 

the testing of volunteers and cadavers. Data from volunteer testing are used to define the 

phases of the whiplash motion in rear impacts. Finally, the various injury hypotheses 

that have been proposed are discussed. 

Volunteer and cadaver
tests

Chapter 2 Incidence in Crashes Chapter 3 Biomechanics of Whiplash
Injury

Chapter 5 Incidence and Cost of Soft-
Tissue Neck Injury in Australia

Clinical data

Autopsy injury data

In-vitro  C5/C6 tests

Neck anatomy

Neck biomechanics

Figure 3.1 The main areas covered and the context of this chapter within the thesis.

3.2 Anatomy of the Lower Neck 

3.2.1 Classical Neck Anatomy 

The cervical spine is the upper section of the spine, which supports the head and 

protects the spinal cord. Its articulation allows the head to move relative to the torso. 

The four basic motions of the head and neck are flexion (forward bending), extension

(rearward bending), lateral flexion (sideward bending), and axial rotation. The bones 

making up the neck (superior to inferior) are the base of the skull, the seven cervical 

vertebrae identified as C1 to C7, as illustrated in Figure 3.2, and the top thoracic 

vertebra, T1.
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The upper cervical spine consists of the occiput, which is the base of the skull, the atlas

(C1), and the axis (C2). In flexion and extension, the occiput articulates with the atlas 

through the occipital condyles (OC), which are convex in shape. The atlas has no 

vertebral body but consists of a bony ring with anterior and posterior arches on which 

the articular facets and transverse processes are located. The upper facets are large, 

concave and elliptical in shape. The axis, like the lower vertebrae, has a body and an 

arch, but with an additional element known as the odontoid process or dens. The dens 

protrudes upward from the body of C2 and acts as a pivot about which the head and 

atlas rotate axially. 

Figure 3.2 Anterior view of the vertebra of the cervical spine, from C1 to C7. 

The lower cervical spine consists of vertebrae C3 through C7. Each vertebra consists of 

a cylindrical body and an arch (Figure 3.3). The lower surface of the vertebral body, the 

inferior end plate, is concave from front to back, whereas the superior end plate is 

concave from side to side. The arch includes two pairs of articular facets, a spinous 

process and two transverse processes. The articular facets are almost flat and covered 

with articular cartilage, and have a backward inclination of about 45 degrees in the 

horizontal plane. The transverse and spinous processes are attachment points for 

muscles and ligaments. The arch and body enclose the vertebral foramen, which form

the spinal canal through which the spinal cord and associated structures run. 
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Figure 3.3 View of the C6 vertebra.

The cervical vertebrae are linked by soft tissues, which include intervertebral discs, 

ligaments, uncovertebral joints, facet joints and muscle. These soft-tissue components

all contribute to the relative motion between the vertebrae. The linkage between two 

adjacent vertebrae is formed from the intervertebral (IV) disc, the facet joints and the 

uncovertebral joints. The disc allows for motion in all directions, while the 

uncovertebral and facet joints (zygapophysial joints) guide and constrain this motion.

The five intervertebral discs (from C2/C3 to C7/T1) are the main connecting structures 

between the cervical vertebral bodies. An intervertebral disc is a fibrocartilaginous pad 

between the end plates of each two adjacent vertebral bodies. Classically, the healthy 

disc is described as consisting of concentrically arranged components:

The outer alternating layer of collagen fibres forming the peripheral rim of the 

anulus fibrosus (AF); 

A fibrocartilage component forming a major portion of the anulus fibrosus;

A region where the anulus fibrosus and the nucleus pulposus (NP) merge; and 

The central nucleus pulposus made of a soft, pulpy, highly elastic mucoprotein gel. 

The cervical discs are thicker anteriorly, giving the cervical spine a distinct curve in the 

sagittal plane known as the cervical lordosis, shown in Figure 3.4. 
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 view of the vertebra C1 to T1, showing the lordosis of tFigure 3.4 Lateral he cervical spine.

The uncovertebral joints are small joints, formed by the uncinate processes of the lower 

vertebra and the lower endplate of the upper vert

disc.

ebra, on either side of the intervertebral 

The facet capsular joints (FC) are synovial joints formed by the corresponding articular 

facets of adjacent vertebrae, and are enclosed by capsular ligaments. Usually, synovial 

joints only permit sliding motions, but within the facet joints other movement is 

possible due to some slack in the capsular ligaments.

The motion of the cruciate complex of the atlanto-axial joint (surrounding the dens) is 

controlled by the following major ligaments:

The transverse ligament is a strong horizontal ligament, which holds the dens 

against the anterior arch of the atlas, constraining its posterior movement.

The apical ligament extends from the top of the dens to the occiput. 

The two alar ligaments extend from the dens to the medial aspect of the occipital

biom ents in the cervical region of the spine (Kleinberger 

1993). The positions of these ligaments at the C5/C6 level of the cervical spine are 

condyles and the atlas. 

In addition to the cruciate complex of the atlanto-axial joint, there are five

echanically relevant ligam

shown in Figure 3.5.
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gure 3.5 Sketch illustrating the C5/C6 cervical spine motion segment and the major ligaments.

The anterior longitudinal ligament

Fi

 (ALL) extends to the base of the occiput via the 

anterior occipito-atlantal membrane, and descends along the anterior aspect of the 

atlas and all of the vertebral bodies. It is firmly attached to the vertebral bodies and 

is only loosely connected to the intervertebral discs, serving to limit extension and 

distraction (stretching) motions of the neck. 

The posterior longitudinal ligament (PLL) extends to the base of the skull via the 

tectorial membrane, and descends along the posterior aspect of the vertebral bodies.

It is firmly attached to the intervertebral discs but only loosely to the vertebral 

bodies, serving to limit flexion motion.

The ligamenta flava (LF) complex connects the laminae of adjacent vertebra and 

extends laterally to the articular processes.

The facet capsular ligaments (FC) are attached around the articular facets, and are 

part of the synovial joint. They lie perpendicular to the facets and are slack at rest. 

The supraspinous and intraspinous ligaments (SSL and ISL) connect the adjacent 

spinous processes. While in extension and when the head is upright, these ligaments

are slack, tightening during flexion of the neck.
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The major muscles involved in controlling neck motion are listed in Table 3.1, with the 

responding points of origin and insertion, and the major functions they control. Any 

tion of the neck is actuated by a series of these m

cor

mo uscles acting in concert. The 

Intermediate muscles, which have several attachments to the cervical vertebrae and 

ch as

Tab Stone (1990).

F

Muscle Origin Insertion Action

muscles can be divided into three types:

Superficial muscles, which have no attachments to the vertebrae, but run directly 

from the thorax to the skull, such as the sternocleidomastoid and the trapezius; 

run from the vertebrae to the thorax, such as the scalenus muscles; and 

Deep muscles, which join one vertebra to another or span several vertebrae, su

the sub-occipital or longus muscles.

le 3.1 Major muscles of the neck with their attachments and functions, after Stone and

(a) or Flexion

Longus Colli (inferior 
oblique)

Anterior surfaces of 
C1-C3

Transverse processes 
of C5 to C6

Flexes neck 

Longus Colli (s
oblique)

uperior Transverse processes 
of C3-C5

Anterior arch of C1 Flexes neck 

Longus Colli (vertical 
part)

Anterior surfaces of 
T1-T3 and C5-C7

Anterior surfaces of 
C2-C4

Flexes neck 

Longus Capitus Transverse processes
of C3-C6

e
agnum

nd headAnterior occipital bon
to foramen m

Flexes neck a

Scalenus Anterior Transverse processes 
of C3-C6

Inner border of first rib tates neck Flexes and ro

Scalenus Medius Transverse processes
of C2-C7

rst tates neckSuperior surface of fi
rib

Flexes and ro

Scalenus Posterior Transverse processes 
of C5-C7

Outer surface of second 
rib

Flexes and rotates neck

Sternocleidomastoid

)

rotates head

head ventrally

Manubrium

Clavicular head 

Mastoid process 

S-nuchal line (occipital
bone

Bends neck laterally, 

Flexes neck, draws 

Rectis Capitis Anterior
f C1 ramen magnum

Anterior transverse
processes o

Anterior occipital bone 
to fo

Flexes head 
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(b) For Extension

Muscle Origin Insertion Action
Trapezius Occipital process, LM, 

spinous processes of 
C7, T1-T12 

Clavicle, acromion and 
scapula

Extends neck, elevates 
and rotates scapula

Splenius Capitus Lower LN, spinous
processes of C7, T1-T4 

Temporal bone Extends and rotates
head

Splenius Cervicis Spinous processes of 
T3-T6

Transverse processes 
of C1-C3

Extends and rot
head

ates

Semispinalis Capitis Transverse processes 
of C4-C7 and T1-T7 

Occipital bone Extends and rotates
head

Semispinalis Cervicis ocesses Spinous processes of Extends and rotatesTransverse pr
of T1-T6 C2-C5 vertebral column

Longissimus Capitis Posterior temporal ds and rotatesTransverse processes 
of T1-T5,
Articular processes of 
C5-C7

bone
Exten
head

Longissimus Cervicis Transverse processes ds and laterally 
n

Transverse processes 
of T1-T5 of C2-6

Exten
flexes vertebral colum

Rectus Capitis ocess of C2 l bone s
Posterior Major 

Spinous pr Occipita Extends and rotate
head

Multifidus Cervicis ocesses C5- s processes of
C2-C7

ds and rotates
neck

Articular pr
T4

Spinou Exten

Rectus Capitis r arch of C2 Occipital bone Extends head 
Posterior Minor 

Posterio

Obliquus Capitis process of  bone 
Superior

Transverse
C1

Occipital Extends and laterally
flexes head 

(c) ionsFor other mot

Muscle Origin Insertion Action
Rectus Capitis
Lateralis

sverse processes
of C1

Jugular process of 
occipital bone 

es headTran Laterally flex

Levator Scapulae Transverse processes 
of C1-C4

Scapula Laterally flexes head 

Obliquus Capitis Spinous process of C2 Transverse processes Rotates C1
Inferior of C1
Hyoideus (lumped) e  hyoid bone Hyoid bon Controls

3.2.2

The rotation axes of the intervertebral joints

Functional Anatomy of the Lower Cervical Spine 

their review of the biomechanics of the cervical spine, Bogduk and Mercer (2000), 

following the work of Penning (1988), suggested that the cervical intervertebral joints 

are saddle structures (Figure 3.6). The inferior surface of the upper vertebral body is 

concave downwards in the sagittal plane and matches the form of the superior surface of

the lower vertebral body due to the uncinate processes. This allows rocking of the 

In

33



Selection of Investigative Process

superior vertebra, sliding in the sagittal plane about Axis 1, and rotation in the

transverse plane about Axis 2 (Figure 3.7).

ical intervertebral joints are saddle structures, allowin
e transverse plane, after Bogduk and Mercer (2000).

Figure 3.6 The lower cerv g sliding in the sagittal
plane and rotation in th

n of the C5/C6 vertebra showing directions of rotatio
on/extension occurs about Axis 1; axial rotation in the plane of
motion is possible about the remaining orthogonal Axi

its the sliding and rocking motion of

ost other directions of mo

rotate about Axis 2, which is perpendicular to the facet plane (Figure 3.8). The vertebral 

body is unable to rotate around the third orthogonal axis, Axis 3, due to contact between 

Figure 3.7 A sagittal sectio n of the lower cervical
intervertebral joints: flexi  the facet capsule 
around Axis 2; and, no s 3, after Bogduk and 
Mercer (2000). 

The FC perm  the intervertebral joint in the sagittal 

plane, but constrains m tion. The vertebral body is also able to 

the faces of the facets (Figure 3.9). Rotation in this plane may occur only if the facet 
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face rises up the 45° slope of the opposing face. For this reason, the only pure rotation 

of the cervical vertebral joint is in flexion/extension, as axial rotation of the neck must

be coupled with lateral flexion and vice versa. 

Figure 3.8 The e FC and parallel
ss the superior surfaces of C6 by 

rotating around Axi

C5/C6 intervertebral joint, from above, sectioned by a plane through th
to the facet surfaces. The C5 inferior facet surface is free to glide acro

s 2, after Bogduk and Mercer (2000). 

Figure 3.9 A section of t ion is through the
uncinate region perpendicular to the f  about Axis 3 (in Figure 3.6) due
to the inferior facet faces contac

Intervertebral Disc Structure

he C5/C6 intervertebral joint viewed from above. The sect
acet surface. C5 is unable to rotate

ting, after Bogduk and Mercer (2000).

y texts indicate that the cervical disc is sim

hite & Panjabi 1990). Mercer and Bogduk (1999) give a detailed three-

nsional description of the cervical intervertebral disc and its surrounding ligam

based on the study of whole cervical spinal columns from 12 em

Most anatom ilar in structure to that in the 

lumbar spine (W

dime ents,

balmed, human adult 

crescent shaped mass of collagen: thick anteriorly and tapering laterally to the uncinate 

cadavers ranging in age from 39 to 83. The authors found that the cervical AF does not 

consist of concentric laminae of collagen fibres as in the lumbar disc. Instead it forms a 
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processes. The AF is missing posterio-laterally and the posterior AF is limited to a thin 

layer of paramedian fibres with longitudinal and alar disposition (Figure 3.10). The 

ALL covers the front of the disc, and the PLL reinforces the rear. The fibres of the

anterior AF converge upwards towards the line of Axis 2; approximately 45° to the 

plane of the intervertebral joint (Figure 3.11). When viewed laterally (Figure 3.12), the 

fibres in the anterior AF converge forward and upward towards the line of Axis 2 in 

Figure 3.7. The details of the neck disc anatomy are supported by other researchers 

(Taylor, Twomey & Levander 2000). 

ew of a cervical disc showing the anterior anulus fibrosus (AF) 
surrounding the fibrocartilaginous core of the nucleus pulposus (NP), after Mercer and 

brosus (AF) at the uncinate region of the disc is shown.

Figure 3.10 Top vi as a crescent and
Bogduk (1999).

The lack of anulus fi

Figure 3.11 Front view of a cervical disc showing the fibres of the anterior anulus fibrosus (AF
converging upwards to the midline at an angle of approximately 45°, after Mercer and Bogduk (1999). 
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Figure 3.12 Lateral vi ebral bodies showing the
fibres of the anterior AF convergi  of a degenerated NP, after
Bogduk and Mercer (2000). 

in a degenerated NP. The degeneration of 

sm

replace the NP by the age of fifty (Pe ey & Levander 2000). 

In the testing of the load-displacem otion segments,

 degeneration in the discs into 4 grades. 

pression stiffness as 

the disc degenerated from te 50% drop in shear stiffness 

in N/mm, with (SD) and (number tested), by degeneration grade measured,
by Moroney et al. (1988). 

ew of a cervical disc with its superior and inferior vert
ng upwards to Axis 2 with a transverse cleft

Figure 3.12 also illustrates a transverse cleft 

the disc is significant in terms of the load sharing and motion of the disc. The clefts 

originate in the region of the disc covered by the uncinate processes. These clefts are 

all in a young adult but can become fully developed in the lower cervical spine and 

nning 1988; Taylor, Twom

ent behaviour of lower cervical m

Moroney et al. (1988) categorised the amount of

The researchers found that there was a 50% increase in mean com

 Grade 1 to 2, and an approxima

(Table 3.2). These degenerative changes in the disc occur at around 40 years, the age at 

which WAD typically occurs (Morris & Thomas 1996). 

Table 3.2 Mean disc stiffness

Grade of 
Degeneration

Compression Anterior Shear Right Lateral 
Shear

Posterior Shear 

1 492 (472)
(28)

62 (63) 
(27)

73 (63) 
(25)

50 (36) 
(26)

2 737 (885)
(4)

31 (13) 
(4)

31 (13) 
(25)

18 (7) 
(3)

3 603 (473)
(11)

39 (24) 72 (73) 
(11)

40 (24) 
(11)

4 320 (249)
(10)

99  (96) 
(9)

82 (86) 
(7)

72 (46) 
(9)

All 328 (236)
(3)

76 (18) 
(3)

114 (19) 
(3)

53 (26) 
(3)
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3.2.3 Size, Strength and Geometry of the Intervertebral Joint 

Yoganandan, Kumaresan and Pintar (2000) assessed the geom

properties of cervical ligaments from the C2 to T1 levels. The measurements were made

in two procedures.

Firstly, the ngths and tional a mid height of the major neck ligaments

(ALL, PLL, FC, LF, and ISL) were m d for 8 cadaver micro

cryotome images. The data were grouped into middle C2/C5 (n = 4) and lower C5/T1 (n 

= 4) cervical levels. The ALL and PLL were defined from the mid-height of the inferior 

ertebral body to the mid-height of the superior body. The LF and ISL were defined 

ing inferior points of

attachment. The FC were defined from the superior tip of the cephalad facet to the 

etry and mechanical

le cross-sec reas at

e ureas h numa s gusin

v

from the superior points of attachment to the correspond

inferior tip of the caudal facet articulation. The geometry was defined based on spinal 

anatomy and its potential use in complex mathematical models. The geometric lengths 

and areas of cross section are given in Table 3.3. 

Table 3.3 The area of cross section (n = 4) and length (n = 4) of the cervical spine ligaments from micro
cryotome measurements (Yoganandan, Kumaresan & Pintar 2000). 

 C2/C5 C5/T1

Ligament Area (mm)²
(SD)

Length (mm) 
(SD)

Area (mm)²
(SD)

Length (mm) 
(SD)

ALL 11.1 
(1.9)

18.8
(1.0)

12.1
(2.7)

18.3
(0.5)

PLL 11.3 
(2.0)

19.0
(1.0)

14.7
(6.8)

17.9
(0.5)

FC 42.4 
(6.4)

6.9
(0.7)

49.5
(12.3)

6.72
(0.5)

LF 46.0 
(5.8)

8.5
(0.9)

48.9
(7.9)

10.6
(0.6)

ISL 13.0 
(3.3)

10.4
(0.8)

13.4
(1.0)

9.87
(0.7)

group of 25 cadavers (mean age 68 years) using in situ axial tensile tests. The specimens

were prepared by ex divid gmen the o t

structures. The biomec al propertie luding the ss, stress, and

The biomechanical properties of the cervical ligaments were measured for a separate 

cising the in ual motion se ts to remove ther ligamen

hanic s inc stiffne strain
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energy e presented f ch of the fi igaments in Table 3.4 and the Young's

Modu n effect in the onse curves, e 3.5.

able 3.4 The biomechanical properties of the cervical spine ligaments including the stiffness, energy, 

, ar or ea ve l

lus3 i resp Tabl

T
and stress and strain at failure are presented for each of the five ligaments (Yoganandan, Kumaresan and 
Pintar 2000). 

Ligament Number
tested

Stiffness
(N/mm)

(SD)

Energy (NM) 
(SD)

Stress (MPa) 
(SD)

Strain (%)
(SD)

C2/C5
ALL 10 16.0

(2.7)
0.6

(0.3)
8.4 30.8

(1.8) (5.0)
PLL 7 25.4 0.2

(7.2) (0.1)
6.3

(2.3)
18.2
(3.2)

FC 8 33.6
(5.53)

1.5
(0.5)

5.7
(1.5)

148.0
(28.5)

LF 12 25.0 0.5 2.6 77.0
(7.0) (0.2) (0.8) (12.9)

ISL 8 0.1 3.0 60.97.7
(1.6) (0.0) (0.8) (11.2)

C5/T1
ALL 7 17.0

(
12.0
(

35.4
(3.4)

0.5
0.1) 1.4) (5.9)

PLL 10 23.0
(2.4)

0.4
(0.1)

12.8
(3.4)

34.1
(8.8)

FC 11 36.9
(6.1)

1.5
(0.4)

7.4
(1.3)

116.0
(19.6)

LF 11 21.6
(3.7)

0.9
(0.2)

2.6
(0.3)

88.4
(13.1)

ISL 8 6.4
(0.7)

0.2
(0.1)

2.9
(0.7)

68.1
(13.8)

Ta  The bilinear Young’s Modulus for the cervical spine ligaments the strain tran m
linear model E1 to model E2 (Yoganandan, Kumaresan ar 2000).

5 C5/T1

ble 3.5 ( 12 is sition fro
& Pint

C2/C
Ligament E1 E1 E2E2 12 12

ALL 43.8 26.3 12.9 28.2 28.4 14.8 
PLL 23.0 24.6 11.2 40.9 22.2 11.1 
FC 5.0 3.3 56.8 4.8 3.4 57.0
LF 3.1 2.1 40.7 3.5 3.4 35.3
ISL 4.9 3.1 26.1 5.0 3.3 27.0

These data, when compared to previous measurements, have several advantages: 

3 The Young’s Modulus, or Modulus of Elasticity, of a material is the slope of the stress versus strain
curve.
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The complex insertion patterns are retained; 

is no ne remove the ligaments from their tion po

The true resting length of the ligament is retained; 

ine stable, is retained. This can be seen 

in the lack of toe4 effect in the response curves. 

ile the

measurements. Although not reaching 

statistical significance, cross-sectional areas were higher in the C5/T1 group than in the 

were higher for the ligaments of

the for the anterior complex ligaments

There ed to inser int;

The internal load balance, which keeps the sp

Overall, the FC and LF exhibited the highest cross-sectional areas (p < 0.005), wh

longitudinal ligaments had the highest length

C2/C5 group and lengths were higher in the C2/C5 than in the C5/T1 group with the 

exception of the flavum. Biomechanical failure strains

the posterior (ISL, FC and LF) than the anterior complex (ALL and PLL). In contrast, 

failure stress and Young's Modulus were higher

than the posterior complex ligaments. Longitudinal ligaments exhibited higher 

magnitudes of the modulus of elasticity than the ligaments of the posterior complex.

When comparing the upper and lower cervical groups, however, there were no similar

tendencies in the structural responses – stiffness and energy. 

Pintar et al. (1986) tested both intervertebral discs and intact motion segments in tension 

to derive the biomechanical parameters summarised in Table 3.6. 

Table 3.6 The strength of discs and intact segments in tension (Pintar et al. 1986).

Level Number
tested

Mean force at 
failure (N) 

Mean
deformation at 
failure (mm) 

Mean energy at 
failure (J) 

Mean stiffness 
(N/mm)

Disc
C4/C5 3 570 9.3 5.5 66.8
C5/C6 1 391 12.7 2.6 22.0
C6/C7 2 505 9.9 3.5 69.0
Intact Segment 
C4/C5 2 834 6.5 3.0 219.4

etween the height

an e er int (FC the pa n l

Nowitzke, Westaway and Bogduk (1994) examined the relationship b

d slop of the c vical facet jo ) and tterns of motio of the cervica

4 Typically, ligaments are thought to have an initial region of low stiffness around the neutral range of the 
joint. Yoganandan et al. (2000) suggest that this is due to the retraction of the ligament fibres when the
ligament is detached from its insertion point.
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vertebrae. The geomet C3 artic sses we red

b ans of lateral radiographs of 40 normal subjects (Figure 3.13). The results of these 

m ment re given i ble 3.7. It w nd that whil e slope of the facet had 

l no re tionship w he position o instantaneo entre of rotation (ICR), 

t ht of e superior ular process  the base of the vertebra was in a clear 

ear relationship with the ICR height.

ries of the to C7 superior ular proce re measu

y me

easure s a n Ta as fou e th

ittle or la ith t f the us c

he heig th artic from

lin

the measurements made by Nowitzke, We
B of the superior articular process of norma

s H and h and angle B of the C3 to C7 superior art
staway and Bogduk (1994). 

Vertebra B (°)
(SD)

H (mm) 
(SD)

Figure 3.13 Diagram showing staway and Bogduk (1994) of
the heights, h and H, and angle l subjects.

Table 3.7 The height icular processes for (n = 40) 
normal subjects, Nowitzke, We

h (mm) 
(SD)

C3 36.4
(7.8)

19.8
(3.4)

6.2
(3.2)

C4 40.3
(6.1)

21.8
(2.9)

8.7
(2.6)

C5 (8.5) (3.0) (2.2)
41.7 22.9 10.2

C6 39.7
(8.4)

24.6
(3.2)

11.7
(3.0)

C7 (7.5) (3.5) (2.8)
31.4 28.3 13.6

3.3  Motion of the Normal Cervical Spine 

3.3.1 Clinical Assessment of Instan us Ax otatio

In moving from full extension to full flexion, the cervical vertebra each scribes an arc 

whose centre lies somewhere below the movi ertebra centre is called the

instantaneous centre of rotation (ICR) and its location can be obtained by superimposing

taneo es of R n

ng v . This
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radiographs of the spine taken at the beginning and end of m ent. The static ICR, as 

used clinically, is obtained by drawing the perpendicular bisectors of intervals 

ec f the moving vertebra (Figure 3.14). 

consistently found (van

ovem

conn ting known points on the two positions o

Several researchers have shown that an ICR can be reliably and

Mameren et al. 1990; Amevo, Worth and Bogduk 1991). Amevo, Worth and Bogduk 

(1991) derived the positions of the ICR for 40 normal subjects, shown in Figure 3.15. 

aining the instantaneous centr
lar bisectors of intervals connec

evo, Worth and Bogduk (1991).

Figure 3.14 The method used for obt e of rotation of a cervical motion
segment by drawing the perpendicu ting known points on two positions of 
the moving vertebra, after Am

Figure 3.15 The mean positions (dot) and SD (ellipse) of the ICR for 40 normal subjects, derived by
Amevo, Worth and Bogduk (1991).
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Clinically the ICR is often used to decide whether the neck of a patient has normal or 

restricted motion. The concept of the ICR is also useful as a means of assessing the 

capabilities and balance of the ligam aints in a mathematical model of the 

neck, and was used for this purpose by de Jager (2000).

3.3.2 Range of Motion of the Cervical Spine 

Various researchers have m otion of the cervical spine and the 

effects of combined motions. Schneider et al. (1975) used photogrammetric techniques 

to investigate aspects of the comb ovements of the neck, for a group of 

96 volunteers. This study found that when full rotation was followed by flexion, only 

half of the normal flexion was possible; when followed by extension only one third of 

on of the cervical spine. Table

otions. The authors suggested that 

sagittal flexion/extension, lateral bending and axial rotation measurements were reduced 

Flexion Extension

ent constr

easured the full range of m

inations of two m

the normal extension was possible. Lateral bending following full rotation did not show 

any effects on the normal range of motion. Full right (or left) rotation, however, was 

accompanied by slight right (or left) lateral bending. 

Ordway et al. (1994) also investigated the effects of the initial starting position of the 

head and combinations of motions, on the range of moti

3.8 summarizes the effects of these combined m

by combinations of head and neck translations and rotations, and that these restrictions 

were critical to the exact mode of injury. In the case of head retraction, the range of 

motion of the cervical spine is significantly decreased in flexion, and slightly decreased 

in axial rotation and lateral bending. 

Table 3.8 The effect of head initial position on the range of motion of the cervical spine, after Ordway et 
al. (1994). (Legend:  slight decrease;  no change; and,  statistically significant decrease.)

Initial Position Axial Rotation Lateral Bending
Protruded
Retracted
Right Rotated
Left Rotated

White and Panjabi (1990) summarised these and other published measurements of the 

individual joint range of motion in flexion/extension, axial rotation and lateral bending 

(Table 3.9).
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Van Mameren et al. (1990) used high-speed cineradiography to study the motion of 

individual vertebra during flexion extension motion of the neck in ten normal

volunteers. Twenty-five exposures were taken from full flexion to full extension and the 

nt did not

necessarily occur when the position of

f : so the total r e of motion is dom the sum of the range of motion of the 

i rtebra. The searchers also und that the s mental range of motion

differs when the motion is from flexion to

at the range of motion for an individual was 

esentative values for ranges of motion of the cervical spine, after White and Panjabi 
(1990).

reverse. It was found that the maximum range of motion for a cervical segme

 full extension was compared to the position of 

ull flexion ang sel

ndividual ve re fo eg

extension or extension to flexion, resulting in 

errors of 5 to 15 degrees. They also found th

not stable with time, and would vary each time it was measured.

Table 3.9 Repr

Representative Angle (Degrees) 
Neck Interspace 

Flexion/ Extension Lateral Bending Axial Rotation
Occipital-Atlanto-Axial
    CO-C1 25 5 5
    C1-C2 20 5 40
Middle
    C2-C3 10 10 3
    C3-C4 15 11 7
    C4-C5 20 11 7
Lower
    C5-C6 20 5 7
    C6-C7 17 7 6
    C7-T1 9 4 2
Total Range of Motion 136 61 77

A further useful finding by van Mameren et al. (1990) was that the order of movement

is initiated in the lower cervical spine (C4 to C7), normally with C6/C7 making

the fi followed by C5/C6 and then C4/C5. This initial motion was 

followed by m

revers etimes C5/C6 could occur. The third phase was 

motion in C4 to C7 again. During extension, motion is again initiated in the lower 

cervical spine (C4 to C7), followed by the start of m on at C0 to C2 d C2 to C4,

which is then followed by motion in C4 to C7. This pattern remains consistent for each 

indivi

of the motion segments in the neck is complex and could be divided into three phases. 

Flexion

rst contribution

otion at C0 to C2 and then C2/C3 and C3/C4. During this phase a 

al of motion at C6/C7 and som

oti an

dual.
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Mimura et al. (1989) used bi-planar radiography to directly measure the coupling 

between axial rotation of a motion segment and the other directions of motion (Table 

3.10). For the lower cervical motion segments the axial rotation and the resulting lateral 

flexion were of a similar magnitude.

Table 3.10 Range of motion of the cervical spine in axial rotation and the coupling with the other
directions of motion, determined by Mimura et al. (1989) using bi-planar radiography.

Coupled Motion 
Segment Axial Rotation

Degrees (SD) 
Flexion/Extension

Degrees (SD) 
Lateral Flexion 
Degrees (SD) 

OC-C2 75 (12) -14 (6) -2 (6) 
C2/C3 7 (6)     0 (3) -2 (8) 
C3/C4 6 (5)    -3 (5)  6 (7) 
C4/C5 4 (6)    -2 (4)  6 (7) 
C5/C6 5 (4)     2 (3)  4 (8) 
C6/C7 6 (3)     3 (3)  3 (7) 

3.4 Clinical Studies of WAD 

There is much work investigating whiplash injury and its causation at all levels

including crash investigation, clinical studies, radiological studies, biomechanical

In the eport of the Quebec Task Force on t al. (1995) presented a major

review of the clinical and related works in uebec surance

Society (SAAQ) supported the work, which reviewed about 10,000 publications on the 

subject. Only 346 works were found relevant to the state of the art in diagnosis and 

treatm whiplash at e. In addition to outlining the limits of knowledge in the 

rea, the study proposed that whiplash injury and symptoms be termed whiplash

d a classification scheme, Table 3.11. The table also 

has the equivalent Abbreviated Injury Scale (AIS) scores for the injuries to the neck 

The Quebec Task Force noted that in animal models of soft-tissue healing the following 

testing and simulation, and post-mortem studies and testing.

r WAD, Spitzer e

t Qhis area. The nAutomobile I

ent of the tim

a

associated disorder, and suggeste

(AAAM 1990). The AIS was designed as a means of ranking and comparing injuries by 

severity. WAD refers mainly to minor soft-tissue injuries to the neck of AIS1 severity.

stages occur: 

1. Acute inflammation lasting less than 72 hours,

2. Repair and regeneration lasting from 72 hours to up to six weeks, and
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3. Maturation and remodelling that can last for up to a year.

Table 3.11 The clinical classification of whiplash associated disorders proposed by of the Quebec Task 
Force (Spitzer et al. 1995), and the equivalent AIS neck injury scores (AAAM 1990).

WAD
Grade

Clinical Presentation AIS
Level

Presumed Pathology Clinical Presentation

0 No neck complaints;
No physical signs.

0

I Complaints of neck 1 Microscopic lesion; Presents to a doctor more
pain, stiffness, or

hysical signs.

Lesion not causing than 24 hours after trauma.
tenderness only;
No p

muscle spasm.

II Neck complaint
AND

1 Neck sprain and 
bleeding around soft

r
ents,

to soft-tissue injury.

Usually presents to a doctor
in the first 24 hours after
trauma;
Non-specific radiation to the

rm from soft-
tissue injuries;
Neck pain with limited range
of motion due to muscle
spasm.

Musculo-skeletal
signs5.

tissue (articula
capsules, ligam
tendons, and muscles);
Muscle spasm secondary

head, face, occipital region, 
shoulder, and a

III Neck complaint
AND

1 Injuries to neurological
system by mechanical

Presents to a doctor usually
within hour

Neurological sign(s)6. injury or by irritation
s
inflammation.

s after the
trauma; Limited range of
mo
neurological symptoms and 

gns.

econdary to bleeding or tion combined with

si

IV Neck complaint AND
Fracture or dislocation.

2

Note: Th ndicates the lim of the terms of reference of the Quebec Task Force. 
Sy rders that c be m des includ s,
headache, memory loss, dysphagia, an joint

Several studies have described the tim me

crash victims. The patients developed s n

24 hours (Barnsley, Lord & Bogduk 1998). The symptoms o

pain in the neck and headache, followed by pain in the shoulder girdle, paresthesia and 

weakness in the upper limbs. ss to al

disturban

Radanov, Sturzenegger and Di Stefano 995) described the tim endent progression

of sym velo ent of chronic symptoms.  These researchers found 

e gap in the table i its
mptoms and diso an anifest in all gra

d temporo-mandibular

e-dependent develop

e deafness, dizziness, tinnitu
 pain.

nt of WAD symptoms in

e crash – typically withiymptoms soon after th

f WAD are dominated by

Le common are symp ms of dizziness, visu

e-dep

ces and tinnitus.

(1

the ptoms up to the de pm

5 Musculo-skeletal signs include decreased range of motion and point tenderness.
6 Neurological signs include decreased or absent deep tendon reflexes, weakness, and sensory deficits.
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that approximately 56% of patients with neck pain due to whiplash recover in the first 3 

months after the injury. Thirty percent (30%) develop significant, chronic neck pain 

ses of whiplash-associated chronic neck pain. The CSRU 

(lasting more than 6 months) and 14% of patients suffer pain indefinitely (more than 24 

months). The time-dependent progression of the symptoms reported by Radanov,

Sturzenegger and Di Stefano (1995) follows closely the development and duration of 

the pain symptoms following injury to animal subjects reported by Spitzer et al. (1995). 

Researchers at the Cervical Spine Research Unit (CSRU) at the University of Newcastle 

have investigated the cau

developed a mapping technique to pinpoint some of the sources of neck pain as an 

aftermath of whiplash (Dwyer, Aprill & Bogduk 1990; Barnsley et al. 1995). These 

researchers have also developed the only positive diagnosis tool linking a whiplash-

associated symptom (such as neck pain) to a specific area within the neck. Based on 

patients treated at the CSRU, they found that up to 70% of sufferers of chronic neck 

pain after whiplash experience cervical FC (or more correctly zygapophyseal joint) 

pain. For these patients, chronic FC pain was most commonly found at the C2/C3 (44%) 

and C5/C6 (41%) levels of the neck.

In a comprehensive review of whiplash injury causation, Barnsley, Lord and Bogduk 

(1998) concluded that there is a converging trend in the result from the many field-, 

clinically- and experimentally-based studies. The authors conclude that the structures 

most likely to be injured in whiplash are the facet capsules, the intervertebral discs and 

the upper cervical ligaments. Injuries to other structures may occur but the available

evidence appears to suggest that these are less common. Accordingly, Barnsley and his 

associates identified the injuries most likely to be associated with WAD (Figure 3.16), 

and included the following:

Facet Capsule Injury - ligament tears, cartilage damage, contusion of the intra-

articular meniscus haemarthrosis (joint haemorrhage) and possibly extending to 

microfractures;

Disc Injury - AF ligament tears, NP cracks and protrusions, and vertebral end plate 

avulsions;

Major Neck Ligament Injury - tears to the ALL. 
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A lateral view of a section of the lower cervical spine showing the major neck
ebral bodies, neck ligaments, discs, FC and possible WAD injuries, after B

Bogduk (1998) reported on controlled studies on separate populations, which have 

ined the prevalence of chronic cervical zygapophysial joint pain following 

whiplash. Collectively, these studies indicated a prevalence of cervical zygapophysial 

joint pain of 49% with a 40–58% CI. For 53% of the patients with headache as the 

ptom, pain was traced to the C2/C3 FC joint. The author sum

known sources of chronic neck pain as follows: 

The source of chronic neck pain was most commonly found in the FC;

Figure 3.16 components
including vert arnsley, Lord 
and Bogduk (1998).

determ

dominant sym marised the 

ion has been forced to revolve around

The most commonly affected joints are C2/C3 and C5/C6 followed by C6/C7; 

Most commonly one or both joints at a segment level are affected, followed by two 

joints at separate levels, usually C2/C3 and C5/C6 or C6/C7, or C5/C6 and C6/C7;

Headaches arise most commonly from C2/C3 and less frequently from C3/C4. 

3.5 Pain Receptors in the Intervertebral Joint 

One of the major difficulties in diagnosing, treating or preventing WAD has been the 

lack of easily discernable injuries. The discuss
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interpreting symptoms, which may be merely psychosomatic in nature. However, the

s, as

suggested by Barnsley, Lord and Bogduk (1998), supports the connection between pain 

liga

very.

This is consistent with the outcome of injury studied in animal models as reported by 

er et al. (1995).

ronic pain, usually

logy and neuroanatomy of neck pain. The 

central pain pathway. This is termed central sensitisation. Damage to a 

nerve itself can result in neuropathic pain. In such cases, areas of the nerve membrane

become hyper-excitable. 

convergence in the results of the many field, clinical and experimental studie

duration and injury. These authors point out that many patients with injuries to the neck 

ments, discs and facet joints associated with whiplash may be expected to have

prolonged pain as an outcome, with little chance of healing or spontaneous reco

the report of the Quebec Task Force on WAD, Spitz

It is necessary to point out that the purpose of the limited discussion on pain in the 

intervertebral joint included here is to map out and support some of the issues raised in 

the latter parts of the study, and not to give a full discussion of the subject. Such a 

discussion is beyond the scope of this thesis. 

It is often worthwhile to investigate the common meaning of a word when trying to 

understand a difficult concept. Pain has been defined as an unpleasant sensation caused 

by noxious stimulation of the sensory nerve endings, which under normal conditions 

signals actual or potential tissue damage (Mosby 1990). It is a subjective feeling and the 

response to the cause varies amongst individuals. In the case of ch

defined as that which continues for more than 6 months, the nervous system itself may

become sensitised, and this sensation of pain appears to serve no useful purpose to the 

organism.

Cavanaugh (2000) reviewed the neurophysio

specialized nerve endings for the sensation of pain are called nociceptors and

microscopically they appear as free or finely branched nerve endings. Noxious

mechanical and thermal stimuli and certain chemicals can activate nociceptive nerve 

endings, leading to pain. Tissue damage and inflammation can sensitise nerve endings, 

causing previously innoxious stimuli to be painful. The pain elicited with only moderate

mechanical stress to a sprained ankle or sunburnt skin is an example. The peripheral 

nerves synapse in the spinal cord. Prolonged nociceptive input to the spinal cord can 

sensitise the
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Nociceptors have been shown to exist in various components of spinal tissues, namely

the muscle (Bogduk & Marsland 1988), disc anulus (Bogduk & Windsor 1988) and 

facet joint ligaments (McLain 1994). Consequently, injury to any of these tissues has 

the potential to cause neck pain. Schellhas (1996) used both MRI and discography on 

two groups of patients, one asymptomatic and the other with chronic neck/head pain. It 

was found that for patients in both groups, normal, healthy discs did not cause pain, 

while painful discs all exhibited tears to both the inner and outer aspects of the anulus. 

Facet joint capsules are particularly rich in nerve endings, including nociceptors, and are 

a primary source of neck pain. It has been demonstrated that pain originating in the 

cervical facet joints can be referred to areas of the occiput (Dwyer, Aprill & Bogduk 

1990). Neck pain can also be radiating, extending into dermatomes of the neck, shoulder 

or arm.

olves after a process of inflammation and repair. The gradual development of 

some cases of neck pain is nevertheless poorly understood and may reflect disorders in 

Typically, disc herniation is part of a long-term process rather than the result of a single 

traumatic event (White & Panjabi 1990). The nucleus pulposus in herniated discs may

irritate the spinal nerve roots, causing radiating pain upon subsequent pressure (Jonsson, 

Bring & Rauschning 1991). Pressure on irritated nerve roots has been shown to produce 

prolonged after-discharges in animal models, while mechanical stimulation of nerve 

roots at the level of pathology has reproduced radiating pain in surgical patients

(Cavanaugh 2000). In addition, the dorsal root ganglion (the enlarged areas of the nerve 

roots that house the cell bodies of peripheral nerves) has unique properties.

Compression of even the normal dorsal root ganglion results in sustained after-

discharges that can cause radiating pain. In most cases, pain arising from soft-tissue 

injury res

the pain pathway itself, including neuropathic pain and central sensitisation (Cavanaugh 

2000).

In the facet joint the adjacent surfaces are covered by cartilage, which is not innervated 

(Yoganandan et al. 2003). Nerve endings do exist in the underlying subchondral bony 

processes, and contact between these surfaces may initiate nociceptive firing. 

While summarising the clinical assessment of whiplash injury, Bogduk (1998) suggests 

that standard clinical approaches, such as clinical examination, radiology, CT scans, 
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MRI, functional radiology and psychometrics, are often ineffective in finding sources of 

pain. This author asserts that as pain is a physiological symptom, a physiological 

diagnostic test is required. The only two tests being used in the diagnosis of WAD that 

meet this criterion are: 

1. Disc stimulation: Diagnostic disc stimulation is a procedure in which a needle is 

inserted into an intervertebral disc to stimulate it by distending it with an injection of 

contrast medium; and, 

2. FC (zygapophysial joint) blocks: Blocks allow the monitoring of pain by means of 

anaesthetising the joint, and more recently its treatment.

Taylor and Taylor (1996) examined a total of 180 sagittally sectioned spines, including 

joints and facet fractures, was found. These injuries had been 

cervical discs and facet joints

oto Figure 3.17.

3.6 Autopsy Studies of Soft Tissue Neck Injury 

The clinical studies of Bogduk and his associates (Barnsley, Lord & Bogduk 1998) are 

consistent with post-mortem based studies of neck injury in motor vehicle crash victims

(Jonsson, Bring & Rauschning 1991; Taylor & Twomey 1993; Taylor & Taylor 1996).

109 from blunt trauma fatalities and 72 from motor vehicle trauma. Ignoring the more

serious injuries, a high incidence of traumatic lesions to the spines such as disc lesions, 

bleeding into the facet

shown in a previous study to be undetected by radiological examination (Taylor & 

Twomey 1993). The distribution of all the injuries to the

of m r vehicle crash victims in the study is given in

Figure 3.17 The distribution of all neck injuries in motor vehicle crashes (Taylor & Taylor 1996). 
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The disc injuries found in autopsy were classified as (Taylor & Taylor 1996):

Minor, including:

tears of the disc from the vertebral rim (rim lesions); or,

bleeding into the anterior or posterior disc; or 

, including:

plete or partial avulsion of the disc from the vertebra in young subjects; 

atic disruption of the disc in older subjects, or trauma

of the disc into the spinal canal. 

a.

i.

ii.

b. Major

i. Com

and,

ii. Traum tic herniation of part 

The minor disc lesions were found to be most common at the C3/C4 and C4/C5 levels, 

wh at

ct, and in

ny of the disc avulsions, the longitudinal ligaments were intact, strained or only 

par l ith only intramuscular

hae gament (ALL) was ruptured. The 

classified as: minor, including haemarthroses, capsular tears or 

arti a

processes. Both types of injury occurred mainly in the C5/C6 and C6/C7 levels of the 

nec

of disc ehicle occupants in the study is given in Figure 

ile the major lesions were found to have maximum frequencies of occurrence

C5/C6 and C6/C7. In all rim lesions, the longitudinal ligaments remained inta

ma

tial y torn. The small anterior muscles remained intact w

morrhage, even when the anterior longitudinal li

facet injuries were also

cul r cartilage damage; and, major, including facet fractures of the articular

k, where the facet joint surface has a steeper slope. A comparison of the frequency 

and facet injuries for the motor v

3.18.

Figure 3.18 A comparison of the severity and frequency of disc and FC injuries for the motor vehicle
occupants in the study, after Taylor and Taylor (1996).
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In some plied

the soft tissue of the 

 the neck 

loads and m age, joint 

haem st likely to occur 

initially, f

neck ligaments, such as tears to the ALL or other neck components such as the muscles,

e head/neck junction, or occipital condyle

OC, should be less than 190 Nm and that in extension the bending moment should be 

ere obtained from multiple tests on a group of four 

ctable dislocations of the neck vertebrae (i.e. severe ligament

 of the cases, no head injuries had occurred, but an impact to the torso im

that a whiplash-like motion to the cervical spine had been experienced. The Taylors 

found that in such cases, tears in the discs and bruising in the facet joints were present. 

Injuries to the disc and FC were also identified in those patients with a history of 

whiplash injury, who died from other causes. Based on the observations of the neck 

injuries in autopsy, the authors suggested a hierarchy of injury to 

intervertebral joints. This related the site of the injury to increasing severity of

otion. Facet joint injuries, such as ligament tears, cartilage dam

orrhage and possibly extending to microfractures, were mo

ollowed by injuries to the disc, such as AF ligament tears, cracks and 

protrusions in the NP, and end plate avulsions. In more severe cases, injury to the major

spinal cord, ganglia or vertebra, may follow. 

3.7 Experimental Studies

3.7.1 Introduction 

The earliest experimental studies of WAD were by Severy and Mathewson (1957), who 

used volunteers to demonstrate the phasing of the body responses in an impact and the 

seat design requirements for protection of the neck in rear impacts.

Mertz and Patrick (1967) tested a volunteer and several embalmed cadavers using an 

impact sled. They developed a method for calculating the inertia loading of the neck by 

the head, using a free body diagram. In a later study, Mertz and Patrick (1971) proposed 

neck injury criteria, which have been used in many neck injury evaluations. The criteria 

require that the flexion bending moment at th

less than 57 Nm. These criteria w

cadavers, with no dete

damage) by X-ray. Based on this data Newman et al. (1996) constructed the

flexion/extension neck injury tolerance curve for an upright, seated person shown in 

Figure 3.19.
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gure 3.19 Neck injury tolerance and response corridors for the neck flexion/extension of an
seated person, based on the Mertz and Patrick (1967) corridors from calculated neck reaction mo
cadavers and volunteers, and after Newman et al. (1996).

ens and Burow (1972) tested 21 fresh human cadavers in 25 km/h rear im

with and without head restraints. The injuries to the neck in these tests only occurred 

without head restraint. For the subjects without a head restraint, the injuries at autopsy 

included: injuries to the disc (90%), ALL tears (80%), FC tears (40%) and fractures to 

the posterior vertebral body or a spinous process (30%). The severity of these injuries is 

an indication that the mechanism was hyperextension. 

Fi upright
ments in 

Clem pacts,

In the 1990s, a growing awareness of the increasing numbers of soft-tissue injuries and 

tant among these studies were those by 

mies for dynamic testing of anti-

whiplash systems have been implemented (Thunnissen et al. 1996; Davidsson et al. 

the lack of effectiveness of available head restraints led to further work in investigating 

the response of volunteers in rear impacts. Impor

Ono and Kanno (1993), McConnell et al. (1993 & 1995), Geigl et al. (1994), Szabo and 

Welcher (1996), Ono et al. (1997) and Siegmund, Brault and Wheeler (1998). Testing 

has centred on human volunteers as this supplies the best description, due to posture, 

muscle tone and muscle reaction, of the kinematics of a live occupant in a rear impact.

Consequently, much of the detailed kinematic human responses have since been

determined and the biofidelic development of test dum

1999b).
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3.7.2 Neck Motion of a Volunteer in a Rear Impact 

An important series of volunteer tests were carried out at the Japan Automotive

Research Institute JARI to define the motion of the neck in rear impacts (Ono et al. 

1997; Davidsson et al. 1999b; Kaneoka et al. 2002).

Kaneoka et al. (2002) tested 10 volunteer subjects seated on a sled, to simulate car rear-

impact acceleration (Figure 3.20). An impact speed of 8 km/h was used to study the 

head-neck-torso kinematics and cervical spine responses. The acceleration pulse 

shown in Figure 3.20. A headrest

ending moments at the occipital 

condyle, were calculated by treating the head as a free body using the method developed 

generated by the sled in the 8 km/h impact speed is

was not used in the experiment. The activity of the sternocleidomastoid muscle and the 

paravertebral muscles were measured with surface electromyography (EMG). The neck 

axial and shear forces, and the flexion/extension b

by Mertz and Patrick (1967). The results for one volunteer are plotted in Figure 3.21. 

This study has particular importance because the cervical motion was recorded by 

cineradiography (90 frames per second X-ray) and analysed to quantify the rotation and 

translation of individual cervical vertebrae resulting from the impact. This method

allowed the motion patterns of cervical vertebrae in the crash motion and in normal

motion to be compared. Kaneoka and Ono (1998) divided the motion and head-neck- 

Figure 3.20 Volunteer seated on a sled inclined at 10°, simulating a car rear impact at 8 km/h (Kaneoka et 
al. 2002).
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Figure 3.21 The acceleration pulse generated by the sled test of one of the volunteers at the 8 km/h
impact speed with the calculated resultant neck axial and shear forces and flexion/extension bending
moment at the occipital condyle (Kaneoka et al. 2002).

torso responses of the test subjects into four phases:

Phase 1: Sled motion (0–40 ms)

The seat begins to press the back of the volunteer; 

The spine begins to straighten; 

Cervical motion has not occurred; 

No muscular response in the neck.
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Phase 2: Neck compression (40–100 ms)

The torso moves forward – pushed by the seat back;

ination, causing axial compression

inertia of the head, which reaches a maximum;

light initial flexion;

than the upper vertebral segments (C3, C4 and C5); 

n ‘S’ shape with the upper region in flexion and 

the lower region in extension; 

No muscular response in the neck.

Phase 3: Neck shear (100–160 ms)

The torso moves upward – parallel to the seat incl

of the cervical spine due to the

The head remains stationary due to inertia, with a s

C6 rotates earlier into extension

The vertebra of the neck assume a

As the sled slows the torso rebounds and moves forward with some backward 

The axial force on the neck decreases while the shear force on the neck reaches a 

astoid discharges from about 115 ms.

a ms)

rotation;

peak at about 120 ms;

The head begins to rotate into extension; 

The cervical spine moves into alignment in extension;

The EMG of the sternocleidom

Ph se 4: Full neck extension (150–220

wn;

Shear and axial forces in the neck decrease;

s.

The alignm  the high-speed radiography during these 

phases is shown in Figure 3.22. These phases of the neck motion are supported by the 

e whole cadaver and intact

he events in a

volunteer test is quite variable and depends on the acceleration pulse shape and 

The torso moves forward and do

The head and neck rotation reaches full extension; 

The muscular discharge finishes by around 220 m

ent of the vertebra obtained from

other volunteer tests that have been conducted, and by th

human head and neck testing mentioned earlier. The exact timing of t
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magnitude, the stiffness of the seat back, the angle of the seat back, the posture and 

r a head restraint was present.

e impact has been verified by other 

adavers and volunteers (Yoganandan,

Pintar & Kleinberger 1998b; McConnell et al. 1993; Svensson et al. 1993).

Phases 3 and 4. 

Phase 2 (Viano 1992a). Field accident data indicates that this rebound from the seat into 

point the neck of the volunteer is showing no lordosis (Figure 3.22). 

The volunteer’s neck is effectively flexed slightly forward at the time of impact due to 

otion outlined above for the volunteer, there are three distinct 

periods that have the potential to cause injury to the neck:

anthropometry of the subject, and whethe

Th S-shaped response in Phase 2 of the neck in a rear

studies using cadaver head and necks, whole c

If the seat used in the test is fitted with a head restraint, then during Phase 3 the head 

makes contact and starts to receive additional support. Maximal retraction of the head is 

most likely to occur before contact with the head restraint (Bostrom et al. 2000). The 

effectiveness of the head support depends on the geometry and stiffness of the head 

restraint, its mounting on the seat back and the manner the seat back deflects. A head 

restraint dynamically located in the correct proximity from the head in terms of offset 

and height, with appropriate crush stiffness, has the potential to reduce the neck loads in 

In Phase 4, the restrained subject moves forward into the shoulder portion of the 

seatbelt. The lap portion of a seatbelt also reduces the upward motion of the torso in 

the restraint system in Phase 4 may be potentially connected with WAD (Krafft et al. 

1996).

The ten-degree incline used in this test series (Kaneoka et al. 2002) has some significant 

effects on the results. The ramp increases the vertical acceleration on the test subject 

and the compressive load in the neck by 10%. The initial alignment of the cervical 

vertebra for the test subject presented is actual the first high-speed radiograph and this is 

at t=44s. At this

the inclination of the ramp and the impact force. This minor change in posture is 

sufficient to change the motion of the individual vertebra, especially those in the lower 

neck.

Based on the phases of m
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Early in the impact event during the head retraction period and leading to the ‘S’ 

shape of the neck (Phase 2);

Due to the impact with the head restraint, if it is poorly positioned with respect to 

the head and neck at the time of contact (Phase 3);

Due to hyperextension for a severe impact with a poorly fitted head restraint or 

without one (Phase 4); and,

During the rebound into the seat belt (Phase 4). 

re 3.22 The alignment of the C2 tFigu o C7 vertebrae of a volunteer during a rear impact obtained by
high-speed radiography for the 4 phases described by Kaneoka and Ono (1998). The alignment at 111 ms

e possibility of impingement of the facet 

3.7.3

Volunteer testing m

re recent times

and in various form

prem

e muscles

mu intain head and neck 

also includes the FC and spinous processes to illustrate th
surfaces.

Recent Testing of Cadavers 

ust be strictly limited in severity for ethical reasons. As a result, 

cadaver testing to investigate specific injuries has also continued in mo

s. Deng et al. (2000a) and Geigl et al. (1994) used intact cadavers to 

investigate injury in more severe impacts. The use of whole cadaver tests has been 

criticised because the effects of active musculature are ignored. It is based on the 

ise that the neck muscles require some time to activate and that the initial injury 

occurs early in the event. This over simplifies the actual situation where som

st be partially activated in the neck of an upright human to ma

posture. It has been confirmed by Deng et al. (2000a) in a series of whole cadaver tests 

with cineradiography, which showed that in a typical rear impact the peak strains to the 
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facet joint ligaments occur before the head contacts the head restraint and before muscle

Yoganandan et al. (1998b) showed compression of the dorsal region of the facet capsule 

ts at velocity changes of 1.3, 1.8, 2.6 and 3.5 m/s. The 

injuries were obtained from the four intact specimens by cryomicrotomy. The injuries (n 

ment tears at C6/C7, 1 facet capsular tear at C4/C5 and 2 ligament

activation could occur.

Two groups began testing human head and neck models in parallel to the volunteer 

testing described in Section 2 (Yoganandan et al.1998a; Panjabi et al. 1998). Cusick, 

Pintar and Yoganandan (2001) used the cadaver head and neck model to delineate the 

‘S’ curve of the neck and other kinematic factors. The study advanced a compression

injury mechanism for the facet surface impingement. Testing of cadaver head and necks 

has been criticised due to the fixation of the distal end of the neck, which precludes the 

effect of upward motion and rotation of T1. However, the two types of studies have 

been confirmed to have similar motion of the lower cervical spine (Yoganandan et al. 

2001). This result itself has confirmed that the most important element of the rear 

impact is the horizontal motion.

in whiplash using the experimental human cadaver head and neck. This is consistent 

with injuries to the facet region found in the detailed neck dissection at autopsy (Taylor 

& Taylor 1996).

Further definition of possible neck injury in rear impacts was achieved by this group 

using the cadaver head and neck model (Yoganandan et al. 2001). In this study, 4 intact 

cadavers were tested with 4.4 m/s (low) and 6.9 m/s (high) velocity changes due to rear 

impacts to generate minor soft tissue injury to the neck. The injuries and head and neck 

motion were compared to the detailed motion of the C5/C6 facet joint obtained from 8 

cadaver head and neck model tes

= 16) were mainly in the region of the C5/C6 motion segment. The types of injury at 

C5/C6 were facet capsule ligament tears, anterior longitudinal ligament tears (including 

one avulsion) and disc disruptions including anulus ligament tears. The other injuries 

were 2 flaval liga

tears at C1/C2). The motion of the C5/C6 motion segment was found to be complex and 

non-uniform, which is consistent with the vertebral motion of normal volunteers in

flexion extension measured by van Mameren et al. (1990). Sliding motions (x direction 

shear component) were found between the anterior and posterior regions of the facet 
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and corresponded to the local extension of the neck, but the z axis motion was variable 

between the anterior and posterior regions of the facet joint. The combination of these 

motions was found to lead to local stretching of the ligaments, tearing occurring when 

this stretch was beyond elastic limits.

At the neck motion segment level, several investigators were using in-vitro testing of 

excised motion segments to investigate specific injury mechanisms suggested by other 

studies. Winkelstein et al. (2000) investigated the strains on the FC ligaments from

combined torsion and shear loading to the neck, while Siegmund et al. (2000b) studied 

the effects of shear and compressive loading to the neck. These two injury mechanisms

originated from hypotheses developed from the results of field studies and volunteer 

tests.

3.8 Role of Muscles in Subject Response 

In addition to the work of Kaneoka et al. (2002) described earlier, several other 

researchers have also investigated the effects of muscular response on the head and neck 

ol was designed to inhibit the subjects from bracing in anticipation of the impacts.

e subjects not expecting the impact. EMG 

motion of volunteers in rear-impact tests. 

Szabo and Welcher (1996) measured the EMG activity of volunteers during low-speed 

rear impacts. Ten vehicle impacts were conducted using male and female subjects aged 

22-54 years and with a target vehicle velocity change of nominally 10 km/h (from an 

impact speed of 16 km/h). Accelerometers were affixed to the target vehicle’s static 

centre of gravity and the occupant’s head, cervical spine, and lumbar spine. The test 

protoc

The tests were run in a relaxed manner with th

readings were taken from the superficial neck and back muscles of volunteers, including 

the superior trapezius, sternocleidomastoid, suboccipital cervical extensors, and the

paralumbar muscles.

Typically, initial muscle activity was found to occur 100 to 125 ms after the moment of 

bumper contact – when the occupant’s cervical spine extends during the initial phase of

impact. Full muscle tension only developed 60 to 70 ms after the onset of muscle

activity – when the cervical spine undergoes flexion. Muscle onset commenced while 

the neck continued to extend and full muscle tension was not achieved until well into 
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the flexion phase. The cervical flexor, cervical extensor and lumbar paraspinal

musculature demonstrated similar points of activity onset. Consequently, the researchers 

hypothesised a centrally generated response for the initial onset of muscle activity. This 

response was consistent with being triggered by lumbar spinal acceleration and typically 

occurred 90 to 120 ms following the onset of lumbar spine acceleration. The authors 

found difficulty in estimating the active muscle forces.

The cervical muscles become active in the early phases and are capable of 

contraction.

showed that the peak head accelerations of

horizontal perturbation were approximately half as large as those in subjects who were 

unaware.

In a more recent study, Siegmund, Brault and Chimich (2000a) tested 42 male and 

female subjects (aged 20 to 40 years old) in rear impacts at 2 km/h and 4 km/h. The 

responses of the sternocleidomastoid and the cervical paraspinal muscles (at the C4 to 

C6 levels) were investigated using EMG. It was found that at 2 km/h the response time

for the sternocleidomastoid muscle was 91(±9) ms while the 4 km/h impact velocity 

yielded a response of 81(±8) ms. The females in the group had slightly faster onset 

times for both muscle groups, but neither the magnitude nor time of the peak muscle-

lengthening velocity varied with gender. The researchers made the following

conclusions:

generating forces, which modify the head and neck dynamics later in Phases 3 and 4 

of the motion;

The sternocleidomastoid muscle undergoes lengthening contraction during cervical 

extension, which is consistent with possible contraction-induced muscle injury;

The arrangement of the neck muscles provides little resistance to the horizontal 

shear motion between the head and neck pertaining to whiplash; and, 

The predominantly vertical alignment can lead to axial compression loads as a result 

of muscle

In seated low-severity subject-perturbation tests, Kumar, Narayan and Amell (1998) 

 subjects who were aware of an impending
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3.9 Role of Gender

accident studies in Chapter 2 consistently indicated that gender isThe implicated in 

Tem turzenegger and Di Stefano (1995) found that females were 

of this susceptibility of females to whiplash injury appear to have multiple

(2004) review possible factors, including 

genetic, hormonal, structural and injury tolerance. The formation of the cartilage on the 

sted forty-two human subjects (21 male and 21 female) in two 

rear vehicle-to-vehicle rear impacts with speed change of 4 km/h and 8 km/h. A 

d timing of the peaks but 

whiplash associated pain (States, Balcerak & Williams 1972; Morris & Thomas 1996; 

ming 1998). Radanov, S

62% of patients who remained symptomatic after 2 years following the injury. Gibson et 

al. (2000) found that 55% of the drivers of vehicles in rear impact with chronic pain 

outcomes were female.

The causes

factors. Stemper, Pintar and Yoganandan 

facet surface has been recently shown by Yoganandan et al. (2003) to be different 

between the genders, in females the cartilage covering the facet processes to a lesser 

extent. The susceptibility of females to soft tissue injury is also shown with other injury 

types, such as anterior cruciate ligament tears (Ireland 2002).

Siegmund et al. (1997) te

statistical comparison was made of 31 common peaks in the kinematic responses of the 

subjects. The position of the head restraint in the testing was with a back-set of less than 

100 mm and with the top of the head restraint above the ears. In comparison to the 

general driving population this was regarded as optimal setting of the head restraint. An 

associated observational study showed that only 10% of drivers had the back-set of the 

head restraint set to less than 100 mm and had the top above the ears. Not only were 

significant effects of pulse severity found for the amplitudes an

the gender difference was also found to be significant. In particular the trends were for 

female subjects to have greater and earlier peak horizontal accelerations of the head and 

C7/T1 joint axis and for males to have greater and later peak head excursion. These 

findings were consistent with the greater body mass and head size of the male subjects. 

Stemper, Yoganandan and Pintar (2003a) tested 10 cadaver head and neck complexes (5 

male and 5 female). Each specimen was exposed to velocity changes of 0.58, 1.28, 1.83 

and 2.58 m/s with the Frankfort plane horizontal and the occipital condyles vertically 

above T1. The loading was applied from the rear to T1, which was kept horizontal. The 
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tests were able to produce the ‘S’ shape. It was found that segmental angulation in the 

lower cervical spine increased with increased test severity. The magnitude of the mean

female segmental angulation was greater than for the males at all levels of the neck. 

Further analysis of the test demonstrated that the female specimens had significantly 

greater shear motion in the facet regions in the upper regions of the lower neck

(Stemper, Yoganandan & Pintar 2004). 

observable symptoms is yet undefined. The 

clinical data regarding chronic pain outcomes related to WAD strongly supports the 

lly established and hence it is useful to review some of the main theories of

e of motion, are indications that simple hyperextension 

of the neck is not the problem.

The greater amplitude of the female head and neck motion due to head inertia and 

muscle combined with the probable greater susceptibility of the female to neck injury 

makes females the at risk group when assessing the risk of whiplash associated neck 

injury.

3.10 Hypotheses of WAD Injury Mechanisms in the Lower Cervical Spine 

There have been many attempts to relate the phenomenon of soft tissue injury to the 

neck following a rear impact. The direct linkage between the mechanical loading from

the crash and the injury leading to the

hypothesis that over 50% of the injury is located within the FC of the cervical spine. 

The exact timing and mechanism of this injury to the FC has yet to be determined, let 

alone other possible injuries. Consequently, neither injury-mechanism nor criteria have 

been fu

possible injury in the literature. 

3.10.1 Hyperextension of the Neck 

Early studies tended to relate WAD injury to hyperextension of the neck. These

included primate studies (MacNab 1965), volunteer and cadaver studies (Mertz & 

Patrick 1967) and field accident studies (States, Balcerak & Williams 1972). The 

introduction of head restraints as a result of motor-vehicle safety regulation in the 1980s 

was only partially effective in reducing WAD (see Section 2.2), the introduction of head 

restraint eliminating some of the injury. The significantly increasing levels of WAD in 

the last decade combined with the results of the volunteer testing, which suggests 

possible injury in the early phas
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In a related area, a study by Margulies et al. (1992) investigated how the motion of the 

uscles (see Table 3.1). One hypothesis is that these 

muscles are at risk of injury from attempting eccentric contraction during Phase 3 of 

sion and are

hence unlikely to contract at the time of impact.

ew days.

neck affected the spinal cord. The researchers used MRI techniques to investigate the 

motion of the vertebra and the strain in the cord during quasistatic flexion and extension 

motion. The study indicated that the relative motion of the vertebra could cause 

deformation in the cord due to occlusion of the foramen and by changes in length of the 

canal. This mechanism has direct relevance to whiplash-associated injury. 

3.10.2 Muscle Strains

The motion of the head leading to extension of the neck stretches the anterior muscles

including the sternocleidomastoid m

whiplash motion.  Eccentric contraction occurs when a muscle contracts as it stretches. 

Studies have shown that muscle failure occurs at forces much larger than maximal

isometric force and stretch is necessary to create injury (Garret et al. 1997). The

contraction is due to the stimulation of muscle spindles in the flexor muscles that are 

being stretched as the neck and head move into extension – Phase 2. At this stage, the 

large extensor muscles in the back of the neck are moving into compres

A second hypothesis is that the extensor muscles are injured during rebound of the head 

and neck as they undergo eccentric contraction during the rebound phase of the impact

in Phase 4 (Tencer & Mirza 1998, Hell et al. 2002). Hell et al. (2002) regarded the 

rebound into the belt system as a possible additional injury source, because the

measured head velocities in this phase have been shown to reach higher values than 

previously expected. This mechanism is consistent with the findings of Garrett et al. 

(1997) but fails to explain the significant number of belted occupants in severe frontal 

impacts who do not have neck pain following a crash.

Further, the muscle strain mechanism may explain short-term muscle stiffness following 

the impact, but such injuries typically last only a f

3.10.3 Spinal Column Pressure Pulses 

Svensson et al. (1993) conducted an animal study, to investigate the spinal column

pressure pulse theory based on an injury mechanism proposed by Bertil Aldman. The 
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necks of pigs were exposed to rapid flexion-extension motion in simulated rear impacts.

Pressure pulses of up to 150 mmHg were found in the lower cervical spinal canal 

(Figure 3.23) during neck motion and were greater in magnitude across the vertebral

Figure 3.23 Cross-section of the cervical vertebrae with the soft tissues of the spinal canal and 
intervertebral foram

forame

across the cell m

performe pact velocities of

approxima itted with 2 triaxial 

accelerom eter at the height of T1, and 

pulse amplitudes and times

en, after Svensson et al. (1993).

n than along the canal. Microscopic analysis of the nerve cells in the spinal 

dorsal root ganglia (DRG) revealed a leakage of dye from the cerebrospinal fluid (CSF) 

embranes, indicating membrane damage.

To investigate this injury mechanism in humans, Eichberger et al. (2000) conducted a 

total of 21 tests including pressure measurements with 5 cadavers. The sled tests were 

d using a test set-up similar to real rear-end collisions. Im

tely 9 km/h and 15 km/h were chosen. The subjects were f

eters on the head and chest, one biaxial accelerom

one angular accelerometer at the head. Pressure measurements in the CSF were 

performed using 2 catheter-tip pressure transducers, placed sub-durally in the spinal 

canal. The upper transducer was placed at the C1/C2 level and the lower transducer at 

C6/C7. The researchers found pressure peaks reaching 220 mmHg at approximately 100 

ms in the cadavers tested. This confirmed the pressure

obtained in the animal experiments by Svensson et al. (1993). Injuries to the nerve 

tissue in the neck resulting from these pressure effects could not be observed due to the 

use of cadavers. 
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3.10.4 Facet Impingement

In a series of related studies by Ono et al. (1997), Kaneoka and Ono (1998) and 

Kaneoka et al. (2002), volunteer subjects were seated on a sled simulating actual car 

rear-impact acceleration. The motion patterns of cervical vertebrae in the dynamic crash 

motion and in normal motion were compared using high-speed radiography. As

discussed earlier in this chapter, the forward and upward motion of the torso combined

with the inertia of the head leads to an S-shape formation of the cervical vertebrae. The 

motion leads to compressive and shear loading of the cervical spine. In this phase of the 

neck motion, Phase 2 in Figure 3.22, the lower cervical spine becomes extended while 

into flexion. Based on the neck radiography from the 

volunteer tests, the researchers found that the lower motion segments had the larger 

the upper spine has moved

relative rotation angle. The rotation between the fifth and sixth vertebral segments is the 

largest and earliest (Figure 3.24). 

To quantify this motion, the position of the IAR was analysed for the C5/C6 motion

segment (Ono et al. 1997). Volunteer neck measurements provided the expected

positions of the IAR within the C6 vertebral body, in normal cervical extension. When

the S-shape of the neck occurs in the whiplash motion, the IAR moves upward to a 

position within the C5 vertebral body (Figure 3.25). This upward motion of the IAR
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Figure 3.24 Relative rotation of the cervical vertebra for a volunteer (S6) in a rear impact, from Ono et al. 
(1997).
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indicates that the C5 motion at this point is largely rotation rather than shear. The effe

of the compression load on the neck is also indicated by the reduction in the 

intervertebral space in Figure 3.25, which is shown by the relative positions of the static 

and dynamic C5 vertebral body. 

ct

Figure 3.25 With normal cervical extension motion the IAR is positioned in the C6 vertebral body. When

no 1998). This shift was thought to be the cause of the 

articular facet surfaces to collide, resulting in mechanical impingement of the synovial 

per,

Pintar & Yoganandan 2004) and whole cadavers (Deng et al. 2000a), has supported the 

nt shear displacement was observed in the FC as well 

the S shape is reached in the whiplash motion, the IAR moves upward to a position within the C5 
vertebral body, after Ono et al. (1997).

This upward shift of the IAR was only observed in the C5/C6 motion segment during 

the crash motion (Kaneoka and O

fold or meniscoid in the FC (Kaneoka et al. 2002). Further, the researchers hypothesised 

that if this torque is large enough, there was the possibility of tearing the anterior 

longitudinal ligament or separating of the anulus fibrosus from the end plate of the 

associated vertebrae (a rim lesion).

Subsequent testing of cadavers, both head and neck complexes (Yoganandan et al. 

1998a; Yoganandan et al. 1998b; Yoganandan et al. 2001; Pearson et al. 2004; Stem

impingement motion of the FC and the possibility of dorsal facet surface compression.

In each of these studies significa

as the rotation. Pearson et al. (2004) characterised the facet displacement during

whiplash motion in the following way (Figure 3.26):

A. In the neutral position, FC ligament fibres are perpendicular to the joint surface and 

have no strain; 
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B. In the middle of Phase 1, the upper facet slides posteriorly relative to the lower facet 

and the posterior region of the FC was compressed;

C. At peak intervertebral extension (end of Phase 1), the peak FC compression occurs 

with the peak FC sliding shortly after;

D. In the middle of Phase 2, the peak FC ligament strain occurred in the anterior as the 

facets separated while the upper facet was still posterior to its neutral position; and, 

E. At the end of Phase 2, the FC ligaments were again perpendicular to the face but 

strained due to separation of the facets. 

re 3.26 Facet motion during whiplash motion as described byFigu Pearson et al. (2004). The black star

For a peak acceleration of 6.5 g, Pearson et al. (2004) measured a peak FC compression

edge of the C6 facet surface becomes impinged by the C5 surface (as described by 

(1997) for a volunteer. In the Ono volunteer test, the impingement recorded by the high-

marks the most likely point of FC impingement and the white star, the peak FC anterior ligament strain.

of 1.8 mm and a peak FC sliding of 4.0 mm at C5/C6, with an average FC ligament

strain of 35.9%. This motion of the FC in both rotation and shear, where the posterior 

Pearson for the intact cadaver head and neck), varies from that found by Ono et al. 

speed radiographs (illustrated in Figure 3.22 and Figure 3.22) involved the posterior 

edge of C5 encroaching on the C6 surface, due to the rotation of the FC alone with no 

shear displacement. This variation may have been the result of the initial posture of the 

volunteer in the test. 

To investigate the FC impingement hypothesis further, Inami, Kaneoka and Ochiai

(2000) dissected 20 cervical spines to gain anatomical data of the cervical facet joint 

meniscoid. Although cervical facet joints consist of three types of inclusions: fat pads, 

fibro-adipose meniscoid, and capsular rims, Inami, Kaneoka and Ochiai (2000) were not 

concerned with the capsular rims and fat pads in their study as they were too short to be 

impinged. Three types of meniscoids were identified: 
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1. Type 1 meniscoids consist principally of adipose tissue with a small amount of

fibrous tissue.  These are less exposed to mechanical stress as they are crescent-

shaped and exist only around the peripheral space; 

2. Type 2 meniscoids are thicker around the free borders compared to Type 1 and 

contain dense fibrous tissue around the apical region. This suggests that even small

structures have the potential to be exposed to mechanical stress; and,

The facet impingement has the support of the injury found from the testing of 

3.1

stat

mo compression

gen head forward. This shear force

ar and the FC

acts on six human cadavers in 

s important to note that there were multiple tests on individual cadavers 

in these tests. The study showed that the upper cervical vertebrae go into relative flexion 

3. Type 3 meniscoids are thin and their free borders are ragged with the middle and 

apical regions formed exclusively by fibrous tissue.

There are no data on the size of meniscoid required for impingement, but five large 

examples of elliptic-shaped Type 2 meniscoids in the sample were thought by the 

researchers to project sufficiently to be impinged by the articular facets. 

volunteers, cadavers and the accident based autopsy data. 

0.5 Shear

In a rear impact the torso is pushed forward by the seatback while the head remains

ionary, straightening the thoracic spine. The inertia of the head converts this vertical 

tion of the spine into a compression loading to the cervical spine. This

has been observed in volunteer and cadaveric tests simulating whiplash. A shear force is 

erated at each level of the cervical spine to pull the

was suggested by Yang and Begeman (1996) to be a likely candidate to cause soft tissue 

injury to the intervertebral joints of the cervical spine. While under compression, the 

cervical vertebrae slide relative to each other as a result of the she

stretched and possibly torn, resulting in inflammation and pain. 

Deng et al. (2000a) carried out 26 low-speed rear-end imp

a rigid seat. It i

with respect to the lower cervical vertebrae during whiplash motion, while the entire 

neck is in extension (the S-shape). In addition, the upper neck is under flexion when the 

head contacts the head restraint, while the facets reach peak strain prior to head contact 

with the head restraint. It was concluded that if stretching of the facet capsular 

ligaments were the reason for the high incidence of neck pain, the upper cervical spine 
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would sustain a flexion injury while injury to the lower cervical spine would be due to a 

combination of shear and compression. Deng et al. (2000a) also reported that a 20-

degree seatback compared to a 0-degree seatback resulted in less cervical lordotic 

curvature, more upward ramping motion of the thoracic spine, and greater relative

rotation of each cervical motion segment.

ther seat back or head restraint (Geigl et al. 

Kullgren et al. 2003 used real crash data from the Swedish Folksam study to investigate 

proposed injury criteria. The study used 79 rear end crashes with 110 front seat 

3.10.6  Head Impact with the Head Restraint 

Several researchers have mentioned the possibility that the actual impact with the head 

restraint may be injurious. Croft (1998) suggested that there was a risk of cervical 

injuries at the moment of the first contact between head and head restraint. Such injuries 

may be likely even if the restraint is properly positioned. Intuitively, the phasing of the 

‘S’ response of the neck in a rear impact leading to the stretching of the major ligaments

to near the physiological limits combined with interacting with a poorly designed head 

restraint may increase the likelihood of injury. “Poorly designed” in this case could be 

poor positioning with respect to the centre of gravity of the head or of inappropriate

stiffness (Winkelstein & Myers 1998). Immediately following head contact the upper 

cervical spine will be forced into acute as the inertia of the neck continues to draw it 

rearward, since there is no contact with ei

1994).

Hell et al. (2002) suggest that for females the lighter head and lower muscle mass may

drive higher head rebound accelerations following contact with the head restraint. 

3.11 Neck Injury Assessment Criteria 

3.11.1 Introduction 

Many studies have proposed vehicle related crash parameters such as delta V (the speed 

change of the vehicle in the crash) and the change in vehicle acceleration for use in 

assessing the risk whiplash associated neck injury. These vehicle related parameters

have been shown to not correlate well with the load applied to the neck of the vehicle 

occupant, but are modified by the seat response in particular (Haland et al. 1996; 

Bostrom et al. 1998).
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occupants who were followed up to assess any pain outcomes. The study used

simulation techniques using a validated BioRID II dummy and seat model to reconstruct

the impacts and found that mean vehicle acceleration was a useful means of assessing 

e ry risk, with a threshold of about 7 g the risk 

e study also reviewed whether the following neck injury criteria 

chmitt et al. (2002), based on a combination of the upper neck 

shear and the flexion/extension moment of the neck (see below for more

NDC and Lower Neck Moment performed poorly, 

mostly likely due to being based on the HIII responses. The HIII dummy is a poor 

representation of a person in a rear im

Sie (2005) applied the seven proposed whiplash neck injury criteria to a 

structured test series (n = 90 tests) using the BioRID dummy seated on a programmable

acc ij km

the 15 pulse shapes in the series. This study confirmed that NIC correlated well with 

3.11.2 The Neck Injury Criterion, NIC 

Bostrom ry criterion (NIC) based on a mathematical

model of the transient pressure pulses measured by Svensson et al. (1993) in the spinal 

canal of pigs. These pulses were due to volume changes resulting from forcing the head 

the lik lihood of whiplash associated inju

approached 100%. Th

correlated with the pain outcome:

NIC proposed by Bostrom et al. (1996), based on the relative horizontal velocity 

between the bottom T1 and top C1 of the cervical spine (see below for more

discussion);

Nkm proposed by S

discussion);

NDC proposed by Viano and Davidsson (2002), based on the angular and linear 

displacement response of the head relative to T1 of the HIII dummy; and, 

Lower Neck Moment proposed by Prasad, Kim and Weerappuli (1997) and based 

on the HIII dummy.

The study found that both NIC and Nkm correlated well with the short and longer term

pain outcomes of the occupants.

pact.

gmund et al.

sled. Six of the criteria showed graded responses that were most sensitive to the average 

eleration of the sled. Two criteria N  and N were best able to distinguish between 

early head motion (in the first 85 ms).

 et al. (1996) developed a neck inju
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and torso to translate horizontally relative to each other. Bostrom et al. hypothesised 

that a soft tissue injury to the neck with long term consequences would occur during the 

initial head/thorax motion, when the spine takes the ‘S’ shape as the thorax is pushed 

forward. Anatomically, this is a retraction motion of the neck and it occurs in the first

100 ms of the rear impact, before the head begins to rotate. Injury was thought likely to 

occur if:
222 152.0 smvaNIC relrel

where arel and vrel, are the relative acceleration and velocity between the head (C1) and 

the upper torso (T1).

The pressure amplitude for the pig and the human should be very similar as the 

scale insensitive and the dimensional factor is 

A simplified version, NICmax, has been accepted for use (Bostrom et al. 2000).

constants in the predictive model are

similar. The criterion of 15 m2/s2 was felt to be appropriate for humans.

Darok et al. (2000) validated the NIC for volunteer tests (n = 70), cadaver tests (n= 28) 

and dummy tests. The testing confirmed aspects of the use of NIC:

For the volunteers, the peak NIC correlated well with the maximum retraction of the 

head;

For the volunteers, no complaints of pain were made at an NIC below 8, while some

complaints of pain were made at NIC values of about 10; 

For the cadavers, a ligament rupture occurred at an NIC of 18.6; and, 

For the cadavers, NIC correlated with the magnitude of the peak pressure readings 

in the spinal canal. 

2
150msfirstmax 2.0imummax relrel vaNIC

This simplification uses the head centre of gravity motion instead of C1, based on the 

Kullgren et al. (2003) used a group of 79 rear-impact crashes with known injury 

crashes were all reconstructed with a BioRID II dummy and seat validated with sled 

assumption that there is little head rotation until full retraction occurs. 

outcomes and a crash-pulse recorder fitted to the vehicle to validate the NICmax. The 
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testing. The study found that a NICmax threshold of 15 showed relatively high positive 

dictive values and very high negative predictive valuespre for neck injury with long

crash pulse, seat deflection characteristics and head-to-head restraint distance (Bostrom

3.11.3 The Nkm Criterion 

The Nkm is based on the Nij ination of compression load 

eveloped for rear

impacts and uses shear force (Fx) and flexion/extension moment (My) (Schmitt et al. 

lasting symptoms (greater than 1 month).

NICmax has been shown to be sensitive to the major risk factors of a rear impact such as 

et al. 2000). 

 criterion, which is a linear comb

(Fz) and flexion/extension moment (My) developed to predict serious injury to the neck 

in frontal impacts (Kleinberger et al. 1998). The Nkm criterion was d

2002).

0.1
intint M
tM

F
tFtN yx

km

The shear force (Fx) and flexion/extension m

upper load cell in the dummy neck and the

oment (My) are both obtained from the 

Fint and Mint are the critical intercept values 

used the results of the crash reconstructions to validate Nkm.

In this chapter, many of the factors influencing the biomechanics of cervical spinal soft-

tissue injury have been brought together. The factors include aspects of the neck 

anatomy, clinical data, autopsy data, and the ental studies using 

animal, human cadaver and human volunteer models to investigate these types of injury. 

The converging trend, in the results of the many field-, clinically- and experimentally-

used for normalisation. Nkm characterises all phases of the neck motion in a rear impact,

where NICmax is based on maximum retraction and occurs early in the motion in Phase 

2.

Kullgren et al. (2003) also

The study found that an Nkm was also applicable to the prediction of neck injury with 

long lasting symptoms (of greater than 1 month), but the best predictor was a

combination of NIC and Nkm.

3.12 Summary 

results of many experim
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based studies as noted by Barnsley, Lord and Bogduk (1998), is becoming more

apparent.

Barnsley, Lord and Bogduk (1998) have pointed out that many patients with injuries to 

the discs and joints associated with whiplash may be expected to have prolonged pain as 

an outcome, with little chance of healing or spontaneous recovery. The connection 

shown to be major sources of post-crash pain. There are 

two main hypotheses of how injury may occur and these are related to events early in 

igate these theories, it is necessary to develop an investigative tool 

between chronic pain outcomes and the proven injury to structures of the neck, such as 

the facet joints, is strengthening. The structures of the neck most likely to be injured in 

whiplash are the FC, the intervertebral discs and the upper cervical ligaments. The FC 

regions of the neck have been

the impact. To invest

to establish the causal links connecting the mechanical load to the neck in a motor-

vehicle crash and the symptoms of WAD sufferers. 
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CHAPTER 4 SELECTION OF INVESTIGATIVE PROCESS 

4.1 Introduction 

There exists a significant volume of research investigating WAD from the perspective 

of its incidence in field accident studies, clinical investigation, post-mortem

examination and testing, and volunteer testing. What is absent is a means of connecting 

these areas in order to link the causes and effects of the WAD injury mechanisms. The 

focus of this chapter is to select an appropriate methodology to examine these soft-

tissue neck injury mechanisms. The main areas covered, and the context of this chapter 

within the thesis, are shown in Figure 4.1. 

Chapter 4 Selection of Investigative
Process

Chapter 5 Incidence and Cost of Soft-
Tissue Neck Injury in Australia

Chapter 6 Development of a C5/C6
Cervical Spine Motion Segment Model

Figure 4.1 The main areas covered and the context of this chapter within the thesis.

4.2 The Available Investigative Models

Numerous models have been used in determining human injury response and injury 

criteria.

The simplest model to interpret is where a human volunteer is instrumented and 

subjected to a controlled series of impacts at increasing levels. The threshold of the 

impacts is set to avoid injuring the volunteer. This method has certain drawbacks: 

The measurements taken can only indicate the threshold of minor injury; 

Data on the causation of more severe injuries are not generated; 

Problems with attaching the instrumentation so as not to injure the subject may

produce less reliable data; 

Individual differences among volunteers lead to problems with determining injury 

thresholds for the average population; 
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The effects of muscle tension, learned behaviour and involuntary reactions are also 

difficult to control; and, 

A bias may be introduced since the majority of volunteer tests have been run on 

groups not representative of the average population, such as the young and fit or 

military personnel. 

A second method uses cadavers, or post-mortem human subjects (PMHS) in the form of 

whole body or body sections. These specimens are instrumented and subjected to 

impact forces. Autopsies show the injuries incurred, which are then correlated with the 

measurements taken. This type of testing has the advantage that at least the framework

of the surrogate has some resemblance to a live human. The problems that exist with 

this test methodology include:

Available subjects are generally older and tend to be more degenerated than the 

average population and so may not give a representative response; 

Subjects are in short supply; 

It is very difficult, if not impossible, to position an intact neck in a reasonably life-

like posture; 

The response of the cadaver depends on the pre-test treatment (frozen, embalmed, or 

fresh, etc.); 

The effects of pressurisation of body systems such as the airways, vascular system

and the central nervous system are missing without special techniques; 

The effects from active musculature are absent unless special techniques, such as 

embalming, are used to simulate muscle tension; and, 

Some signs of injury on a living subject (eg. muscle strain, pain, or loss of 

consciousness) are undetectable. 

The third method uses animal surrogates or models to estimate human responses to 

impact. In the past, primates and pigs have been used to study automotive injury and it 

has been very useful in defining injury mechanisms. Using anaesthetized animals can 

also provide more information on how injury and vital signs are related. Acquiring 

ethical approval to test animals in this way is becoming increasingly difficult. The 

biggest drawback of this method is the difficulty of transforming the animal response 
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measurements into human injury criteria due to the effect of the differences in the 

animal anatomy, responses and injuries. 

Injury criteria may also be developed through accident reconstruction using an 

Assessment of the adequacy of the reproduction of impact conditions is highly 

e only available in a limited series of sizes, so the anthropometry of the 

ndent on the instrumentation capabilities of the 

available do not have perfect biofidelity, and can only approximate human

of biofidelity of the dummy becomes more marked where serious injury 

applicable to humans; and, 

onstruction.

s is due to the lack of

anthropomorphic test device (ATD) or dummy. If the accident parameters are well 

recorded, and the victim’s injuries are fully documented, then accidents can be 

reconstructed by testing with a surrogate for the victim. This technique is more useful in 

developing dummy-based injury protection reference values, rather than human injury 

criteria. The measurements of the dummy responses can be paired with the injuries (or 

lack thereof) recorded for the victim. In this way it is possible to develop injury criteria 

based on the specific dummy. Issues to be considered in relation to this method include: 

subjective;

Dummies ar

victim may not be closely matched;

Measured dummy responses are depe

dummy;

Dummies

response;

This lack

occurs, for example when fractures occur; 

Injury criteria developed are not necessarily

Injury criteria may apply only to the specific dummy type used in the rec

A variation of this reconstruction technique is the use of mathematical models of the 

crash victim rather than the physical dummy simulations, to reproduce a well-

documented accident. The increase in computing power has supported major advances

in the application of mathematical modelling to biomechanics.

The difficulty in carrying out realistic mechanical experiment

effective surrogates for live humans. This has encouraged researchers to use
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mathematical modelling. While volunteers may only be tested at sub-injurious levels, 

the use of cadavers and animals raises significant ethical and compatibility issues.

There is a growing trend in investigating human tolerance by using simplified human

models to reconstruct field accident data with known injury outcomes (Gibson et al. 

1985; Kullgren et al. 2003). The reliability of the procedure is limited by the capability 

of the computer simulation to reproduce the impact response of the victim. An 

advantage of computer models over dummies is the ability to match the physical 

characteristics and anthropometry of the accident victim more closely. When these are 

applied to the analysis of biomechanical experiments, the quantification of mechanical

parameters, which cannot be assessed in other ways, is possible (Wismans 1995). 

However the accuracy and reliability of a mathematical model is dependent on the 

availability of biomechanical information on the system being represented as well as the 

assumptions made in formulating the model.

A mathematical model allows “surrogate experiments” with absolute repeatability (Goel 

& Clausen 1998). The user is able to vary parameters to observe the effects in both 

kinematics and internal loading. A mathematical model is able to enhance the results of 

an experiment by explaining those results and quantifying estimates of internal loads, 

which are not measurable experimentally. A mathematical model can be used in the 

design of experiments by indicating critical parameters and allowing the experimental

work to be focussed. 

4.3 Mathematical Modelling of the Crash Victim 

4.3.1 Historical Development

Whole body simulation of the vehicle occupant as a structure in crash conditions has 

been extensively investigated since computers of sufficient processing power became

available in the late 1960s. Two programs in particular have been widely used for crash 

victim simulation: the ATB (Articulated Total Body) model (Obergefell et al. 1988), 

and the MADYMO (Mathematical Dynamic Modelling) program (TNO 1999).

In their original forms, these whole body simulation models, such as MADYMO, were 

formulated to describe a crash test dummy in planar or three-dimensional motion in a 

crash environment. The dummy was simulated by a set of rigid body segments – with 
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prescribed masses and moments of inertia linked by various types of joints – in an open 

loop system or tree structure. The complexity of the models can be varied with the 

number of rigid bodies used. The governing equations of motion for these multiple tree 

structures of rigid bodies connected by joints in an acceleration field are derived 

automatically using Lagrangian methods (Prasad & Chou 2002). The relative motions

between segments of the system are resisted by non-linear springs, viscous dampers and 

Coulomb friction. The shape and stiffness characteristics of the model body segments

are described by use of ellipsoids or hyper-ellipsoids, which are attached to the rigid 

body links. The system interacts with the environment through contact planes and 

ellipsoids that develop resistive forces on the segments in contact. The amount and rate 

of penetration between ellipsoids into planes, and ellipsoids into ellipsoids, are used to 

develop non-linear spring forces on the segments in contact. 

Such lumped mass or multi-body models are fast in terms of model preparation and 

computer run-times. This makes them particularly suitable for use in development as 

many alternatives can be evaluated in a relatively short time. These types of models are 

well suited to dealing with the kinematics or gross motions of the occupant. On the 

other hand, the finite element (FE) models require long model preparation and computer

run-times, but are better able to model contact situations and material strains more

accurately. This gap between multi-rigid body simulation and finite element modelling

approaches is gradually disappearing as hybrid models are established (Rzymkowski

1999). This move is being supported by recent developments in the available software 

such as MADYMO, which has integrated finite element and multi-body approaches.

4.3.2 Attributes of Multi-body and Finite Element FE Modelling Methods 

Historically the dynamic modelling of crash victims was an area dominated by multi-

body methods due to the capability of such models archiving adequate precision, or 

biofidelity, with simplified systems and small numbers of parameters. These simplified

systems allow this type of mathematical model to be adapted for the specific problem

being investigated, with easier physical interpretation of the results. Hence multi-body

models are capable of achieving good kinematics similitude whilst being both 

computationally efficient and easy to interpret. At the same time, these simpler systems

have difficulty coping with certain types of injury mechanisms, for example contact 

stresses and the internal stresses and strains caused by the applied loading within the 
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rigid body components. The rigid body components are usually equated with the bony 

structures in a biomechanical model. At injury causing levels of stress and strain this 

assumption is not necessarily correct.

With the continuing improvements in computing power in the last decade, finite 

element (FE) models have been regarded as the more capable method for biomechanical

modelling. An FE model could be very detailed and take into account minor details in 

internal structures, even down to the level of cell structure if necessary. Such models

also gave detailed quantification of the stresses and strains in the system. This capability 

came at a cost however, with detailed models being very time consuming to set up and 

run. To adequately represent the system to the required level of complexity, it is 

necessary to incorporate significant details in the parameters that describe the system.

This level of detail is not yet found in the data available for many biomechanical

systems although it is improving as the need for modelling drives the experimental

work. Lack of available data for many parameters involved in dynamic loading of the 

human body has made it difficult to achieve reasonable levels of biofidelity of the FE 

model responses. Better results can still often be achieved more simply by well-

designed multi-body methods.

Kleinberger (1998) reviewed the mathematical modelling of the cervical spine. He 

suggested that the discrete parameter or multi-body models were most suitable for 

kinematic analyses of head and neck motion and the FE models were more appropriate 

for investigating tissue stresses and strains. He rated the major limitation of

mathematical models for biomechanics as the poor quantification of the material

properties because of the lack of both knowledge and of well-supported biomechanical

material models in commercial FE analysis programmes. The definition of the muscles

and their active responses was the next major limitation and there was a need for even 

faster hardware on which to run the models. He proposed that the most important recent 

development in biomechanical modelling was the ability to directly scan actual 

components of the body to generate the structural components for a model.

At the current state of development of human body models it is not entirely possible, or 

desirable, to have a single all-purpose model capable of complete human impact

response. This has led to the development of a compromise approach – the hybrid 
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model. In this approach, a simple, multi-body kinematic model is enhanced in the 

critical regions by a model with the required level of detail (Rzymkowski 1999). This 

enhancement may be achieved through combining the mathematical whole-body model

with a more detailed multi-body or FE model in the region being investigated. These 

developments have led to adaptations of modelling software to support the hybrid 

approach.

4.4 Development of Human Head and Neck Models 

The examination of soft-tissue neck injury mechanisms requires the use of a 

mathematical model as an investigative tool. The complexity of a simulation model

must be related to the level of detail that is available to define the task and the accuracy 

required of that task (Currie & Gibson 1996). The mathematical simulation of dynamic

human head and neck responses can be categorised into three different approaches: 

Simple two-pivot models;

Multi-body models; and, 

Finite element models.

The two-pivot models are simple three-segment, two-pivot models of the head, neck and 

torso, and are used to describe the global motion of the head and neck (Figure 4.2).

Figure 4.2 A simple three-segment, two-pivot model of the head, neck and torso used to describe the
global motion of the head and neck of a volunteer (Wismans et al. 1987). 
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Applications of these models include motion analysis of volunteers and dummies in 

crash situations (Wismans et al. 1987). Whilst being a useful tool for analysing the 

kinematics of volunteers in impact testing, such simple models are incapable of 

describing vertebral kinematics and soft-tissue loads. To acquire the necessary detail to 

simulate the internal forces and motions in the neck, more complex solutions are 

required. In multi-body models, the head and vertebrae are depicted as rigid bodies with 

their masses lumped at their centres of gravity, and connected by massless, deformable

elements, which represent the intervertebral soft tissue and muscles.

Deng and Goldsmith (1987) developed such a lumped-mass model with highly detailed 

representation of the cervical spine geometry and materials (see Figure 4.3). 

Figure 4.3 The multi-body mathematical model of the head and neck developed by Deng and Goldsmith
(1987).

This model was rewritten for use with the MADYMO program by de Jager (2000), who 

further developed the model capabilities and carefully validated it for frontal and lateral 

impacts. This basic model proceeded through several stages of development. Initially it 

was simplified as the global model, which did not have active muscle capability. The 

global model consists of nine rigid bodies for the head (C0), the seven cervical 

vertebrae (C1 - C7), and the first thoracic vertebra (T1). The rigid bodies are connected 
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by non-linear, viscoelastic elements with load displacement characteristics derived from

current test data. The lower joints in the neck model have similar characteristics, but the 

two upper joints for reasons of fidelity have unique characteristics. The joint stiffness 

included the effects of muscle behaviour. 

Once this global neck model had been satisfactorily validated against the Naval 

Biodynamics Laboratory (NBDL) volunteer tests in frontal impacts, further 

development was undertaken to improve the model responses. The development began 

by including separate representations of the intervertebral discs, ligaments and facet 

joints for each motion segment (Figure 4.4). The final step was the inclusion of the Hill-

type muscle elements. An animation of the de Jager model with muscles of a cadaver 

rear impact test is included in the CD-ROM attached in the Appendices.

Figure 4.4 The detailed C5/C6 motion segment including separate representation of the intervertebral
discs (by a six degree of freedom joint), ligaments (by spring/damper units in blue) and facet capsules (by 
sliding surfaces) of the de Jager (2000) head and neck model.

De Jager included a total of 14 mid-sagittally symmetrical pairs of the stronger and 

more superficially located muscles in the model. The muscles were given a simplified

geometric representation with a straight line between the origin and insertion points, a 

method often used in biomechanics to simplify the calculation of muscle reaction 

84



Selection of Investigative Process

forces. These muscles were able to model both passive and active states. The model was 

then validated for both frontal and lateral impacts with the re-analysed response 

corridors derived from the NBDL volunteer sled tests by Thunnissen et al. (1996). The 

de Jager model became the basis for the next stage in the development of a MADYMO-

based, mathematical human body model with the necessary realism in its kinematic

responses.

Van der Horst (2002) developed a major enhancement to the capability of the de Jager 

head and neck model by improving the active muscle capability to include curved lines 

of action.  The development was continued into other areas of the neck model and 

included further work on the validation (van der Horst 2002). The resulting model is 

described in more detail in the following section of this Chapter.

Finite element models of the head and neck require highly detailed representations of 

the neck geometry and material behaviour. The model by Kleinberger (1993) was 

developed to investigate the mechanisms of cervical spine injury in motor vehicle 

crashes. This model has had only nominal validation published and has been used 

mainly for investigating the effects of parameter changes. It was based on a single 

motion segment, which was replicated throughout the cervical spine with only minor

dimensional changes, and contained many simplifying assumptions. The author notes 

that the model required considerable computational resources. 

Nitsche et al. (1996) generated a FE human neck model, which was validated for frontal 

and lateral impacts. Two major difficulties with the model were found, including the 

quantification of the material properties for the model, and with the validation of the 

discrete neck model, which required the use of artificial boundary conditions. Several 

FE models of individual cervical motion segments have also been developed. The 

Kumaresan, Yoganandan and Pintar (1998) representation of the C4/C6 unit is the most

anatomically correct and is based on a single specimen using CT scans. This model was 

used for a parametric study of the spinal components under static compressive loading. 

The model was further developed to study the effects of surgical modifications, age-

related spinal degeneration and paediatric spinal responses by scaling (Yoganandan et 

al. 1998c). Similarly, Goel and Clausen (1998) developed a C5/C6 motion segment
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model, which included ligaments and a composite disc, and was validated for a variety 

of quasi-static loads. These models are not suitable for dynamic loading situations.

Yamazaki, Ono and Kaneoka (2000) developed a dynamic finite element model of the 

head and neck, which was validated with respect to the relative vertebral angle at the 

C5/C6 level. 

The FE models of the human neck tend to fall into one of two types: kinematic models

or detailed motion segment models. The kinematic models such as that by Choi et al. 

(2000), which can be validated dynamically, generally offer little gain over the 

equivalent multi-body models. The detailed motion segment models are only capable of 

dealing with quasi-static loading of a detailed neck structure. When these model types 

are combined, the required computational times increase greatly (Kleinberger 1993).

4.5 The van der Horst Human Head and Neck Model

The van der Horst (2002) model is a detailed multi-body model of a fiftieth-percentile 

human head and neck. It consists of a rigid head, rigid vertebrae (C1, C2, C3, C4, C5, 

C6, C7 and T1), non-linear visco-elastic discs and ligaments, frictionless facet joints, 

and controllable, segmented contractile muscles.

The vertebral shapes in the van der Horst model are based on the scanned vertebra of an 

individual’s neck, and are represented as lumped masses. The inertial and geometric

representations were based on those used in the de Jager model (de Jager 2000). The 

inertial properties of the neck were derived from NBDL volunteer data analysed by 

Thunnissen et al. (1995). The initial positions of the vertebrae were based on lateral x-

rays of a group of young men standing erect, performed by Nissan and Gilad (1984). 

The parameters used in the model are summarised in Table 4.1. The position and 

orientation of each body is described relative to the adjacent lower body (in the 

direction of the thorax) using a right-handed coordinate system (see Notation). The 

position of the centres of gravity for each body is given in the local coordinate system

while the principal moments of inertia are defined with respect to a coordinate system

parallel to the local system with its origin at the centre of gravity (CofG) of the body. 

The orientation and size of the facets were derived from Panjabi et al. (1993). The 

centre of the FC was assumed to be symmetrically disposed around the vertebral CofG 
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in the x and y planes and at a distance behind the CofG equivalent to half the facet 

diameter. The facet orientations are given in Table 4.2. 

Table 4.1 Inertial properties and positions of the rigid bodies of the neck with respect to the lower body,
from de Jager (2000)

Inertia Origin CofGMass
Ixx Iyy Izz Sx Sz Gx Gz

Initial
Position

No. Neck
Segment

(kg) (kg.cm2) (mm) (mm) ( )
1 T1 - - - - 0.0 0.0 - - 0.0
2 C7 0.22 2.2 2.2 4.3 6.4 16.8 -8.2 0.0 20.8
3 C6 0.24 2.4 2.4 4.7 -2.0 18.4 -8.3 0.0 -5.6
4 C5 0.23 2.3 2.3 4.5 -2.8 17.4 -8.1 0.0 -5.2
5 C4 0.23 2.3 2.3 4.4 -3.3 17.2 -7.9 0.0 -4.7
6 C3 0.24 2.4 2.4 4.6 -4.0 17.8 -7.8 0.0 -5.3
7 C2 0.25 2.5 2.5 4.8 -3.3 18.7 -7.7 0.0 0.0
8 C1 0.22 2.2 2.2 4.2 0.0 16.5 -7.7 0.0 0.0
9 C0 4.69 181.0 236.0 173.0 -4.0 20.0 27.0 43.0 0.0

Table 4.2 The orientations of the facet surfaces with respect to the horizontal plane, van der Horst (2002). 

Orientation of Upper Facet No. Segment
z ( ) y ( )

1 T1 2.3 -24.0
2 C7 4.0 -28.8
3 C6 3.6 -28.3
4 C5 4.0 -30.6
5 C4 4.0 -40.5
6 C3 45.8 -47.7
7 C2 -28.6 0.0
8 C1 - -

The intervertebral disc is represented as a simple, six degree of freedom joint, modelled

as a parallel spring/damper for each degree of freedom – translation and rotation, see 

Figure 4.5. The local coordinate system originates at the centre of the disc, with the x-

axis lying anterior to posterior. 

The stiffness of the disc in axial rotation, lateral bending and shear are based on the in-

vitro experimental work by Moroney et al. (1988), while Pintar et al. (1986) provided 

the disc stiffness in tension. The non-linear compression stiffness was based on that 

calculated for the lumbar disc by Eberlein, Frohlich and Hasler (1999). The non-linear 

flexion-extension stiffness was based on the values used by Comacho et al. (1997) in a 

non-linear mathematical model used for near vertex impacts. The stiffness of the motion

segment was equally attributed to the ligaments and the disc by assumption. The values 

used for the motion segment stiffness are summarised in Table 4.3. Damping for the 
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model was based on that used by de Jaeger (2000), however this did not account for 

dynamic stiffening. Hence the dynamic stiffness was estimated as twice the static 

stiffness and was applied by a multiplication factor selected by the user. 

Figure 4.5 Lateral view of the isolated C5/C6 motion segment from the van der Horst (2002) head and 
neck model including representation of the intervertebral discs by a six degree of freedom joint (large
yellow x/z axes) and facet capsules by ligaments (by spring/damper units in blue) and PR sliding surface 
(by small inclined yellow x/z axes).

Table 4.3 Stiffness and damping values for the intervertebral discs in van der Horst (2002).

Direction of Load Stiffness (N/mm) Damping (Ns/m) Source
Anterior Shear 62 1000 Moroney et al. (1988) 
Posterior Shear 50 1000 Moroney et al. (1988) 
Lateral Shear 73 1000 Moroney et al. (1988) 
Tension 53 1000 Pintar et al. (1986) 
Compression 822-2931 1000 Eberlein et al. (1999) 

Stiffness (Nm/rad) Damping (Nms/rad) 
Flexion 0.022-5.4 1.5 Comacho et al. (1997) 
Extension 0.022-8.2 1.5 Comacho et al. (1997) 
Lateral Bending 0.33 1.5 Moroney et al. (1988) 
Axial Rotation 0.42 1.5 Moroney et al. (1988) 

In the van der Horst model, Figure 4.4, the facet capsule is represented by a point 

restraint (a simple sliding joint by a single three-dimensional translation spring/damper)

at the centre of the surface. The z-axis is directed perpendicular to the facet surface and 

the x-axis is aligned in the anterior to posterior direction. The frictionless surface of the 

synovial joint is represented by a uni-directional stiffness in the z direction, which is 

arbitrarily assumed to be twice the stiffness of the disc. Four tension-only 

spring/damper units represent the capsular ligaments and the stiffness values are derived 

from Yoganandan et al. (1998c), see Table 3.6 and Table 3.7 in Chapter 3. 
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The major neck ligaments (including the ALL, PLL, LF and ISL) also have stiffness 

characteristics derived from the work of Yoganandan et al. (1998c) (Table 3.6 and 

Table 3.7 in Chapter 3). 

The representation of the muscles in the van der Horst head and neck model follows the 

curvature of the neck, with realistic lines of action of the muscle forces and the ability to 

be actuated as active muscles (van der Horst 2002). 

The motion segment component of the van der Horst model was validated quasi-

statically with respect to the low load in-vitro test data of Moroney et al. (1988). The 

entire head and neck model was dynamically validated in rear impacts with volunteer 

test data. In this validation process the MADYMO human body model was used, as it 

was found that the neck response depended on the seat response and the response of the 

spine.

A separate study, Meijer et al. (2001), was aimed at further validating the MADYMO 

50th-percentile male (1.74m, 75.7 kg) human body model, which incorporates the van 

der Horst (2002) model as the head and neck. This study used the complete human

model to simulate the JARI volunteer sled tests (Ono et al. 1997). The sled test series 

involved 9 healthy male volunteers (average 26 years, 1.76m, 71 kg) subjected to low 

speed rear-impact sled impacts in both an upright rigid seat and a standard vehicle seat. 

The seats were mounted on the sled on a ramp of 10 degrees to the horizontal. The 

maximum sled acceleration was approximately 3.6g. The human model was found to 

soundly predict the response of head and neck in slow speed rear impact. The area, 

which was found to be least satisfactory in the model, was that the ramping up of the 

spine in the human model was too small in comparison with the JARI volunteers. The 

researcher found that the results of this study verified that the van der Horst (2002) 

human head and neck model was: 

Capable of the necessary biofidelity with respect to its kinematic responses; 

Capable of being used as part of a whole human body model.

The study by Stemper, Yoganandan and Pintar (2004) validated the van der Horst model

over a range of relatively low velocity experiments with cadaver heads and necks. The 

same researchers conducted experiments, which provided more certainty with the 
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validation (Stemper, Yoganandan & Pintar 2003b). The global head-neck angle, 

segment angle and local facet joint regional kinematic responses from the model fell 

within experimental corridors. This was shown for impact velocities of 1.3, 1.8 and 2.6 

m/s. The non-physiologic ‘S’ shape curve was found by the tests to have duration of 100 

ms, which matched the experimental data. The experimental data did not have the effect 

of active muscle response or the vertical acceleration caused by straightening of the 

thoracic spine of the subject nor did it have the compression effect of spine 

straightening.

4.6 Discussion 

The study, of the causation of soft tissue neck injury in rear impacts, required an 

appropriate investigative tool. A significant amount of data is already available from

animal, volunteer and cadaver testing as well as from field accident and clinical studies. 

What is required of such a model is the ability to link together the available data. The 

aim of the development and use of the model is to find causative links between the 

biomechanical test data and the injury data to allow the refining and testing of the 

various injury hypotheses. Mathematical models of the head and neck have reached a 

point of development where they are capable of making these links. The investigation of 

whiplash injury mechanisms required the model to possess a high level of dynamic

biofidelity of the human body at various levels, as part of a whole human body model,

as a head and neck model and as a neck motion segment model. High computational

efficiency was required of the model to manage the multiple runs, which are required to 

reconstruct real life accident case data. Further the model had to be able to predict the 

injury at the level of the soft tissue components of the motion segment.

The various mathematical models described here were insufficiently developed to be 

able to meet the requirements of this study. The multi-body type of model was more

suited to studying the kinematics of the head and neck in impact situations. The 

available FE models were better suited to the investigation of the fracture mechanics

and stresses in the materials of the components of the neck under quasi-static load 

conditions.

For the combination of the response of the human body, the kinematics of the head and 

neck during a rear impact and the strains in the soft tissues of the neck required here, a 
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multi-body mathematical model with detailed soft tissue for the motion segment

appeared to be the best option. Even with the limitations imposed by the multi-body

format, such a model could be developed to investigate soft tissue neck injury causation 

at the motion segment level. The detail of the available information regarding both the 

anatomy and the properties of the soft tissue components were suited to such an 

approach. It was necessary that this detailed motion segment be integrated into a head 

and neck model for the purposes of dynamic validation and application in realistic 

dynamic loading situations. A head and neck model is the smallest viable component to 

be genuinely able to be used in this manner. To be useful, it was also necessary for the 

head and neck model to be able to be integrated into a full model human body model,

again for the purposes of validation with volunteer tests and for the application of the 

model for the investigation of soft tissue neck injury in rear impacts in motor vehicles. 

The model, which best fulfils these requirements, is the van der Horst head and neck 

model. This model has been validated with respect to both volunteer and cadaver data, 

including to the level of vertebral angulation. It also has active muscle capability and a 

compatible whole body model is available for future development. It was chosen to be 

used as the basis of the development of the detailed motion segment model described in 

Chapter 6.
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CHAPTER 5 THE INCIDENCE AND COST OF SOFT-
TISSUE NECK INJURY IN AUSTRALIA

5.1 Introduction

This chapter presents a preliminary investigation into the incidence and cost of WAD in 

Australia. This work also assisted in validating the approach selected for the 

investigation process discussed in Chapter 4. It places the incidence and outcomes of the 

long-term symptoms (chronic pain) of whiplash-associated injury into the context of 

Australia. The main areas covered, and the context of this chapter within the thesis, are 

illustrated in Figure 5.1.

The investigation gave a useful understanding of the characteristics of the long duration 

pain outcomes of whiplash-associated injury. The first stage of this part of the study 

uses the chronic neck pain database developed by the Cervical Spine Research Unit 

(CSRU), University of Newcastle, Australia (Gibson et al. 2000). The crash 

characteristics of these cases were investigated to gain a better understanding of the 

circumstances leading to chronic neck pain in the drivers. The results were then 

combined with other published incidence data to estimate the incidence and cost of 

these injuries in Australia separate from the insurance claims made (Ryan & Gibson 

1998). The limitations in these estimates are discussed and a comparison is made with 

insurance claim costs (MAA 1999). 

Chapter 4 Selection of Investigative
Process

Chapter 5 Incidence and Cost of Soft-
Tissue Neck Injury in Australia Clinical data

Crash data

Chapter 2 Incidence in Crashes Chapter 3 Biomechanics of Whiplash
Injury

Figure 5.1 The main areas covered and the context of this chapter within the thesis.

5.2  Extension of the clinical data to include the crash 

5.2.1 CSRU Clinical Data 

Researchers at the CSRU successfully devised and validated the use of fluoroscopically 

controlled, double blind, differential diagnostic anaesthetic blocks for the objective 

diagnosis of cervical FC pain (Barnsley et al. 1995). The technique involves 
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anaesthetising or “blocking” the FC by injecting local anaesthetic directly into the joint 

space, blocking the nerve supply to the joint – the medial branches of the dorsal rami.

The CSRU collected data during the course of these studies on the clinical investigation 

and treatment of patients with chronic neck pain (Gibson et al. 2000). Many of these 

patients were drivers, other vehicle occupants, pedestrians and bicyclists. To gain 

knowledge of the accident circumstances, the cases were matched with the P4 Collision 

Report Forms from the NSW Police records, which include a description of the accident 

and a sketch of the crash scene; the age and make of the vehicle, an estimate of its speed 

on impact, the damage incurred, and whether it required towing from the scene; a post-

accident injury description, details of any treatment received at the scene, and whether 

seat-belts were worn.

The RTA database was used to trace accidents in which the patient was the driver of the 

vehicle. The RTA only encodes a subset of the accidents from the P4 forms to use as a 

basis for the NSW road accident statistics. The criteria used to encode an accident are as 

follows:

It was reported to police;

It occurred on a road open to the public;

It involved at least one moving vehicle;

At least one person was killed or injured; and,

At least one vehicle was towed away.

The search was by patient surname, date of birth and date of accident for the years from

1985 to 1996 (Gibson et al. 2000).

The subjects in this study are all patients with a  proven source of chronic pain in the 

facet region of the neck, who were drivers of a motor vehicle in a crash. The biases in 

the data have no effect on this thesis. 

5.2.2 Results of the Analysis 

Accident reports for 92 drivers were found in the NSW accident records, consisting of 

51 females (55%) and 41 males (45%) (Gibson et al. 2000). The police accident data for 

these 92 cases was combined with the diagnostic data from the CSRU database. The age 
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of the subjects ranged from 19 to 68 years (mean age of the females = 36.4 years and of 

the males = 39.4 years). All except two of the car drivers in the group were encoded as 

wearing seat belts. The majority of the accidents occurred in the Newcastle metropolitan

area: some occurred on rural roads and in the Sydney metropolitan area. Seventy

accidents (76%) involved a single impact. There were 16 cases (17%), which involved 

two major impacts and six (6.5%) with multiple impacts – including three rollovers 

(3%). Thirty seven (40%) of the impacts were from the rear and 31 (34%) were frontal. 

The lateral impacts were almost even with 10 (11%) from the left and 11 (12%) from

the right. Twelve (32%) of the collisions from the rear involved a double impact, with 

rear followed by a frontal impact. The proportions of males and females in the lateral 

and rear impacts in the sample were similar (see Table 5.1). 

A measure of accident severity available in the police reports was whether the vehicle 

Table 5.1 Gender and impact direction for the 92 cases from Gibson et al. (2000).

damage was great enough to require towing from the scene. Seventy vehicles (76%) 

were towed following the accidents, 15 (15%) were not towed and the rest were 

unspecified. Twenty-one (68%) of the vehicles involved in frontal impacts and 28 of 

those in rear impacts (76%) required towing from the scene. 

Female Male OverallImpact
Direction NN   (%) (%) N   (%)

Front 1 1 39 (37) 2 (29) 1 (34)
Left 5 (10) 5 (12) 10 (11)
Rear 18 (35) 19 (46) 37 (40)
Right 6 (12) 5 (12) 11 (12)

Rollover 3 (6) 0 (0) 3 (3)

Total 51 (100) 41 (99) 92 (100)

he police accident records contained only limited injury data. Thirty-six cases (39%) T

were not treated, 50 (54%) were treated but not admitted to hospital, and 6 (6.5%) were 

admitted to hospital. The injuries listed for those treated at hospital were fractured neck, 

lacerations, spinal injuries, fractured ribs, lower back pain, neck injury, and fractured 

foot. With regard to injuries listed for the cases not admitted to hospital, no injury was 

reported for 53 (58%) of the cases, and neck pain for 33 (36%) of the cases. 
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The 92 cases matched with the Police accident reports included a total of 88 positive 

Table 5.2 Positive diagnostic FC blocks (n = 88) by level of the neck for the 92 CSRU drivers (Gibson et 

Segment Position of the Positive Blocks

diagnoses of FC pain (Gibson et al.2000). A ‘positive’ diagnosis of cervical FC pain 

was made when the patient had been diagnosis based on the double blind, differential 

diagnostic anaesthetic blocks (Barnsley et al. 1995). Sixty-eight (74%) cases had at least 

one positive diagnostic block, no positive blocks were found in nine (10%), and in one 

case the pain resolved during the study. The remaining 14 (15%) had not completed the 

procedure at the time. The bilateral positives were treated as single positives on the 

assumption that they were associated with the same injury-exposure event. The

distribution of positive blocks by level of the neck is shown in Table 5.2. 

al. 2000). 

Level Bilater otalal Left Right T
C2/C3 6 7 17 30
C3/C4 1 1 8 10
C4/C5 1 1 3 5
C5/C6 1 11 16 28
C6/C7 1 8 6 15

Total 10 28 50 88

this group with positive blocks, females were slightly more represented than males

The positive diagnosis of symptomatic FC occurred more at C2/C3 (34%) and C5/C6 

The authors of the study (Gibson et al. 2000) found that the leakage of cases was due to 

In

(55% to 45%); rear-end impacts were more common (40%); and, few of the subjects 

had injuries requiring hospitalisation (6.5%).

(32%) levels of the neck with right side symptomatic Z-joints more predominant. Right-

side positive blocks are more apparent in the males than females at the C2/C3 and

C5/C6 joints in the sample, see Table 5.3.

the following factors: records were only available for drivers: with licenses; only 70% 

of the police accident forms met the RTA encoding criteria; women who changed their 

maiden names could not be traced; some cases occurred prior to 1985; hyphenated 

names were not available from the search; errors in the accident dates; work site 

accidents; and, interstate accidents.
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Table 5.3 Distribution of the 88 positive blocks (n =92) by gender and level of neck (Gibson et al. 2000). 

Position of the Positive BlocksIntervertebral
Joint Bilateral Left Right Total (%)

C2/C3 f 5 5 9 19 (21.6)
m 1 2 8 11 (12.5)

C3/C4 f - - 3 3 (3.4)
m 1 1 5 7 (8.0)

C4/C5 f 1 1 2 4 (4.5)
m - - 1 1 (1.1)

C5/C6 f 1 9 9 19 (21.6)
m - 2 7 9 (10.2)

C6/C7 f 1 5 3 9 (10.2)
m - 3 3 6 (6.8)

Total 10 28 50 88
(%) (11.4) (31.8) (56.8) (100)

5.3 Estimates of Incidence and Cost of WAD in Australia 

5.3.1 Introduction 

The results from the previous section were combined with several other Australian field 

studies to estimate the numbers of WAD only cases in Australia per year and their costs 

separate from more usual data collected from insurance claims (Ryan & Gibson 1998). 

The aim of this estimate was to examine the occurrence and persistence of symptoms of 

this type of injury in Australia unbiased by the differences in claim outcomes in the 

various state jurisdictions.

5.3.2 Australian Field Studies 

The estimates are based on a set of Australian field studies, which are briefly described 

below. Each of these studies was based on a selected and possibly unrepresentative 

sample. The aim of the study was to make an estimate using non insurance claims based 

incident data, and so this limitation had to be accepted due to the lack of alternatives.

Ryan et al. (1993) identified individuals (n = 32) with neck strain after a car crash from

physiotherapy and general medical practices in Adelaide. The subjects were interviewed 

and physically examined by a manipulative physiotherapist soon after the crash and 

again after six months. For each case the vehicle and the crash site were examined and 

the crash reconstructed.
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Fildes and Vulcan (1995) studied 120 whiplash-injured car occupants presenting at a 

teaching hospital in Victoria. A vehicle examination noted impact direction, damage,

and headrest and seat position. The injuries were monitored to measure the timing of the 

WAD, with chronic defined as symptoms six months or later after the event. 

Dolinis (1997) obtained driver characteristics, crash circumstances and injury data from

structured interviews of 246 Adelaide drivers, who had recently experienced a rear 

impact of sufficient severity to be reported to the police. 

5.3.3 Estimate of incidence 

Dolinis (1997) interviewed 246 subjects of which 86 (35%) suffered neck symptoms to 

some degree. Of those with symptoms, 34 (39.5%) were restricted in their activities of 

daily living for at least one day, 57 (66.3%) consulted a medical or other health 

practitioner, three (3.5%) attended a hospital emergency department, and for 20 (23.2%) 

symptoms persisted for three months or more.

Ryan et al. (1993) identified thirty-two cases from general and physiotherapy practices 

as having neck symptoms. Six (18.7%) had attended a hospital emergency department

and one was admitted, who also had a number of other injuries. 

The 92 drivers with chronic neck pain, as a result of motor vehicle crashes from the 

CSRU, consisted of 36 cases (39%) with no medical treatment immediately post-crash, 

50 (54%) treated but not admitted to hospital, and six (7%) admitted to hospital (Gibson 

et al. 2000). For the cases not admitted to hospital, no injury was reported for 53 (62%), 

and neck pain for 33 (38%). 

In the four financial years from 1993/94 to 1996/97, there were 2,238 claims for neck 

injury to the Insurance Commission of Western Australia, of which 76 (3.5%) were 

admitted to hospital (Dyke, Ryan & Hendrie, 1999). This suggests that for those with 

insurance claims, the ratio of non-admitted to admitted cases is about 30:1 (Ryan & 

Gibson 1998).

These studies provide a measure of the spectrum of intensity of whiplash symptoms,

allowing a rough estimate of the relative frequency to be made at each level of treatment

(Ryan & Gibson 1998). From Ryan et al. (1993), there was one hospital admission in 
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every 32 cases – a similar ratio to that observed in the Insurance Commission claims

data. In addition, it is recognised that a medical practitioner had examined all cases in 

this study. From Dolinis (1997), the ratio of persons with symptoms to those attending a 

medical practitioner was 1.5:1. The ratio of GP attendances to emergency department

attendances for Ryan et al. was 5.3:1 compared with 19:1 for Dolinis. This suggests that 

the latter cases were less severe (Ryan & Gibson 1998).

Finally, for the subjects with chronic neck pain from Gibson et al. (2000), the ratio of 

non-admitted patients to admitted was 15:1, of treated to admitted was 8.3:1 and the 

ratio of those just with symptoms to those treated at the time of the event was 0.67:1. 

This suggests that the events contributing to these cases were significantly more severe 

than those in the previous studies (Ryan & Gibson 1998). 

5.3.4 Estimate of number of cases per year 

Between 1993 and 1997, Western Australia had an average of 65 admissions to hospital 

for whiplash injuries, Dyke et al. (1999). By extrapolation and using the ratios derived 

above, it is possible to estimate that there were around 3,000 whiplash cases occurring 

each year in Western Australia, with about 2,000 consulting general practitioners (Ryan 

& Gibson 1998). This is summarised in Table 5.4.

Table 5.4 Estimated annual number of WAD cases in Western Australia (Ryan & Gibson 1998).

WAD events Estimated number 
Hospital admission 65
Emergency department attendance 103-368
General practitioner attendance 1,950
Persons with symptoms 2,925

From Ryan et al. (1994), about 66% of GP attendance cases demonstrated persisting 

symptoms at six months post injury, which is defined as chronic according to Fildes and 

Vulcan (1995). This permits an estimate of 1,287 new chronic cases per year in Western

Australia (Ryan & Gibson 1998). The Insurance Commission of WA averages 560 new 

whiplash claims per year, suggesting that not every case of whiplash results in an 

insurance claim (Ryan & Gibson 1998). Further, as Western Australia comprises only 

10% of the Australian population, there could be as many as 30,000 new cases of 

whiplash symptoms – of varying severity – each year, including up to 13,000 new 

chronic cases (Ryan & Gibson 1998). Moreover, this suggests an annual incidence rate 
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of WAD in Australia of approximately 167 per 100,000 (based on a population of 18 

million).

5.3.5 Costs 

Hendrie et al. (1998) estimated that the average total cost of a neck injury of low 

severity on the Abbreviated Injury Scale AIS 1 (equivalent to WAD cases) was 

$18,114. The major components of this total were general damages, pain and suffering 

(31.1%), legal and investigation costs (15.9%), economic loss or loss of wages (14.4%), 

and hospital and medical costs (8.8%). 

For Western Australia the total cost of WAD cases could be 3,000 x $18,000 = 

$54,000,000 annually. This is about 8.5% of the estimated annual $637 million cost of 

all road crashes in Western Australia (Hendrie 1999). For Australia, the total cost of 

WAD cases could reach $540 million each year (Ryan & Gibson 1998). 

By comparison in NSW the claims where whiplash was the only injury accounted for 

11.2% (n = 14,196) of all claims and 3.8% ($222.9 million) of the total insurance cost 

(MAA 1999). 

5.4 Summary 

The police accident data were combined with the diagnostic data for 92 drivers 

suffering chronic neck pain from the CSRU database. The accident characteristics 

associated with these drivers suffering chronic neck pain are similar to those found for 

more general WAD discussed in Chapter 2. There were more females than males and 

symptomatic facet joints were most commonly found at the C2/C3 or the C5/C6 levels 

of the neck. 

The incidence of neck pain as a result of rear impacts in Australia was estimated and 

found to be greater than the insurance claims data. 

The best supported of the available injury causation hypotheses are the shear and the 

facet impingement hypotheses based on volunteer and cadaver neck responses, as 

reviewed in Chapter 3. These results confirm that the most productive area of the neck 

to investigate for whiplash injury causation in rear impacts is at the C5/C6 motion
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segment level. Chapter 6 outlines the development and validation of a multi-body model

of the C5/C6 motion segment to form the basis of this investigation. 
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CHAPTER 6 DEVELOPMENT OF A C5/C6 CERVICAL
SPINE MOTION SEGMENT MODEL 

6.1 Introduction 

The discussion in Chapter 4 concluded that a mathematical model of the human head 

and neck was required to investigate the mechanisms of injury resulting in neck pain as 

a result of rear impact in a motor vehicle. The head and neck model must not only have 

kinematic rear impact response biofidelity, but also reflect the detailed anatomy of the 

soft tissue of the neck motion segments. Mercer and Bogduk (1999) have pointed out 

that a typical adult disc structure departs from the image commonly presented in 

anatomy texts. These researchers also hypothesised that the kinematics of a cervical 

motion segment and its soft tissue injuries mechanisms are dependent on this structure 

of the disc (Bogduk & Mercer 2000). The development of a joint model incorporating 

this disc structure and able to reproduce the motion at the segment level would be of use 

in improving our understanding of the injury mechanisms involved. Such a model

would be able to assist in the development of soft-tissue neck injury criteria. 

The C5/C6 level motion segment was chosen as the most appropriate starting point for 

the development for the following reasons:

C5/C6 is very similar to C3/4 and C4/5 and would allow easy development of a 

complete neck;

It is one of the two most commonly injured levels of the neck in rear impacts

(Gibson et al. 2000);

Injury at the C5/C6 level of the neck has been shown to be the source of chronic 

neck pain by clinical studies (Barnsley, Lord & Bogduk 1998); and,

An injury mechanism hypothesis, based on volunteer testing (Ono et al. 1997) and 

cadaver testing (Yoganandan, Pintar & Kleinberger 1998b; Cusick et al. (2001); 

Panjabi et al. 1998), is linked with this specific level of the neck.

The aim of this part of the study is the development a mathematical C5/C6 motion

segment model, which, by having both biofidelity and injury sensing capability, would 

be able to investigate the causation of soft-tissue neck injury in rear impacts.
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With the multiple models being described here, it is important to understand which 

model is referred to. Henceforth the word model will refer specifically to the 

mathematical models being discussed. There are three models, which will be regularly 

mentioned: the original van der Horst human head and neck model and its component

parts; the newly developed version of the C5/C6 motion segment model; and the van der 

Horst human head and neck model with the new C5/C6 motion segment, which will be 

referred to as the ‘head and neck model’.

6.2 Model Development

6.2.1 The Development Process 

The development stages of the new C5/C6 motion segment model are shown in the flow 

chart in Figure 6.1. The starting point for the development of a new head and neck 

model was to isolate the C5/C6 motion segment from the original van der Horst (2002) 

human head and neck model, see Chapter 5.

A review was undertaken to ensure that the data used to define the C5/C6 motion

segment were the most appropriate available, to make a change required direct 

experimental data to be available. A parameter study of the motion segment geometry

and the physical parameters such as ligament stiffness and damping was conducted. 

Based on the parameter study several areas of the motion segment were found to be 

capable of improvement, specifically the representation of the disc and the bearing 

surfaces of the facet capsule (FC). Changes were developed to ensure: 

Improved detail response biofidelity; 

Full multi-directional response capability of the motion segment;

Improved representation of the soft tissue elements for injury sensing purposes; and, 

That the overall responses remain compatible with the van der Horst head and neck 

model.

At each stage in the development, the new C5/C6 model motion segment model was 

examined to ensure that it still met the multi-directional response requirements based on 

the in-vitro quasi-static low load tests by Moroney et al. (1988) (described in detail in 

Appendix A4). Where these requirements were not met then the modifications were 
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either further developed until the model response was improved or returned to the 

original van der Horst parameters.

Chapter 4 Selection of Investigative
Process

Human head and neck model, van der 
Horst et al. (2001)

Chapter 6 Development of a C5/C6 
Cervical Spine Motion Segment Model

Isolate C5/C6 motion segment Check effects of motion segment
parameters:
Facet height
Compression stiffness
Tensile stiffness
Centre of pressure in compression

New C5/C6 motion segment model Develop new anatomic disc model Disc anatomy, Mercer
and Bogduk (1999)

Revise facet capsule ligaments and 
surface

Chapter 7 The Head and Neck Model

Include new C5/C6 in head and neck
model for dynamic validation

Verify responses for low loads with test
results for disc and motion segment,
Moroney et al. (1984)

Validate responses to failure with rear 
loading test results, Siegmund et al. 
(2000) and Winkelstein et al. (2000)

Figure 6.1 Flow chart of the steps in the model development and validation.

The model C5/C6 motion segment responses were then compared with in-vitro testing 

based on quasi-static loads to failure. The tests selected for this final quasi-static 

validation of the motion segment model were the two studies of complex loading of a 

single motion segment designed to represent possible rear impacts by Siegmund et al. 

(2000b) and Winkelstein et al. (2000). A detailed description of the in-vitro test 

methodology used in these studies for the excised motion segments is included as 

Appendix A4.

The final stage of the validation process was to incorporate the new C5/C6 motion

segment model into the van der Horst head and neck model for dynamic response 
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comparisons with test data obtained from volunteers and cadavers. This stage of the 

model validation process is described in Chapter 7. 

6.2.2 Development of the New C5/C6 Motion Segment 

Once the C5/C6 motion segment was isolated, the specific modelling parameters were 

reviewed (see description of the van der Horst head and neck model in Chapter 4). As 

the intent was to remain as consistent with the original van der Horst head and neck 

model as possible, the review was limited to the C5/C6 motion segment parameters.

Where alternative data was available for the model parameters a check was made of the 

sensitivity of the model to these parameters. The parameters investigated, the sources of

the new data and their effects on the model are summarised in Table 6.1. If the 

parameters did not have an appreciable effect on the response of the motion segment,

the original values used in the van der Horst motion segment model were retained. 

Table 6.1 The motion segment model parameters investigated, the sources of data and the effect on the
model responses.

Parameter van der Horst (2002) 
source

Effect on model Alternative data source 

Disc height de Jager (1999) No CSRU data (Appendix A2) 

Facet surface angle de Jager (1999) Yes Nowitzke, Westaway and 
Bogduk (1994) 

Facet surface height de Jager (1999) No Nowitzke, Westaway and 
Bogduk (1994) 

Facet surface 
compression stiffness 

As for the disc x 2 No None found 

Facet surface area Point restraint only Yes Panjabi et al. (1993) 

Disc compression
stiffness

Eberlein et al. (1999) No Shea et al. (1991) 

Disc surface area Point restraint only Yes CSRU data (Appendix A2) 

Anulus fibrosus
ligaments

Point restraint only Yes Mercer and Bogduk (1999) 

The van der Horst (2002) head and neck model uses the ligament stiffness data 

measured by Yoganandan, Kumaresan and Pintar (2000), which was the most

appropriate data available (Chapter 3). The same source provided the neck ligament

length for the calculation of relative strain in the new C5/C6 motion segment model

(Chapter 3). The ligament stiffness data was extrapolated linearly past the point of 

failure.
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The disc in the van der Horst (2002) model consists of a 6-degree of freedom joint at the 

centre of the intervertebral joint. The motion of a cervical motion segment is due to the 

interaction of the disc, the ligaments and the facet capsule, as described in Chapter 3. 

Mercer and Bogduk (1999) found that the adult cervical anulus fibrosus does not consist 

of concentric laminae of collagen fibres as in the lower discs, but is arranged in a 

crescent shape. This crescent is thick anteriorly and tapers laterally towards the uncinate 

processes. Posteriorly the anulus consists only of a thin layer of vertically oriented 

fibres. Anteriorly the fibres are arranged at approximately 45° to the vertical axis of the 

neck. Based on this anatomy described by Mercer and Bogduk, a model of the disc was 

developed to be included in the C5/C6 motion segment model. The sources for the 

material properties used in the components of the motion segment model are given in 

Table 6.2. 

Table 6.2 The material properties of the C5/C6 motion segment components.

Parameter Modelling Technique Material Properties
Ligament Kelvin Restraint Pintar et al. (1986) 

Yoganandan, Kumaresan
and Pintar (2000) 

Anulus Fibrosus Kelvin Restraint
3D point restraints (x2) 

Eberlein et al. (1999) 
Pintar et al. (1986) 
Moroney et al. (1988) 

Nucleus Polposa 3D point restraints (x4) Eberlein et al. (1999) 
Pintar et al. (1986) 
Moroney et al. (1988) 

Facet Joint 1D point restraints (x4) van der Horst (2002) 

In this new disc model, the anulus fibrosus is represented by nine tension-only, 

spring/damper units inclined at 45°. A double anterior row represents the depth and the 

inclination of the ligament fibres within the crescent and a vertical spring damper unit 

for the posterior region of the anulus. The stiffness characteristic for each of these 

spring damper units was set to 11% of the axial tension (positive z direction) stiffness of

the original 6 degree of freedom joint. The overall tension stiffness of the motion

segment was unchanged. These tension-only ligaments are illustrated in the drawing of

the motion segment components in Figure 6.2, and pictorially in Figure 6.3.
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Figure 6.2 The soft tissue components of the new C5/C6 motion segment model, showing the disc, with
the tension-only ligaments (in red) and the compression point restraints (in blue).

Figure 6.3 Oblique pictorial view of the C5/C6 model motion segment, showing the scanned vertebral
bodies (in grey), the ligaments (in light blue) and the compression point restraints for the AF (in red) and
NP (in blue).

Moroney et al. (1988) demonstrated that the stiffness of fully degenerated discs 

decreased by 50% as the nucleus pulposa (NP) aged. In a fully degenerated disc, the 

nucleus pulposa appears to loose its compressive capability and the stiffness of the disc 
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in this loading direction is due to the anterior section of the anulus fibrosus. The bearing 

surface of the new disc model is represented by six compression-only point restraints 

(Figure 6.2). Two are for the crescent shaped anulus and the remaining four represent 

the circular pad of the nucleus pulposus. A point restraint in MADYMO is a three 

degree of freedom joint, which can translate in the three axes x, y and z. For 

compression (negative z-direction), only the x and y axes are defined to have zero 

stiffness. The overall compression stiffness of the van der Horst disc remained

unchanged, but instead of acting at the centre of the disc, it was distributed over the 

bearing surface of the disc itself.

By separating the compression and tension stiffness to representations of the specific 

soft tissues in the joint, the disc model was then able to indicate relative component

strains in the disc. These component strains can be used as indicators of possible injury. 

The new disc model was combined with the ALL and PLL to represent the disc-only 

configuration in the tests performed by Moroney et al. (1988) for low loads (Table 6.3). 

The multi-axial responses of this disc unit were then adjusted by replacing some of the 

stiffness in the 6-degree of freedom joint to correctly simulate the test results. The 6-

degree of freedom joint retains the damping for the motion segment (see Chapter 3). 

Table 6.3 The loading applied to both the intact motion segment and disc-only segments by Moroney et
al. (1988). 

Loading Symbol Load direction Intact segment Disc only 
Compression COM -  Fz  (N) 73.6 73.6
Anterior shear AS + Fx  (N) 19.6 15.7
Posterior shear PS -  Fx  (N) 19.6 15.7
Right lateral shear RLS + Fy  (N) 19.6 15.7
Flexion FLEX + My (Nm) 1.8 1.6
Extension EXT -  My (Nm) 1.8 1.6
Right lateral bending RLB -  Mx (Nm) 1.8 1.6
Counter clockwise torsion CCW + Mz (Nm) 1.8 1.6

The new disaggregated disc model was placed within the C5/C6 motion segment model

with the original van der Horst (2002) facet capsule structure and other ligament

definitions. Initial verification simulations of the Moroney et al. test procedure on this 

complete motion segment indicated the need for further development. In particular, the 

motion segment model gave excessive rotation during the posterior shear test, which is 

of some importance in whiplash loading. These responses were improved by shifting the 
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centre of pressure of the model motion segment. This was accomplished by including an 

array of four compression-only point restraints representing the surface of the facet 

capsule and extending it to the rear. These changes give the facet capsule a sliding 

surface rather than a single point (see Figure 6.2 and Figure 6.3). These changes also 

improved the ability of the motion segment model to detect the type of facet surface 

impingement injury hypothesised by Ono et al. (1997), Yoganandan, Pintar and 

Kleinberger (1998) and Panjabi et al. (1998). The geometries of the four facet capsular 

ligaments were also made more consistent. 

The final geometry of the soft tissue in the motion segment model is shown in Figure 

6.2 and Figure 6.3. During the development of the internal structural representation of 

the motion segment, the overall stiffness of the van der Horst C5/C6 motion segment in 

tension and compression were maintained to ensure that the responses of the new 

motion segment were compatible with the rest of the neck. The next step was to 

complete the validation of the C5/C6 motion segment model responses by comparison

with experimental results. 

6.2.3 C5/C6 Motion Segment Low Load Response Verification 

The responses of the disc model were developed to meet the multi-directional, quasi-

static small load responses of the in-vitro experimental results for excised disc-only 

motion segment responses measured by Moroney et al. (1988). To measure the 

equivalent responses of the disc-only C5/C6 motion segment model, the experiments

were set up and simulated with the model following the same loading and test methods

used by the authors. The experimental methodology is described in detail in Appendix 

A4. The lower vertebra (C6) was clamped and the loads were applied to the upper 

vertebra (C5) of the model. The loading cases measured are given in Table 6.3. The 

simulation was repeated for the intact motion segment.

6.2.4 C5/C6 Motion Segment Large Load Response Validation 

Following the completion of the development process for the new C5/C6 motion

segment, the model was validated for larger quasi-static combined loads up to failure by 

comparing the simulation results obtained from two experimental studies by Siegmund

et al. (2000b) and Winkelstein et al. (2000).
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Siegmund et al. (2000b) tested (n = 7) excised C3/C4 and C5/C6 motion segments. A 

combination of compressive preloads (0 N, 45 N, 197 N and 325 N) and posterior shear 

loads (0 N, 27 N, 49 N, 79 N, 98 N and 127 N) were applied to the motion segment. The 

loads in the experimental procedure were chosen to reflect those calculated for the shear 

and compression in the necks of volunteers during rear impact testing by Ono et al. 

(1997). The compression load is due to the inertia of the head during upward motion of 

the torso, while the shear is caused by the inertia of the head during forward motion of 

the torso. Upward and forward motion of the torso results from seat back pressure 

during a rear impact. The translation and rotation of the loaded motion segment were 

measured and the motion segments were loaded to failure. A more detailed discussion 

of the test methodology used by Siegmund et al. is given in Appendix A4. 

In a related investigation, Winkelstein et al. (2000) tested six excised C3/C4 and C5/C6 

motion segments. Three types of axial preload were applied about the z-axis: ipsilateral 

(clockwise) torsion (+1 Nm), no preload (0 Nm) and contralateral (counter-clockwise) 

torsion (-1 Nm). In this set of experiments, the aim was to look at the effects of 

combined loading of the neck. The axial preload was equivalent to a person in a rear 

impact with the neck axially rotated such as might occur if they were looking at the rear 

view mirror at the time of the impact from the rear. The response of the motion segment

in flexion and extension was measured. A more detailed account of the test 

methodology used by Winkelstein et al. is given in Appendix A4. 

6.3 Results 

The simulated small load responses of the model, the displacement and rotation of C5 

with respect to C6, are compared with the experimental results obtained by Moroney et 

al. (1988) for the disc alone (Figure 6.4 (a) and (b)). The figures illustrate the results of 

the Moroney et al. tests as vertical bars representing the spread of the standard deviation 

for each loading configuration. The horizontal bars show the experimental means while 

triangles ( ) indicate the predicted model results. For whiplash motion the critical 

motions are a combination of shear displacement and rotation, which (in rear impacts)

are displacement in the x direction and the rotation about the y-axis. 
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Figure 6.4 (below) Comparison of the (a) small load displacement, and (b) rotational responses of the 
new head and neck model, the original van der Horst model, and the experimental results obtained by
Moroney et al. (1988) for the disc alone.

(a) C5/C6 disc only segment displacement.
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 (b) C5/C6 disc only segment rotation.
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Overall, the responses of the disc model are generally within ± one standard deviation 

of the experimental results – especially with respect to the x-axial displacement and y-

axial rotations. Particularly for the applied motion, the model does not fully reflect some

of the coupled motions occurring in the real neck motion segments, such as the z-axis 

displacement motion. Similarly, the simulated small load responses of the model are 

compared with the experimental results obtained by Moroney et al. (1988) for the intact 

motion segments (Figure 6.5 (a) and (b)). Overall, the responses of the model for the 

intact motion segment are within ± one standard deviation of the experimental results 

for all directions of loading and this is an improvement on the original van der Horst 

(2002) motion segment.
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Figure 6.5 (below) Comparison of the small load displacement (a) and rotational responses (b) of the new
head and neck model, the original van der Horst model, and the experimental results obtained by
Moroney et al. (1988) for intact motion segment.

(a) C5/C6 intact motion segment displacement.
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(b) C5/C6 intact motion segment rotation.
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The model predictions for large loads were compared with the measurements taken in 

posterior shear of C3/C4 and C5/C6 motion segments (n = 13) under compression

loading by Siegmund et al. (2000b) (Figure 6.6 (a) and (b)). The means and maxima and 

minima of the experimental results at each level of posterior shear and compression

loading of the segment are shown along with the model predictions.

Figure 6.6 (below) Comparison of the model motion segment responses and posterior shear compression
and loading experimental results (dotted corridors) obtained by Siegmund et al. (2000b) for excised
motion segments.
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The model predictions were also compared to the related study by Winkelstein et al. 

(2000), in which the flexion and extension bending of excised human neck motion

segments, while being loaded in axial torsion, were investigated. The results of this 

comparison are plotted in Figure 6.7 (a), (b) and (c) respectively.

Figure 6.7 (below) Comparison of the predicted model facet capsular lateral ligament strain with 
experimental principal strains (dotted corridors) from Winkelstein et al. (2000) for flexion and extension
bending of excised human neck motion segments loaded in axial torsion.

(a) +1 Nm axial torsion

0.000

0.050

0.100

0.150

0.200

0.250

0.300

-3 -2 -1 0 1 2 3

Flexion /  Extension (Nm)

La
te

ra
l F

C 
St

ra
in

(b) 0 Nm axial torsion

0.000

0.050

0.100

0.150

0.200

0.250

0.300

-3 -2 -1 0 1 2 3

Flexion  / Extension (Nm)

La
te

ra
l F

C
St

ra
in

(c) -1 Nm axial torsion

0.00

0.05

0.10

0.15

0.20

0.25

0.30

-3 -2 -1 0 1 2 3

Flexion   / Extension (Nm)

La
te

ra
l F

C
St

ra
in

116



Development of a C5/C6 Cervical Spine Motion Segment Model

The strains plotted are for the experimental results, the principal strains for the facet

capsule calculated from the individual displacements measured during the test; and, for 

the model, the relative elongation for the lateral facet capsular ligaments.

6.4 Discussion 

The simulated responses of the model were compared with the experimental results 

obtained by Moroney et al. (1988) for the intact motion segment in Figure 6.5. The neck 

responses important for WAD loading are translation in the x direction and rotation 

about the y-axis. The small load responses of the model motion segment fell within the 

spread of experimental results obtained by Moroney et al. for all of the loading 

directions. The motion segment responses in extension are 4 degrees rotation and 1.5 

mm rear displacement for the intact motion segments. To place these responses in 

perspective, it is useful to compare these results with the C5/C6 rotations measured in 

the volunteer tests conducted by Ono et al. (1997) (see Chapter 3). In these dynamic

rear impacts at 8 km/h, with a peak sled acceleration of approximately 4g, the measured

C5/C6 rotation in extension was between 10 and 15 degrees. Testing of intact head-neck 

units by Pearson et al. (2004) produced a 3 mm sliding displacement of the C5/C6 facet 

capsule. The Moroney et al. results are well within the physiological limits for the 

motion segment.

For validation purposes, the model response predictions for larger combined loads were 

then compared with the results of two experiments involving loading at a level and type 

that was more consistent with that, which occurs in actual rear impact situations. These 

studies had been performed on excised motion segments and were aimed at 

investigating specific possible neck motion segment injury mechanisms associated with 

WAD.

The first set by Siegmund et al. (2000b), investigated the effect of posterior shear of a 

motion segment under compression loading on excised human necks (n = 13). This 

work was based on the neck loading observed for volunteers subjected to rear impacts

(Ono et al. 1997). The experimental loading took the neck segments to the point of 

failure. The posterior translation and extension responses predicted by the model were 

compared with results from the experiments. The predicted translation and rotation of 

the upper vertebra (C5) rose to the upper edge of the experimental corridors. The 
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principal shear strain on the facet capsular ligaments was measured during the 

experiments. It was found not to vary with the compression load and this is reflected in 

the model predictions. For the 137 N posterior shear cases, the researchers found that 

the principal facet capsular ligament strains varied between 11% and 23% for the 

motion segments measured, and were aligned with the direction of loading (x-axis). The 

model predicted a shear strain of 24% for the same load case, which is consistent with 

the slightly more flexible joint characteristics demonstrated in Figure 6.6.

The second study by Winkelstein et al. (2000), investigated the effect of flexion and 

extension bending on excised human neck motion segments (n = 12) while being loaded 

in axial torsion to the point of failure. This set of experiments was aimed at 

investigating the effect of having the head rotated at the onset of the loading in a rear 

impact, on strains within the facet capsule. This has been reported as a significant factor 

in several field accident studies of whiplash related accidents.

The model motion segment predictions are able to show the correct trends in the 

preloading effects on the ligaments, as a result of the axial rotation, but the magnitude

of the strain appears low. The experimental corridors shown in Figure 6.7 are the 

principal strains in the facet capsule ligaments, calculated from the strains on the 

capsule measured in the experimental study. These experimental principal strains, in 

terms of both magnitude and position within the capsular ligaments, were found by the 

researchers to be quite variable. They suggest that this may be due to individual 

variations in the structure and geometry of the facet capsule. It was not explained by the 

researchers why the neck motion segment responses were asymmetrical in the two 

directions of rotation about the z-axis. These experimental results are therefore affected 

by the experimental error and possibly also by the difficulty of defining the neutral zone 

of the motion segment being tested. In Figure 6.7, these experimental principal strain 

corridors are compared with the maximum uniaxial strains in the lateral facet capsule 

ligament predicted by the model. The averaged model strains were lower than the 

measured principal strains. 

A reason for the underestimation stems from one of the drawbacks of a multi-body

model due to the representation of the ligaments as spring-dampers. These ligaments

give relative elongation (and hence uniaxial strain of the ligament) based on the direct 

118



Development of a C5/C6 Cervical Spine Motion Segment Model

line of action between the two insertion points on the upper and lower vertebra (Figure 

6.8). In reality, the ligament fibres are clumped together and interwoven in structures 

such as the anulus fibrosus or the facet joint capsule. In the facet capsule for example,

the ligaments are perpendicular to the facet surfaces. If the superior and inferior 

vertebral bodies, which form the motion segment, move in shear, the ligament fibres are 

elongated in the ‘S’ shape shown in Figure 6.8. In the model, the fibres give a direct line 

between the insertion points, so the actual strain is higher at the centre of the real 

ligament. The prediction of both the line of action of the ligament under load and the 

magnitude of the predicted strain contain errors as a result. This would add to the 

rotational effect described earlier. 

Figure 6.8 A comparison of the predicted uniaxial ligament strain of the model and the force line of
action, with the deformed shape of an actual ligament for the facet capsular ligaments in shear.

For more complex combined loads, the model responses tended to underestimate the 

ligament strains in the facet capsule and did not lie within the corridors of the 

experimental results. The trends and magnitudes of the motion segment responses 

demonstrated are in reasonable agreement with the experimental values. Combined

loading is difficult for a relatively simple multi-body model to accurately simulate, but 

acceptable results were achieved.
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6.5 Summary 

A mathematical multi-body model of a human C5/C6 motion segment has been 

developed. The aim of developing this model was to allow investigation of the causation 

of soft-tissue neck injury in rear impacts.

The model is based on the motion segment from the head and neck model developed by 

van der Horst et al. (2001). The new C5/C6 motion segment model includes the 

representation of the anatomical structures in the motion segment that improve the 

biofidelity of the model responses and allow the prediction of injury. The structure of 

the disc developed is based on recent developments in the anatomy described by Mercer 

and Bogduk (1999).

The small load responses of the C5/C6 motion segment model were developed to agree 

with the in-vitro experimental results obtained by Moroney et al. (1988) for all 

directions of direct loading, including the critical load directions for whiplash –negative 

x-axial displacement and negative y-axis rotation. The model responses are also in 

reasonable agreement for the coupled or indirect displacements and rotations.

The C5/C6 motion segment model responses were validated for large loads by 

comparison with further in-vitro tests to failure, on excised human motion segments.

The combined loading tests simulated were representative of possible injury causing 

loads in real accidents and consisted of combined posterior shear and compression

(Siegmund et al. 2000b), and axial torsion and flexion-extension bending (Winkelstein

et al. 2000). The model motion segment results were in good agreement with the 

combined posterior shear and compression tests. The motion segment model

demonstrated a high level of motion similitude in simpler combined load situations. In 

more complex combined loading situations it still maintains correct predictive trends, 

making the model suitable for the purpose intended in this study.

The next stage of the study is to include the C5/C6 motion segment model in a multi-

body human neck model to allow its application to the study of whiplash-associated 

injury.
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CHAPTER 7 THE HEAD AND NECK MODEL 

7.1 Introduction 

To use the C5/C6 motion segment model for the investigation of whiplash injury 

mechanisms, it was necessary to re-integrate it with a head and neck model to allow the 

application of realistic dynamic loading. Since a segment of the human head and neck 

model by van der Horst (2002) formed the basis for the motion segment, the integration 

of the enhanced motion segment was a relatively simple process. Validation of the 

dynamic responses of the new head and neck model to rear impact loading comprised

several stages. The responses of the model and of the original van der Horst head and 

neck model were verified to have remained unchanged by comparing each of the model

responses with the responses of volunteers in dynamic testing. The overall motion of the 

neck and the individual vertebrae, and the movement of the motion segment

instantaneous axes of rotation (IARs) during the test were all assessed as part of the 

model validation process. The various stages in the head and neck model verification 

process are outlined in Figure 7.1. 

Chapter 6 Development of a C5/C6 Cervical
Spine Motion Segment Model

Chapter 7 The Head and Neck Model

Integrate with human head and neck model,
van der Horst (2002)

Compare with volunteer tests,
Davidsson (2000)

Check model C5/C6 vertebral motion Compare with volunteer tests,
Kaneoka et al. (2002)

Compare with cadaver tests,
Deng et al. (2000)

Check model dynamic IAR motion Compare with volunteer tests,
Kaneoka et al. (2002)

Compare with clinical measurements,
Amevo et al. (1991)

Chapter 8 Investigation of Early Soft-Tissue
Neck Injury in Rear Impacts

Include new C5/C6 in head and neck model
for dynamic validation

Figure 7.1 The human head and neck model integration and validation.
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7.2 Method and Materials 

The C5/C6 motion segment model was based on an existing, well-accepted multi-body

neck model developed by van der Horst (2002). The motion segment was modified, as 

described in the previous chapter, Chapter 6, to improve the human dynamic similitude

(biofidelity) as well as the capability of the joint soft-tissue components to sense injury 

to the disc, the neck ligaments and the facet capsule. To be able to apply realistic 

dynamic loading to the motion segment, the mathematical C5/C6 model was re-

integrated into the van der Horst human head and neck model. The resulting model with 

the newly developed C5/C6 motion segment will be referred to hereafter as the head and 

neck model.

The original van der Horst (2002) head and neck model had been validated for rear 

impacts during its development. The testing used for this purpose, included cadaver 

testing by Bertholon et al. (2000) and volunteer testing by Davidsson (2000) and van 

der Kroonenberg et al. (1998). The model was found to give good to reasonable 

correlation with the test results for cadavers and volunteers in rigid seats (van der Horst 

2000). The correlation was not as good in vehicle seats with headrests.

The van der Horst head and neck model was also validated by Stemper, Yoganandan 

and Pintar (2003b) for rear impacts, by comparison with testing of cadaver head and 

neck complexes. For this purpose up to 150 ms the model was found to give good 

correlation with the head and neck kinematics and the relative vertebral angular 

displacement.

Therefore the first stage was to verify that the dynamic responses of the new head and 

neck model were similar to those of the original van der Horst model under identical 

conditions. The test series chosen for this purpose was that reported by Davidsson 

(2000) and was selected for the following reasons: 

Ten instrumented volunteers were tested at V = 9.3 km/h;

The rigid seat had the backrest at 20° and did not have a head restraint fitted;

Comprehensive subject responses were available; 

Details of the vertebral motion were available from high-speed radiography of the 

head and neck motion of the volunteers during the tests. 
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The position of the head and neck model was reasonably well matched to the initial 

ture for volunteers in the Ono et al. (1997) series. The dimpos ensions of the model neck 
th

lied to the head and neck model at T1 

were approximately those of a 50 -percentile male (173 cm tall and weighing 80 kg) 

(van der Horst et al. 2000); similar in weight and stature to the volunteer (S6) – a 34 

year-old male, 176 cm tall and weighing 72 kg. 

Figure 7.2 shows the global T1 acceleration and angular rotations measured for the 

volunteer by Davidsson (2000), which were app

(Figure 7.3). The head and neck model was run at the passive muscle setting and the 

dynamic response stiffness multiplier was selected. This increases the stiffness of the 

ligaments in the model by a factor of 2, to compensate for the velocity dependent 

characteristics exhibited by the ligaments, Yoganandan et al. (1998c). 
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Figure 7.2 The volunteer global T1 x and z accelerations and angular rotation measured during the testing 
by Davidsson (2000). 

For the purpose of verifying the head and neck model responses, the predicted responses 

The neck vertebral motion;

the C5/C6 vertebra; and,

due to rear impact loading were compared to the responses obtained in the JARI 

volunteer tests. The following parameters were included in the comparison:

The neck link motion;

The relative motion of
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The instantaneous axis of rotation (IAR).

Figure 7.3 eration and angular rotation were applied to the head and 
neck model T1 motion segment.

7.3 Results 

 by Davidsson (2000). The volunteer corridors 

(maximum and minimum) of the resulting neck link motion are represented in Figure 

C5/C6

Volunteer global T1 x and z accel

The first thoracic vertebra (T1) of the head and neck model was given the same motion

as that measured during a volunteer test

7.4 along with the motion predicted by the head and neck model, and for comparison

purposes the motion of the original van der Horst model under the same conditions. The 

head and neck model and the original van der Horst model are virtually identical in the 

predicted neck link responses. The mathematical models fail to predict the slight flexion 

motion of the neck that occurs in the initial 100 ms of the T1 motion. The effect of this 

motion is evident in the slightly flexed upper cervical spine in the high-speed

radiograph taken at t = 44 ms for the volunteer in Figure 7.5. This motion results from

the test methodology used for the volunteer tests, described in Section 3.7.2. The 

volunteers were placed in a seat that accelerated due to gravity down an inclined ramp.

The rear impact occurred as the seat reached a buffer at the base of the ramp. The 

motion of a sled of this type causes the head of the subject to move slightly, to ‘float’ in 

its vertical position and move slightly into flexion. In these tests leading to an average 

displacement of the centre of gravity of the head approximately 6 mm forward in the 

and 2.5 mm upwards. These motions are not evident in the model, which has the

measured local T1 accelerations from the volunteer test applied directly to the T1 

motion segment. The snapshots of the head and neck motion predicted by the model are 
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shown in Figure 7.5 along with the vertebral motion of the volunteer (S6) obtained from

the high speed radiographs recorded during the test. It can be seen that the neck link 

moves from upright and neutral to full extension with similar timing.

Figure 7.4 (below) Neck link response predicted by the head and neck model and the original van der 
Horst model compared with the corridors (mean ± SD) from the volunteer sled test with a rigid seat ( V
= 9.3 km/h) by Davidsson (2000).
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           t = 0 ms 

Figure 7.5 op row),
and of the head and neck model (lower row) (up to t = 160 ms). The positions of the neck correspond with 
th

sam

m

the hea

interest. At this point the motion diverts gradually below the relative vertebral rotation 

         t =  60 ms          t = 100 ms     t = 160 ms 

Time aligned motion of the neck of the volunteer (S6) from high-speed radiography (t

e phases of Ono et al. (1997).

The predicted vertebral rotations for segments C2 to C6 with respect to the horizontal 

plane are compared with those of the volunteer (S6) from Kaneoka et al. (2002), for the 

e test series used by Davidsson (2000) in Figure 7.6. The volunteer S6 was used as 

the specific comparison for the head and neck model because more test response data 

was available in the published literature, including the high speed radiography. The 

odel predictions of the vertebral rotation show good correspondence with those of the 

volunteer. Similarly, the relative vertebral rotations for C2/C3, C3/C4, C4/C5 and 

C5/C6, were predicted by the head and neck model and for all the test subjects (S3, S5, 

S6 S7 and S10) available in Kaneoka et al. (2002) were compared in Figure 7.7. The 

predictions by d and neck model fall substantially within the subject corridors. 

For C5/C6, the relative rotation of the vertebra predicted by the model falls with in the 

volunteer motion during the test up until 125 ms, which is the period of maximum

of the volunteers.
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Figure 7.6 (below) The resulting vertebral rotations, in relation to the ground plane, for C2, C3, C4, C5
and C6 of the model are shown in comparison with the results from the volunteer test (S6) by Kaneoka et
al. (2002).
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The relative vertebral rotations for the volunteers (S3, S5, S6, S7 and S10) tested bFigure 7.7 
et al. (2002) with the response of the head and neck model for comparison.

For this relatively low-severity rear impact volunteer test with no pain outcome (or 

odel

displacem

displacem

in the m

Table 7.1 
test, Davi

y Kaneoka 

injury), the NICmax was calculated to be 7.7 m/s at 70 ms, well below the level of 15 

suggested for injury by Bostrom et al. (1996). The C5/C6 motion segment m

predicts that for subject S6, C5 is displaced in the negative x direction 

(anterior/posterior shear) and rotates about the y-axis into extension. The resulting 

ents of the bearing surfaces of the motion segment are given in Table 7.1. The 

ents of the facet capsule (FC) in both the x and z directions reach a peak early 

otion, before 130 ms, justifying the range of interest. 

Table of peak predicted C5/C6 motion segment bearing surface displacements for the volunteer 
dsson (2000). 

Component Peak
displacement (mm) 

Time
(ms)

FC
  X (front) 
  Z (front) 1.33 130

-1.03 100

AF
  X (front) 
  Z (front) 

-1.14
2.70

100
160

NP
  X (back) 
  Z (front) 

-1.17
2.04

100
160
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The peak z-direction displacements for the anulus fibrosus (AF) and nucleus pulposus 

(NP) at 160 ms are due to the excessive extension motion of the head and neck model

when run with passive muscles. The possibility of the facet surfaces impinging has been 

hypothesised between 50 ms and 75 ms, during the motion of the facet surfaces towards 

arly motion that is of interest here. 

The loading predicted d otion segment ligaments (ALL, 

PLL, LF, ISL and F e volunteer (S6) was in igated (Table 7.2). The

relative elongations (strain) for these ligam were calcul for comparison with the 

failure strains found by Yoganandan et al. (1998c). The posterior ligaments (LF and 

ISL) did not go into The peak A bre elongat which occurred in the

lateral fibres, are also in Table 7. elongation ilure for the lower neck

iscs under tension comes from the five tests by Pintar et al. (1986) and was 10 mm

(128% strain). This is based on an assumed disc height of 5.5 mm in the model and a 

each other. It is this e

by the mo el on the C5/C6 m

C) for th test vest

ents ated

tension. F fi io s,n

included 2. The at fa

d

45° inclination of the AF fibres. The elongation at failure given for the major ligaments

in Table 7.2 are all for catastrophic failure. Partial or sub-catastrophic failures were 

found to occur in the FC ligament at strains of 35% by Siegmund et al. (2000b). The S6 

volunteer test was non injurious and the predicted values for the C5/C6 soft tissue

components are in agreement with this result. 

Table 7.2 Peak C5/C6 ligament elongations predicted by the head and neck model for volunteer (S6)
during the test. The ligament elongation at failure data is from Yoganandan et al. (1998c) and the AF 
fibres from Pintar et al. (1986).

Component Peak displacement
(mm)

Time
(ms)

Initial length
(mm)

Predicted
% elongation

% elongation
at failure

ALL 3.01 160 18.3 16 30
PLL 0.70 130 17.9   3 18
FL compression -   8.5 - 88
ISL compression - 10.4 - 68

FC (front) 1.65 130   6.9 24 116
AF (lateral) 1.78 160 7.8 23 128

The head and neck model was used to predict C5/C6 dynamic instantaneous axis of 

rotation (IAR) for the volunteer test (S6). The IAR was calculated using the same

technique described by Kaneoka et al. (2002) using the high-speed radiographs of the 

same volunteer test (S6). The technique followed a standard clinical approach (Amevo,

Worth and Bogduk 1991) described in Chapter 3. The dynamic C5/C6 IAR predicted by 

the head and neck model for the volunteer test (S6), was very dependent on the loading 
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on the neck. In a rear impact, the vertebrae of the neck move in a combination of 

anterior-posterior shear (-ve x-direction) and flexion-extension rotation (about the y-

a m mo def : th m

high up near C5 and the shear translation shifts the IAR down, away from n

segm entre. In a c measurem of IAR within the physiological limits of the 

joint e shear ponent does not exist and its position is due to the 

co of the on and ex on mot apability he individ The

d for the on segment is dominate the instant ous shear m n of

my or 

for evaluating side impact crash occupant protection. A 

xis). The co bination of these tions ines the IAR e rotation oves the IAR

 the motio

ent c stati ent

, th motion com

mbination flexi tensi ion c of t ual.

ynamic IAR moti d by ane otio

the neck segment, even for this low severity volunteer test. 

7.4 Discussion 

The overall motion predicted by the head and neck model is comparable to that of the 

volunteer (S6) as illustrated in Figure 7.5, where the phasing of the neck motion and the 

magnitude are similar. This comparison is taken a step further in Figure 7.4 where the 

neck link motion, OC relative to T1 in both the x and z directions, is compared with this 

same set of volunteer tests reported by Davidsson (2000). The original van der Horst

model is shown with the motion of the head and neck model and there are only minor

differences between the two.

The following discussion focuses on the performance of the head and neck model when 

simulating human motion, which is essentially the same as the original van der Horst 

model (2002). The International Standards Organisation, ISO (1997) has suggested a 

comprehensive approach for model validation. This method has been applied as the 

biofidelity rating system for a 50th percentile adult male surrogate (either dum

mathematical model),

comparison is made between the model and the results of sets of tests covering a major

body region, in this case the head and neck, which have been first normalised to the 50th

percentile by dimensional analysis.  The tests results are given a rating value of R, 

according to the following:

R = 10 (excellent)  if the response meets requirement;

R =  5 (good) if the response is outside requirement but lies in one corridor width of 

the requirement;
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R =  0 (poor) if neither of the above is met.

In this case the head and neck model falls within one corridor width of the test 

requirements and therefore is rated as good.

The head and neck model does not exhibit the initial flexion of the upper neck apparent 

in the response of the volunteers between 0 and 75 ms. This flexion effect may be 

related to the compression in the neck due to the spine straightening caused by pressure 

from the seat back, for which the resulting T1 z-directional acceleration is shown in 

Figure 1.1Figure 7.2. This acceleration and the inertia of the head leads to compression

loading on the neck: a 30 m/s2 acceleration in the z direction, which for a head weighing 

5 kg, will give an axial force in the neck of 150 N. The centre of gravity of the head is 

acceleration down a 10° ramp

y

volunteer accelerates down the ramp.

he model by applying the active muscle

the dynamic head and neck motion of the 

volunteers was beyond the scope of the work presented here, but some comments are 

vertebra and head made the predicted motion

segment ligament loadings likely to be unrealistic after about 160 ms into the test. For 

slightly in front of the OC. The set-up of these tests using

ma exaggerate this effect by allowing the head to float and elongating the neck as the

It is possible to modify the neck responses of t

loading capability of the head and neck model. The complexities inherent in trying to 

apply the multiple active muscles to control

necessary to set the ground work for the next chapter. Most of the muscle system of the 

neck is arranged axially; therefore as the muscles tense they compress the neck 

(Siegmund et al. 2000b). Further, Ono et al. (1997) found that when the volunteers were 

instructed to tense pre-test, the resulting rotation of the head was reduced in magnitude

and its onset was earlier. 

For the head and neck model without active muscles, the neck link motion continued 

extending past a reasonable physiological position by about 200 ms (Figure 7.4). For the 

head, the excessive extension angle became apparent earlier by about 160 ms (Figure 

7.5). These excessive rotations of the

this reason, this timing is taken as the limit of realistic head motion for the head and 

neck model for use in this study. 
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Ono et al. (1997) tested subjects with the neck in different initial positions: extended, 

neutral and flexed. As the neck initial position moved to greater flexion, the vertebral 

rotations increased. Accordingly, the volunteer (S6) in this test appears to have the neck 

in a neutral position for the test. The head and neck model initial position was aligned 

with that of the S6 volunteer neck link. By the time the first radiograph of the neck 

vertebrae of the volunteer was taken (Figure 7.3), the vertebra formed an almost straight 

The C5/C6 motion segment model did predict that impingement of the facet surfaces 

shear component than that experienced in the volunteer test used by Kaneoka et al. 

line with no lordosis. This loss of lordosis is a sign of the slight flexion of the upper 

spine by the onset of the impact, due to the motion down the inclined ramp. The model

neck is representative of a typical human and exhibits more lordosis at the time of the 

onset of the impact, and hence the upper neck model was more extended at onset. Hence 

the straighter profile and more closely grouped individual vertebral rotations of the 

model in Figure 7.6(b) compared with that of the volunteer S6 in Figure 7.6(a).

was possible in these volunteer tests (Kaneoka et al. 2002). The model also predicted a 

significant amount of shear motion at C5/C6 (Table 7.2), which was not evident in the 

volunteer test (see Figure 3.25). The intact cadaver head and neck tests by Pearson et al. 

(2004) (see Chapter 3) showed motion of the C5/C6 segment, which was very similar to 

that in the model. For a peak acceleration of 6.5g, Pearson et al. (2004) measured a peak 

facet capsule compression of 1.8 mm and a peak facet capsule sliding of 4.0 mm at 

C5/C6 with an average facet capsule ligament strain of 35.9%. The motion of the FC 

described by Pearson et al. (2004) for the intact cadaver head and neck, in both rotation 

and shear, where the posterior edge of the C6 facet surface is impinged by the C5 

surface, agrees with the model predictions. This motion varies from that found by Ono 

et al. (1997) for a volunteer, where the impingement involves the posterior edge of C5 

encroaching the C6 surface, due to the rotation of the facet capsule with no shear 

displacement (discussed in Chapter 3). This variation may well be due to some effect of 

the active muscle responses in the volunteer.

The dynamic IAR were difficult to interpret as they reflect the instantaneous response of 

the motion segment to the applied load. The motion is within the neutral zone of the 

motion segment and only approaches the physiological limits in severe impacts. The 

calculated dynamic IAR for the model appears to be dominated by a higher posterior 
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(2002) to demonstrate the facet surface impingement hypothesis. The results obtained 

by Kaneoka et al. (2002), indicated that at the C5/C6 level, the major motion of the 

volunteers neck in the test was in rotation rather than shear.

To clarify, comparison with the results of another test program using high-speed

radiography was made. In this test series, 26 low speed, rear-end impacts were 

conducted on six human cadavers by Deng et al. (2000a). It is important to note the 

multiple testing on each specimen. The peak
2

sled acceleration for test number HFH20 

was 59.4 m/s  and the resulting motion of the C2/C3 and C5/C6 motion segments are 

e Chapter 3).

shown in Figure 7.8. The impact began at t = 90 ms. No visible neck injury was found 

on the specimen after the experiment. As can be seen from the figure, the peak C5/C6 

facet displacement in the shear component (x direction) was measured as approximately

4.25 mm at 135 ms after impact. The peak shear of the C2/C3 segment was only 1.8 mm

with similar timing. This indicates that significant shear occurred in the neck of the 

specimen, and that it was higher at the C5/C6 level of the neck than at C2/C3. This is 

counter to the facet impingement hypothesis of Kaneoka et al. (2002), which suggested 

that the motion of the C5/C6 segment was mainly rotation (se
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Figure 7.8 The relative displacement of the C2/C3 and C5/C6 motion segments in a 59.4m/s2 rear impact
test on a cadaver, Deng et al. (2000a).

7.5 Summary 

To use the C5/C6 motion segment model for the investigation of whiplash injury 

mechanisms, it was necessary to re-integrate it with a head and neck model to allow the 
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application of realistic dynamic loading. A segment of the human head and neck m

by van der Horst (2002) formed the basis for the motion segment, and the integration of 

the enhanced motion segment into the head and neck model was a relatively sim

process. Validation of the dynamic responses of this new head and neck m

pact loading required several stages:

The overall motion predicted by the head and neck model was sim

Ono et al. (1997) volunteer test, with similar phasing and magnitude of the neck link 

tion. The motion of the head and neck model until after 160 ms is consistent with 

the volunteer tests;

odel

ple

odel to rear 

im

ilar to that of the 

mo

The overall motion of the head and neck model was identical to the van der Horst 

neck model was run with passive muscle settings, the prediction 

p to 125 ms. At this point it deviated slightly 

from the lower margin of the corridor in these non injury producing tests on 

the predicted movement of the motion segment instantaneous 

axes of rotation (IAR) during the test indicates that this is not suitable for dynamic

The head and neck model has been shown to have an adequate level of biofidelity in this 

app

of

associated particularly with the need for a better means of applying active muscle

forces. This is outside the scope of this study, which is aimed at developing the motion

model;

When the head and

of the vertebral motion was similar to that from high-speed radiography of the 

volunteer tests reported in Kaneoka et al. (2002), in terms of C5/C6 motion segment

motion;

When the head and neck model was run with passive muscle settings, the

predictions of the relative vertebral motion at the C5/C6 level was within the 

response corridors obtained from high-speed radiography of the volunteer tests 

reported in Kaneoka et al. (2002), u

volunteers. This extra stiff response of the model is appropriate for use in modelling

injury; and, 

The investigation of

validation of a neck model.

Chapter by comparison with volunteer and cadaver tests and to be suitable for its

lication in Chapter 8. The van der Horst head and neck model was used as a means

applying realistic impact loads to the new motion segment. The limitations are
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segment capabilities. The final stage of the work in this study is described in Chapter 8, 

ere the head and neck model was applied to the investigation of early soft-tissue neck 

ry in a sample of real crashes.

wh

inju
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CHAPTER 8 INVESTIGATION OF EARLY SOFT-TISSUE
NECK INJURY IN REAR IMPACTS

8.1 Introduction 

The detailed C5/C6 motion segment model is applied to the investigation of longer-term

pain outcomes in rear impacts. To do this the model is used to examine a group of real 

crashes by linking the results of crash reconstructions with the clinical pain outcomes of

the vehicle occupants, over a 12-month period. The model responses are then used to 

investigate possible injury mechanism, which have been hypothesised by Barnsley, 

Lord and Bogduk (1998) to have pain outcomes.

The C5/C6 motion segment model was incorporated into the MADYMO-based human

head and neck model developed by van der Horst et al. (2001). The head and neck 

model was validated in the previous Chapter by comparison with volunteer tests, using 

high-speed radiography of the neck motion by Kaneoka et al. (2002). This was achieved 

by driving the head and neck model by the T1 accelerations measured on the volunteers. 

The T1 accelerations, used to drive the head and neck model, were derived from the 

reconstructions of real-life crashes using a MADYMO BioRID II dummy and seat 

model (Kullgren et al. 2003). The vehicles were part of a Swedish study, which used 

crash recorders to obtain the actual crash pulses of the vehicles. Whiplash associated 

outcomes to the vehicle occupants of the crashed vehicles was available in the form pain 

duration following the impact. This allowed the comparison of early C5/C6 motion

segment component strains resulting from the crashes to be correlated with real-life 

AIS1 neck injury to the vehicle occupants.

The main aim in this section of the study was to demonstrate the use and effectiveness 

of the C5/C6 motion segment model. The complexity of achieving this, and the limited

resources available for its implementation, made it necessary for four simplifying

assumptions to be made.

The first assumption was that the C5/C6 level of the neck was a significant source of 

injury in rear impacts. This is supported by accident data (Gibson et al. 2000), 

clinical investigation (Aprill & Bogduk 1992) and volunteer and cadaver test data 

(Kaneoka & Ono 1998; Deng et al. 2000b), and is discussed in Chapters 2 and 3.
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Second, it was assumed that a major injury-causing event in a rear impact was du

ction motion (the ‘S’ shape) resulting from a comb

e

to the head retra ination of the 

initial forward motion of the thorax at the onset of the crash. 

This early neck motion takes place before the head contacts the head restraint. This 

cted in the Swedish study was suitable

for the purpose. The data, which forms the basis for this chapter, has been analysed 

ion of symptoms (Spitzer et al. 1995 & 

Radanov, Sturzenegger & Di Stefano 1995); by clinical studies of location of facet 

ganandan 2004; Pearson et al. 2004; and, Deng et al. 2000a) 

The

step

bod

head’s inertia and the

assumption is based on the timing of the phases of head motion from cadaver and 

volunteer studies (Deng et al. 2000b; Kaneoka & Ono 1998) and recent modelling

studies (Stemper, Pintar & Yoganandan 2005).  These are discussed in Chapters 3 

and 7.

Third, it was accepted that the crash data colle

in a number other published studies discussed in Chapter 2 (Krafft 1998; Krafft et 

al. 2000; Kullgren et al. 2003; and, Eriksson & Kullgren 2003). It is the only data 

available which has a direct measurement of in-service vehicle crash pulses in actual 

rear impacts. The vehicle models used are small to medium in size, have distinctly 

different seat designs, which have dynamic stiffness typical of the class. The pain

outcomes to the occupants have been followed for a period of 6 months post impact.

Finally the numbers in the study are of sufficient magnitude to allow statistical 

analysis of the results. Further investigation of this mass data source was beyond the 

scope of this project. 

Fourth, it was assumed that there was a direct link between the persistence of pain 

following a rear impact and the type of injury to soft tissues of the neck. This 

hypothesis has been supported by the comparison of animal and clinical studies 

regarding the time dependent progress

joint related pain (Barnsley et al. 1995); studies of the persistence of pain

(Cavanaugh 2000); studies of neck pain based on volunteers in rear impacts (Szabo 

1997); and actual injury to the neck in rear impacts based on cadaver test studies 

(Stemper, Pintar & Yo

and autopsy  studies of neck injury (Taylor & Taylor 1996). 

study was pursued as it has merit, even with the limitations, and provides a useful 

along the path that future research will adopt to develop to validate better human-

y models and to define real injury-based criteria. 
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8.2 Methods and Materials 

.1 Introduction

8.1 and a brief description of each of these 

athematical models used at each stage of the 

odels, each of which had been individually validated during 

ent by comparing the model responses with appropriate test data.

8.2

A flow chart of the study is shown in Figure 

sections follows. The MADYMO based m

study were accepted m

developm

Chapter 7 The Head and Neck Model

Chapter 8 Investigation of Early Soft-Tissue
Neck Injury in Rear Impacts

Apply T1 local accelerations to the head and
neck model

Reconstruction of crashes with the BioRID II
and seat model, Erikksson et al. (2003)

Investigate early C5/C6 soft-tissue injury
causation

Rear impact crash pulse and injury data,
Kullgren et al. (2002)

C5/C6 motion segment soft-tissue injury
mechanisms and injury criteria Pain duration

Figure 8.1 Diagram showing the linkage between the various sections of the study.

.2 Rear Impact Crash Data 8.2

In the years following 1996, the Folksam Insurance Company, Sweden fitted more than 

rea

sam

out

wer

rec

term

occ

the

The crash-pulse recorder records the acceleration-time history with a sampling

eak accelerations were calculated

40,000 cars with crash-pulse recorders aimed at measuring acceleration-time history in 

r-end impacts (Kullgren et al. 2003). These vehicles consisted of 7 models of the 

e make. All crashes involving these cars, irrespective of repair cost and injury 

come, have been reported. In this study, the three most highly represented car models

e selected for inclusion if the vehicle was involved in a single rear-end crash with a 

orded crash pulse and with front seat occupants who had no previous history of long-

 AIS1 neck injury. These criteria gave a group of 79 crashes with 110 front-seat 

upants for analysis in this study. The average age of the occupants was 45 years and 

gender distribution was 47% male and 53% female.

frequency of 1000 Hz in the impact phase of a crash. Acceleration was measured in the 

principle direction of force within ±30 degrees. Crash pulses were filtered at

approximately 60 Hz. Change of velocity, mean, and p
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from the recorded crash pulses. Mean acceleration was calculated during the main part 

acceleration approached zero. The threshold of the recorder is 

into four

 initially; 

symptom ore than 

six m

ade on 

three car m

Table 8.1 e three car
models

Car Model 3 

of the pulse until the

approximately 3 g. 

Whiplash injury to the vehicle occupants was reported as whiplash symptoms and their 

duration. Examples of the whiplash symptoms reported are neck pain, headache, 

dizziness, and neck stiffness. The occupant injury status was divided

categories according to the duration of symptoms: no symptoms; symptoms

s remaining for more than one month; and, symptoms remaining for m

onths. Injury status was established from telephone interviews. For those 

occupants reporting a whiplash injury, follow-ups of medical symptoms were m

several occasions, with at least one after 6 months. The numbers of occupants in the 

odels are presented in Table 8.1 with the various injuries.

The number of occupants with their seating position and duration of symptoms in th
 used in the study, from the Swedish crash data (Kullgren et al 2003).

Symptoms Total Car Model 1 Car Model 2 
Total D FSP D FSP D FSP D FSP 

None 468 49 19 15 4 20 11 14
Initial symptoms 28 19 9 2 3 13 6 4 0
Symp ms > 1 month 7 6to 1 2 0 2 1 2 0 
Symp ms > 6 months 7 4 3 to 2 1 1 1 1 1 
Total 110 78 32 21 8 36 19 21 5

D = Driver, FSP = Front Seat Passenger 

In the crash data used here, the average velocity change of the vehicle was 10.0 km/h

and the average mean acceleration was 3.5 g. The maximum change in velocity was 

33.2 km/h and the maximum mean acceleration was 10.2 g. The data from this study has 

been analysed elsewhere by Eriksson and Kullgren (2003) and Kullgren et al. (2003). 

8.2.3 Crash Reconstruction with the BioRID II and Seat Model 

The seats in the three car models selected for further reconstruction differed in geometry

and stiffness characteristics (Kullgren et al. 2003). The geometries of the seats were 

measured and the cushion, seat back, and head restraint contours were implemented in 

MADYMO in order to achieve correct contact areas between the seats and the dummy.

Additionally, parts of the seat structures that may influence the dummy kinematics

during the crashes were implemented. The BioRID II simulated was the first version, 

which was manufactured by Chalmers University and Autoliv Sweden, not by Denton. 
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For each seat model two sled tests with the BioRID II were carried out at V = 23 km/h

and mean acceleration of 4.5 g. These crash parameters were selected to be at the high 

end of the crash data. The BioRID II was seated in a normal posture, with no seatbelt 

used. The initial seat back inclination in the mechanical tests corresponded to a torso 

The stiffness characteristics of the MADYMO seat models were then tuned with the aim

of fitting the responses of the MADYMO models into the sled test response corridors. A 

s odel responses (Kullgren l. 20 ), co ared with the corridors 

o ID dum y sled tests in seats from he th e car odels, is 

p ted in Figure 8 f p cula nter for pur es his y is he

 the BioRID II dummy and seat model with the 

O

o the simulations and 

the head restraints were placed in the lowest position (worst case), as the position of the 

angled at 25° on an H-point mannequin and the head restraints were placed in their 

lowest positions.

The spread in the dummy responses within similar seats were used to establish corridors 

(Figure 8.2), for the following:

The x and z accelerations in the dummy head, C4, T1, T8, L1 and pelvis;

The y-rotations of the dummy head, T1, and pelvis;

The seat inclinations and deformations; and,

The dummy upper neck loads.

ummary of the m et a 03 mp

btained from BioR II m t re m

resen .2. O arti r i est the pos of t stud t

matching of the T1 responses from

dummy sled test results. The BioRID II dummy was designed for human like responses 

under such test conditions (Davidsson 1999a).

All of the selected crashes were reconstructed by exposing the MADYMO seat models

and a MADYMO model of the BioRID II to the recorded crash pulses. The MADYM

BioRID II was placed in a normal seated posture, unrestrained, f r

head restraint in the crash was unknown. The BioRID II dummy is a 50th-percentile

male in stature. 

8.2.4 The Human Head and Neck Model 

The development and validation of the human head and neck model used is described in 

Chapter 7. In brief, the original head and neck model developed by van der Horst (2002) 

was modified with the addition of a C5/C6 motion segment with improved anatomic
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representation, to allow the investigation of soft-tissue injury. The development of the 

C5/C6 motion segment model is described in Chapter 6. The head and neck model is a 

detailed multi-body model of a fiftieth-percentile human head and neck consisting of: a 

rigid head; rigid vertebrae (C1, C2, C3, C4, C5, C6, C7 and T1); non-linear, visco-

elastic discs; frictionless facet joints; non-linear, visco-elastic ligaments; and,

controllable, segmented contractile muscles (van der Horst 2002). The model vertebra 

shapes are based on the scanned vertebra of an individual’s neck, but are represented as 

ted as active muscles. The head and neck 

s well as

dynamically using volunteer test data. 

pt in its standard posture, of an erect, 

standing volunteer (van der Horst 2002). Only the passive responses of the active 

u ere used. The accident reconstructions made by 

l. 1997; Deng et al. 2000b) and cadaver

lumped masses. The muscles follow the curvature of the neck, with realistic lines of

action for the muscle forces, and can be actua

model has been validated quasi-statically with respect to in-vitro test data a

For simplicity, the head and neck model was ke

m scle capability of the model w

Kullgren et al. (2003), included the effect of the standard head restraint fitted to the seat 

in the BioRID II and seat model, but a head restraint was not included in the present 

head and neck model simulations. To realistically model the influence of the head 

restraint was beyond the scope of this study, which was aimed at developing and 

validating the C5/C6 motion segment model. These limitations in the simulation

restricted the applicable time for the simulation of the internal C5/C6 motion segment

loads within the neck to the first 150 ms of a typical rear impact event. Injury

hypotheses based on volunteer testing (Ono et a

testing (Yoganandan et al. 1998a; Pierson et al. 2004; and, Stemper, Pintar &

Yoganandan 2004) have emphasised the early onset injury mechanism.
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Figure 8.2 A summary of the BioRID II dummy and seat model responses compared to the corridors
obtained from the results of sled tests with the BioRID II dummy in the seats for the three car models,
from Kullgren et al. (2003). 
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8.2.5 The Study

The local T1 accelerations predicted by the BioRID II dummy and seat model were 

supplied for the 78 crash reconstructions of the Swedish data by Kullgren et al. (2003).

The local T1 accelerations from Kullgren et al. (2003) were used to drive the head and 

neck model by the T1 segment. Each crash scenario was run only once, even if there 

were multiple occupants in the vehicle: thus 78 runs were made. Where a front-seat

passenger was in the crash, the simulation of the driver (n = 78) was the same as that of 

the non-driver (n = 32). The whiplash associated pain outcome, which usually differed 

for the two occupants, was included in the later analysis.

The NICmax was calculated for each case for comparing the similitude of the BioSIDII 

seat and dummy model (Kullgren et al 2003) and the human head and neck model. It 

was outside the scope of the study presented here to make a general assessment of the 

various soft tissue neck injury criteria. NICmax was chosen as it is a measure of the 

retraction motion of the neck, which leads to the whiplash associated ‘S’ of the neck, 

see Section 3.11.2. At the time of the modelling work for this thesis, it was the only one 

of these criteria, which could claim validation, see discussion in Chapter 3. Further, 

NICmax was formulated to work in this early onset neck injury area (Bostrom et al. 

1996). An alternative soft tissue neck injury criterion, which gives acceptable results, 

Nkm was also investigated. This criterion is applicable through the entire whiplash event, 

but the lack of similitude of the model extension motion later in the impact event 

required selective interpretation of the results and this was thought to be inappropriate.

The motions and forces within the C5/C6 motion segment resulting from the T1 

accelerations were analysed and compared to the pain outcomes for the vehicle 

occupants. The pain duration following a rear impact was split into four groups 

dependent on likely injury type: Injury Group 0 (no pain); Injury Group 1 (pain 

persisted for one week); Injury Group 2 (pain persisted for one month); and, Injury 

stigated were based on the WAD injuries discussed in Chapter 

. The components of the C5/C6 motion segment selected for further investigation are 

summarised in Table 8.2 (the axes are indicated in Figure 8.3).

Group 3 (pain for six months). The possible injury mechanisms, leading to the longer 

term pain outcomes inve

3
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Table 8.2 The components of the C5/C6 motion segment investigated for possible early whiplash
associated injury.

Symbol Component Units
ALL Anterior longitudinal ligament Strain, % 
FC Facet capsule ligament Strain, % 
AF Anulus fibrosus ligament fibre Strain, % 
BFz Back of facet surface Force, N 
Fx Facet capsule Motion in x direction, m
Fz Facet capsule Motion in z direction, m

AFx Anulus fibrosus Motion in x direction, m
AFz Anulus fibrosus Motion in z direction, m
NPx Nucleus pulposus Motion in x direction, m
NPz Nucleus pulposus Motion in z direction, m
FPP Facet surface Displacement from median, m

Figure 8.3 The isolated C5/C6 motion segment including representation of the intervertebral discs by
large yellow X-Z axes and facet capsule sliding surface by small inclined yellow X-Z axes.

Elongations of the ligaments (ALL, FC and AF) are derived from the model, but it is 

easier to interpret the relative elongation or simple strain of the ligament. This was

derived by the formula (Strain  = l/l, where l is the change in length of the ligament

f positive and negative

predictive values (Altman et al. 2000). The pain duration period of 1 month was 

or fibre as a result of the load, and l is the initial length). The stiffness and lengths used 

for the ligaments in the motion segment were given in Chapters 3, 5 and 6. The other 

loads chosen for investigation included the displacements and forces on the posterior 

bearing surfaces in the motion segment.

8.2.6 Prediction of Symptom Duration

The capability of using the C5/C6 motion segment model loading as a predictor for the 

persisting (greater than 1 month) whiplash symptoms of vehicle occupants was

investigated by means of diagnostic tests based on the concept o
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selected because it gave a sufficient number of occupants for the analysis. A criterion 

value was selected based on a threshold (or cut-off point) for the component loading of 

interest. If th ing s n s predicted that the

subject was injured. The thresholds were sought to yield a sensitivity of 85%, the actual 

low cut off selected giving 86% sensitivity and the high 71%. The 2-by-2 contingency 

tables (Table 8.3) were constructed for each criterion, allowing the sensitivity, 

specificity, positive predictive value, negative predictive value and the 95% confidence

intervals to be late

able 8.3 The 2x2 contingency table

Neck Injury Symptoms Total

e load was greater than the thre hold, the it wa

calcu d.

T

Long-term No or initial 
Above t a + b hreshold a b
Below t c + d hreshold c dCriterion

Value Total a + b + c + d a + c b + d 

Sensitivity = a/(a + c)

 that have estimated criterion 

values above a fixed level. 

The proportion of occupants with no symptoms or initial symptoms that have 

The proportion of occupants with estimated criterion values below a fixed level that 

.

Based on the contingency table above, the following indexes are defined: 

The proportion of occupants with long-term symptoms

Specificity = d/(b + d)

estimated criterion values below a fixed level. 

Positive predictive value = a/(a + b)

The proportion of occupants with estimated criterion values above a fixed level that 

have long-term symptoms.

Negative predictive value = d/(c + d)

have no symptoms or initial symptoms

For each cut-off these four indices and the 95% confidence intervals were calculated for 

the selected possible predictors of injury. The 100(1– )% confidence interval for the 

proportion in the population was calculated by the traditional

method: pxSEzpCI )%( 211100 , where the standard error, npqpSE , p is 
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the index of interest, pq 1 , and n is the numerator of the proportion (Altman et al. 

2000). Altman et al. (2000) suggest that this method may give some problems when 

dealing with situations where no true positive is observed when calculating the 

sensitivity, but this is not true in this case. The analysis was repeated for both drivers-

only and drivers and passengers combined.

8.2.7 Limitations of the Study 

This study uses a series of linked simulations to reconstruct possible early injury 

causation in the C5/C6 motion segment of the neck, in real accidents. Each area of the 

 to the data used and the capability of the 

simu truc stances. The use of the 

in-vehicle crash pulse recording is a significant step forward with regard to the vehicle 

rash parameters such as vehicle velocity and impact direction, but some limitations

e ich are unknown, have an effect on the cervical spine 

kinem

he occupant;

at back;

es of the occupant’s neck. 

The

and ons in the following areas:

The biofidelity of the BioRID II and seat model;

odel of the BioRID II dummy and seat for 

all the case simulations, with no seatbelt and the head restraint in its lowest position; 

etry of the injured population.

study has its own set of limitations with respect

lation in faithfully recons ting e original crash circumth

c

remain with the real crash data.

Th occupant factors, wh

atics during the crash. These factors include: 

The position and stature of t

The inclination of the se

The position of the adjustable head-restraint; 

The occupant awareness of the crash; and, 

The flexibility and degenerative chang

use of the BioRID II dummy and seat model for the crash reconstruction (Eriksson 

Kullgren 2003) has limitati

A uniform position was assumed for the m

and,

The BioRID II dummy stature is 50th-percentile male and hence does not reflect the 

variation in anthropom
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The reconstruction of the neck motion with the head and neck modelling, Chapter 7, has 

limitations in the following areas: 

The neck was in the standard posture of an erect standing volunteer; 

The head and neck model represents a 50th-percentile male in size;

The neck was using the passive muscles; and, 

the head restraint; and,

The lack of active m orces in the neck restricts the similitude of the head and 

8.3 Results 

8.3.1 Comparison of Real Crash Cases 

Two exam parison to the Ono et al. (1997) 

he responses predicted by the C5/C6

the BioRID II and seat reconstruction of

the crash for two example cases from the accident data, C1_29491 and C1_29577, 

together with the Ono et al. (1997) volunteer test-pulse are presented in Figure 8.4.

e more severe crashes in the 

crash data, with a T1 x-acceleration (from the BioRID II reconstruction) of 20 g. The 

Group 3) as a result of the impact.

The

The sled pulse used for the Ono et al. (1997) 9.6 km/h volunteer test series is included 

injuries and a m

The head restraint was not included. 

Three factors limit the useable time duration of the modelling to the first 150 ms of the 

impact, all these factors have been discussed in Chapters 2 and 3: 

The lack of a seatbelt restraint in the BioRID II dummy simulation limits the 

dynamic similitude to the time before the dummy ramps up the seat back; 

The lack of head contact with

uscle f

neck motion to before the model moves into hyperextension. 

ple cases were selected and, with com

volunteer test, are presented in detail to show t

model. The local T1 accelerations predicted by

The high-severity rear impact case, C1_29577, is one of th

driver had persisting pain for longer than 6 months (

C1_29491 is a low-severity rear impact of 2.5 g (from the BioRID II reconstruction). 

driver was uninjured and the passenger had pain for 1-month duration (Group 1). 

for comparison. The Ono volunteer test series included no head restraint, no recorded 

easured T1 x-acceleration of 3.5 g. The T1 z-acceleration for the 
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volunteer is almost the same as that for the x-direction, which was not the case for the 

crash reconstructions where on average the z-acceleration is 40% of the x-acceleration.

)(a Local T1 x-direction acceleration
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Figure 8.4 Local T1 accelerations predicted by the BioRID II and seat model for two cases, C1_29491 
and C1_29577, were used to drive the head and neck model T1. Also included is the pulse shape for the
Ono et al. (1997) 8.5 km/h volunteer test series for comparison.

The NICmax predicted by the head and neck model for these two cases and the Ono 

volunteer test is shown in Figure 8.5. The initial peaks (at t = 0 ms) are due to the 

calculation method. The severe impact, C1_29577, resulted in a NICmax of 31 (at t = 75 

ms), the low-severity case, C1_29491, had a NICmax of 4 (at t = 110 ms) and the Ono 

volunteer test had a NICmax of 8 (at t = 70 ms). The injury criterion specifies that the 

impact is likely to result in longer-term injury if the positive NICmax is greater than 15 
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(Bostrom et al. 1996). The high negative NICmax peak of 37 (at t = 137 ms) for 

C1_29577 is possibly due to the BioRID II head impacting the head restraint in the

initial crash reconstruction. 

lation is only valid 

until approxim

impact.

As previously discussed in Section 8.2.7, the head and neck simu

ately 150 ms, before the neck motion reaches hyperextension. Usually 

the peak values occur early in the impact before 150 ms, but the addition of a poorly 

designed head restraint and seatbelt has the potential to generate neck loads later in the 
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Figure 8.5 NICmax predicted by the head and neck model for the two cases, C1_29491 and C1_29577,
and the Ono et al. (1997) volunteer test. The small diamonds indicate the maxima.

The ligament elongations predicted by the head and neck model in the C5/C6 motion

segment were then analysed for the two cases, C1_29491 and C1_29577, and the Ono et 

al. (1997) volunteer test. The ligaments in the anterior region of the motion segment had 

d the lateral anulus fibrosus (AF)

the maximum elongation: the anterior longitudinal ligament (ALL) elongation, Figure 

8.6; the anterior FC ligament elongation, Figure 8.7; an

fibre elongation, Figure 8.8. The ligament elongations resulting from the severe impact,

case C1_28577, were significantly higher than for the other examples.
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Figure 8.6 The C5/C6 anterior longitudinal ligament elongation predicted for C1_29491, C1_29577, and
the Ono et al. (1997) volunteer test.
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Figure 8.7 The C5/C6 anterior FC ligament elongation predicted for C1_29491, C1_29577, and the Ono 
et al. (1997) volunteer test.
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Figure 8.8 The C5/C6 anulus fibrosus lateral fibre elongation predicted for C1_29491, C1_29577, and

loads predicted by the C5/C6 model were 

ents, as the 

comp ent model were 

assume  respect to time is 

surfaces of the m eans that the surfaces 

are m ent. For the 

dominant extension m

initially m

continues further into compression while for the severe impact case C1_29577, the facet 

z-displacement with respect to time is plotted in Figure 8.10. A negative value is an 

indicator of compression on the facet surface. The displacement from median distance 

separating the facet planes (FPP) was also derived from the model and is measured at 

the rear edge of the facet surface using C6 as the reference. This is plotted in Figure 

8.11; again a negative value is an indication of the surfaces narrowing the gap and 

possible facet surface impingement.

the Ono et al. (1997) volunteer test.

The critical motion segment bearing-surface 

also analysed for the three cases. These are presented as displacem

ression stiffness for the facet surfaces used in the motion segm

d. The rear facet surface point restraint z-displacement with

plotted in Figure 8.9. A point restraint (PR) is the method used to represent the bearing 

otion segment in the model; a negative value m

oving closer and is an indication of possible facet surface impingem

otion of the neck, the motion of the rear facet surfaces is distinctly 

different in the three examples. In all three cases, the posterior of the facet surfaces 

ove together very slightly at about 50 ms. For C1_29491 the facet capsule 

surfaces separate, as does the volunteer (to a lesser extent). The rear nucleus pulposa PR 
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Figure 8.9 Facet surface rear point restraint z-displacement for C1_29491, C1_29577 and the Ono et al.
(1997) volunteer test. A negative value is an indicator of possible facet surface impingement.
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Figure 8.10 The NP back PR z displacement for C1_29491, C1_29577 and the Ono et al. (1997) 
volunteer test. A negative value is an indicator of compression.
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Figure 8.11 The minimum distance separating the facet planes (FPP) using C6 as the reference for 
C1_29491, C1_29577 and the Ono et al. (1997) volunteer test. A negative value is an indication of 
possible facet surface impingement.
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8.3.2

The simu ore severe 

im trical responses. In 

retrospect, this m e-step in MADYMO 

that was too large.

The 74 rema es were 

onth but less 

er than 6 months (Group 3). The separation 

ent were 

plotted against tim

ents indicate a decrease 

ents

The Crash Reconstructions

lations of all the crash cases (n = 78) were completed.  Four of the m

pact cases could not be used due to instability leading to asymme

ay have been due to the use of an integration tim

ining rear impact crashes with associated whiplash injury outcom

classified into 4 neck injury groups by duration of the resultant pain: no pain (Group 0); 

pain duration for less than one month (Group 1); pain for more than one m

than 6 months (Group 2); and, pain for great

distance of the posterior facet surfaces (FPP) for the C5/C6 motion segm

e for the above injury groups (Figure 8.12). The posterior edge of the 

C6 superior facet surface was the reference. Negative displacem

in distance between the posterior edges of the facets while positive displacem

indicate an increased separation.
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Figure 8.12 The separation of the facet surfaces (FPP) predicted by the C5/C6 motion segment model
with time during the rear impact crash reconstructions (n = 74). The four neck injury groups are: No
Injury (Group 0); Pain duration < 1 month (Group 1); 1 month < Pain duration < 6 month (Group 2); and 
Pain duration > 6 month (Group 3). 
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The cases appear to fall into one of two types of C5/C6 motion segment trajectory. The 

ow severity example C1_29491, has the rear facet surfaces moving

together into compression for the early motion (up to t = 150 ms) and hence the 

F ligament relative elongation (strain) predicted for 

the C5/C6 motion segment (n = 74, correlation 0.840) is shown in Figure 8.13.  A 

ligament strain versus NICmax for the C5/C6 m

symptoms (n = 74, correlation 0.903) is shown in Figure 8.14.

first type of motion is connected with the more severe impacts and is represented by the 

severe example C1_29577. The motion is dominated by the shear response, which 

separates the facet surfaces with little chance of impingement. The second group, 

represented by the l

possibility of some form of impingement. Group 3, with the highest injury, has 2-

shear/0-impingement impacts, the next less severe injury group, Group 2, has 3-shear/2-

impingement, Group 1 has 3-shear/16-impingement and Group 0 has 6-shear/52-

impingement.

The predicted maxima of the C5/C6 motion segment components were plotted against 

the NICmax along with the duration of symptoms in the following figures. The use of 

NICmax gave higher correlations than other possible indicators, such as the pulse 

acceleration characteristics. The A

NICmax of 15 is the accepted injury threshold. Comparison of the predicted anterior FC 

otion model showing the duration of 
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Figure 8.13 The predicted AF ligament relative elongation (strain) for the C5/C6 motion segment in the
crash reconstructions, showing the duration of symptoms (n = 74, correlation 0.840). The injury threshold
NICmax = 15.
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Figure 8.14 Comparison of the anterior FC ligament strain and NICmax predicted by the head and neck 
model  the crash reconstructions, showing the duration of symptoms (n = 74, correlation 0.903). The
injury threshold NICmax = 15.
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Figure 8.15 Comparison of the maximum rear facet surface compression and NICmax predicted by the
head and neck model in the crash reconstructions, showing the duration of symptoms (n = 74, correlation
0.612). The injury threshold NICmax = 15.

The maximum rear facet surface compression displacement is plotted against predicted 

NICmax for the C5/C6 motion segment (n = 74, correlation 0.612) is shown in Figure 

8.15. The strains of the segment components, especially the anterior FC ligaments, show 

good correlations with NICmax, while the correlation with facet surface separation was 

found to be poor.
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8.3.3 Prediction of Symptom Duration

rema

than 1 m

comb

cut-of

ents, ALL, 

es. The x-

displacem ent, AFx, NPx and the 

ent strains; AFx, 

ve capabilities were slightly improved when the both drivers and 

passengers were considered.

The ability of the C5/C6 peak loading data for the 74 drivers and 29 passengers 

ining to predict the longer duration whiplash symptoms was analysed. Seven of the 

drivers and 3 passengers had longer duration whiplash symptoms (defined as greater 

onth). The predictive capability of each load type from Table 8.2 was analysed 

for high and low cut-offs for drivers only and for drivers and front seat passengers 

ined. The thresholds were selected to give a sensitivity of 85%, as this has been 

found to give acceptable results for injury criteria (Kullgren et al. 2003). The actual low 

f selected giving 86% sensitivity and the high 71%. The contingency tables were 

constructed for each criterion, allowing the sensitivity, specificity, positive predictive 

value, negative predictive value and the 95% confidence intervals to be calculated. The 

results for both the high and low cut-off values are given in Table 8.4 for the drivers 

only and Table 8.5 for the drivers and passengers combined.

The strains of the anterior aspects of the major C5/C6 motion segment ligam

FC and AF were all good predictors of longer-duration pain outcom

ents of the bearing components of the motion segm

facet surfaces, Fx, were also good predictors of the occurrence of longer duration pain. 

An injury criterion for use in designing safety equipment needs to predict a non-

injurious event with absolute accuracy (100%), but only requires reasonable accuracy 

(10-50%) when predicting an injurious event. For the 85% sensitivity (the proportion of 

injured occupants above the chosen cut-off/threshold) used here, the negative predictive 

values for the good predictive parameters (ALL, FC and AF ligam

NPx, Fx and NPz displacements) were close to 100%. The proportion of all occupants 

below the threshold that were uninjured was close to 100%, or stated in a different way, 

this was the probability of correctly predicting a non-injurious event. The positive 

predictive value is approximately 30%. This is the proportion of all occupants above the 

threshold that were uninjured and is the probability of correctly predicting an injurious 

event. The corresponding thresholds were found to be 17% strain of the ALL, 50% 

strain of the FC, and 23% strain of AF – considering drivers only and the high cut-off 

point. The predicti
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Table 8.4 The loading of the C5/C6 motion segment components

(a) For the low cut-off.

Drivers Only 

Component
Cut-off Sensitivity Specificity

Positive Predictive 
Value

(±Confidence Interval)

Negative Predictive 
Value

(±Confidence Interval)
ALL 0.13 0.86 0.72 0.24 (±0.17) 0.98 (±0.04)
FC 0.40 0.86 0.74 0.25 (±0.17) 0.98 (±0.04)
AF 0.33 0.86 0.74 0.25 (±0.17) 0.98 (±0.04)

BF z -36.3 0.86 0.00 0.08 (±0.06) 0.00 (±0.00) 
F x -0.003 0.86 0.75 0.26 (±0.18) 0.98 (±0.04) 
F z -.00004 0.86 0.00 0.08 (±0.06) 0.00 (±0.00) 

AF x -0.002 0.86 0.75 0.26 (±0.18) 0.98 (±0.04) 
AF z -.00006 0.86 0.13 0.09 (±0.07) 0.90 (±0.19) 
NP x -0.0025 0.86 0.75 0.26 (±0.18) 0.98 (±0.04) 
NP z -.00034 0.86 0.72 0.24 (±0.17) 0.98 (±0.04) 
FPP 0.00044 0.86 0.04 0.09 (±0.07) 0.75 (±0.42) 

NICmax 10.86 0.86 0.72 0.24 (±0.17) 0.98 (±0.04) 

(b) For the high cut-off.

Drivers Only 

Component
Cut-off Sensitivity Specificity

Positive Predictive 
Value

(±Confidence Interval)

Negative Predictive 
Value

(±Confidence Interval)
ALL 0.17 0.71 0.90 0.42 (±0.28) 0.97 (±0.04)
FC 0.50 0.71 0.85 0.33 (±0.24) 0.97 (±0.05)
AF 0.23 0.71 0.88 0.38 (±0.26) 0.97 (±0.04)

BF z -41.8 0.71 0.06 0.07 (±0.06) 0.67 (±0.38) 
F x -0.004 0.71 0.85 0.33 (±0.24) 0.97 (±0.05) 
F z -0.00005 0.71 0.01 0.07 (±0.06) 0.33 (±0.53) 

AF x -0.003 0.71 0.85 0.33 (±0.24) 0.97 (±0.05) 
AF z -0.00007 0.71 0.40 0.11 (±0.09) 0.93 (±0.09) 
NP x -0.003 0.71 0.85 0.33 (±0.24) 0.97 (±0.05) 
NP z -0.0004 0.71 0.75 0.23 (±0.18) 0.96 (±0.05) 
FPP 0.0004 0.71 0.06 0.07 (±0.06) 0.67 (±0.38) 

NICmax 12.88 0.71 0.82 0.29 (±0.22) 0.96 (±0.05) 
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Table 8.5 The loading of the C5/C6 motion segment components for the drivers and passengers 
combined.

(a) For the low cut-off.

Drivers and Passengers

Component
Cut-off Sensitivity Specificity

Positive Predictive 

(±Co val)

Negative Predictive 

(±Co val)
Value

nfidence Inter
Value

nfidence Inter
ALL 0.13 0.89 0.73 0.24 (±0.15) 0.99 (±0.030)
FC 0.40 0.89 0.76 0.26 (±0.15) 0.99 (±0.03)
AF 0.33 0.89 0.76 0.26 (±0.15) 0.99 (±0.03)

BF z -36.3 0.89 0.00 0.08 (±0.05) 0.00 (±0.00) 
F x -0.003 0.89 0.77 0.27 (±0.16) 0.99 (±0.03) 
F z -0.00004 0.89 0.00 0.08 (±0.05) 0.00 (±0.00) 

AF x -0.002 0.89 0.77 0.27 (±0.16) 0.99 (±0.03) 
AF z -0.00004 0.89 0.04 0.08 (±0.05) 0.80 (±0.35) 
NP x -0.002 0.89 0.77 0.27 (±0.16) 0.99 (±0.03) 
NP z -0.0003 0.89 0.72 0.24 (±0.14) 0.99 (±0.03) 
FPP 0.0004 0.89 0.03 0.08 (±0.05) 0.75 (±0.42) 

NICmax 10.85 0.89 0.72 0.24 (±0.14) 0.99 (±0.03) 

(b) For the high cut-off.

Drivers and Passengers

Component
Cut-off Sensitivity Specificity

Positive Predictive 

(±Co val)

Negative Predictive 

(±Co val)
Value

nfidence Inter
Value

nfidence Inter
ALL 0.17 0.78 0.87 0.37 (±0.22) 0.98 (±0.03) 
FC 0.50 0.78 0.85 0.33 (±0.20) 0.98 (±0.03) 
AF 0.46 0.78 0.87 0.37 (±0.22) 0.98 (±0.03) 

BF z -39.90 0.78 0.02 0.07 (±0.05) 0.50 (±0.49) 
F x -0.004 0.78 0.85 0.33 (±0.20) 0.98 (±0.03) 
F z -0.00005 0.78 0.01 0.06 (±0.05) 0.25 (±0.42) 

AF x -0.003 0.78 0.85 0.33 (±0.20) 0.98 (±0.03) 
AF z -0.00006 0.78 0.14 0.08 (±0.06) 0.87 (±0.17) 
NP x -0.003 0.78 0.85 0.33 (±0.20) 0.98 (±0.03) 
NP z -0.0004 0.78 0.76 0.23 (±0.15) 0.97 (±0.03) 
FPP 0.00041 0.78 0.043 0.07 (±0.05) 0.67 (±0.38) 

NICmax 12.88 0.78 0.84 0.32 (±0.19) 0.98 (±0.03) 

8.4 Discussion

wo cases and the comparison with the Ono et al. (1997) volunteer test are presented in 

detail to show the responses of the C5/C6 model. The high-severity rear impact case, 

1_29577, is one of the more severe crashes in the data with a T1 x-acceleration of 20 g 

 the BioRID II reconstruction). As a result of the impact the driver had pain of

longer than 6 months duration (Group 3). In comparison, C1_29491 is a low-severity 

T

C

(from
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rear impact of 2.5 g (from the BioRID II reconstruction). The driver was uninjured and 

the passenger had pain for 1-month duration (Group 1). The Ono volunteer test was 

easured T1 x-acceleration of 3.5 g. Later in the time period 

(after 140 ms) the neck extension simul sive in comparison to the 

volunteer, as active musc c

In the more severe case C1_29577, the acceleration pulse causes significantly higher 

elon ons of e ligam . For t LL the m ligament strain was 36% 

(Figure 8.6) and for the FC it was 90% (Figure 8.7). Both are likely to produce 

cata hic li failu ailure s of 31% (±5.9%) for the ALL and 116% 

(±1 ) for were sured q -staticall nandan, K and

Pintar (2000). As allowable dynamic ligament failure loads have been found to be rate 

dependent Yoganandan et al. (1998a), these predicte strains fa a of

sub-catastrophic failure. The strain levels for C1_29491 and the Ono volunteer test are 

ignificantly lower and are unlikely to be injurious (Table 8.6). The NICmax predictions 

agreement with this interpretation, when the possibility of facet 

impingement for the three cases is re 1). The predicted dynamic

m 5/ C1 nd vol a

possible, with a decrease in the facet 

ms. This prediction of the dynamic fac tion agrees with the Ono et al. (1997) facet 

impingement hypothesis. The shear loading to C1_29577 appears to be so rapid that the 

motion segment is rapidly stretched in shear and no significant decrease occurs. This is 

in agreement w shear othesis ested by . (2000b).

The hierarchy of injury suggested by Taylor and Taylor (1995) for the injury to the soft 

tissu the n uppor y these lts. For the neck ligaments, the ALL has the 

pact is also t followed and

the FC, which are each progressively shorter and have increasingly higher strain (Table 

act example C1_29577, the maximum strain in the C5/C6 FC 

non-injurious and had a m

ated becomes exces

les do not ontrol it.

gati all th ents he A aximum

strop g tamen re. F strain

9.6% the FC mea uasi y by Yoga umaresan

d ligament ll in the are

s

in Figure 8.5 are in

viewed (Figure 8.1

otion of C C6 for _29491 a the Ono unteer appear to m ke such an event 

surface separation occurring between 40 and 75 

et mo

ith the hyp sugg Deng et al

e of eck is s ted b resu

lowest predicted strain in a rear im and he longest, by the AF

8.6). In the severe imp

anterior ligaments predicted by the model is in the sub-catastrophic failure area found 

by Siegmund et al. (2000b). When all the crash data is investigated, the predicted 

average strains for the (n = 7) cases with pain duration of greater than 1 month, the 

average peak strain is 64% (±20%). For the (n = 19) cases with pain duration less than 1 

month, the predicted average strain is 37% (±17%) and for the remainder of cases with 
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no pain (n = 48) the predicted strain is 31% (±15%). All this indicates a high level of 

correlation between the predicted anterior facet ligament strain and the duration of pain 

in this sample of crashes, which supports the shear mechanism of whiplash injury as 

suggested by Deng et al. (2000b) and others. 

Table 8.6 The predicted C5/C6 motion segment maximum strain for the two example crashes, C1_29577
and C1_29491, and the Ono volunteer test with the failure strains.

C1_29577 C1_29491 Ono VolunteerLigament Strain % Injury Strain % Injury Strain % Injury 
Failure Strain

% (±SD)
ALL 36 + 10 – 18 – 31 (±5.9) a.

AF fibre 60 + 13 – 23 – 60 b.

FC 90 + 25 – 26 – 116 (±19.6) a.

94 (±85) c.

35 (±21) d.

Source:  a. Yoganandan et al. (2000) 
b. Pintar et al. (1986) 
c. Siegmund et al. (2000b). 
d. Sub-catastrophic failure, Siegmund et al. (2000b). 

The shear mechanism is further supported by the NICmax criterion. NICmax has very 

good correlation with predicted elongation of the motion segment ligaments (above 

0.90) (Figure 8.13 and Figure 8.14), but only poor correlation (0.61) with the predicted 

facet separation (Figure 8.15). The spread of the individual data points in this figure 

seems to indicate that there may be another factor or factors involved in the injury 

causation. The facet surface separation has a possible connection with the other

hypothesised mechanism of injury of the impingement of the facet surfaces. This was 

also investigated further with the head and neck model predictions. The predicted 

C5/C6 facet surface separation with time was plotted in Figure 8.12. The plots are

separated into the 4 injury groups and there appears to be two distinctive impact

motions:

1. A shear dominated C5/C6 vertebral motion which causes positive separation of the 

facet surfaces; and 

2. A rotation dominated C5/C6 vertebral motion, which causes negative separation of 

the facet surfaces and has the possibility of facet impingement.

When the predicted FC ligament strain is plotted against the rear facet surface 

compression force, an interesting pattern arises (Figure 8.16). The two Group 3 injury 
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cases, the most severely injured vehicle occupants in the study, have shear-dominated

motion, which includes positive separation of the facet surfaces. 
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SHEAR INJURY REGION

the head and neck the shear displacement velocity of C5 with respect to C6 

rotation of C5 with respect to C6 occurs (shear injury to the facet capsule). It is the 

timing and magnitude of the extension rotation of C5 with respect to C6, which causes 

the facet surfaces to im

diagram also shows where possible facet impingement could occur with a predicted 

FACET IMPINGEMENT REGION

Figure 8.16 Predicted C5/C6 facet capsular ligament strain versus twice the rear facet surface 
compression force for the drivers only (n = 74) in the crash reconstructions with the different injury
outcomes. The dotted lines and arrows represent the greater than 40% strain and 35N compression
regions.

Three of the five cases from Group 2 also have separation of the facet surfaces. The 

remaining two cases have contact of the facet surfaces predicted. A similar split in the 

motion types is found in the lower-severity injury groups with initial pain, and no 

injury. It is hypothesised based on the C5/6 model predictions, that at the higher impact

severities

becomes great enough that the facet capsular surfaces separate before the extension 

pinge.

Figure 8.16 shows the shear injury region due to facet ligament strain greater than 40% 

in the upper right. The figure of 40% shear is derived from the statistical analysis. The 
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force on the rear facet surface of greater than 35 N. In the sample of rear impacts

investigated there was only one of the longer-term pain cases from Groups 2 and 3, 

which may have been influenced by the compression on the facets. 

 early 

the comparison of the early C5/C6 motion segment component strains resulting from the 

C5/C6 motion segment joint ligaments, with critical levels of shear strain occurring in 

b) and Ono et al. (1997).

8.5 Summary 

The detailed C5/C6 motion segment model was applied to the investigation of

AIS1 soft-tissue neck injury in rear impacts. It was used to investigate early soft tissue 

neck injury in a group of real crashes by linking the results from crash reconstructions 

of field accident data (based on the use of in-vehicle crash recorders), with the clinical 

pain outcomes of the vehicle occupants over a 12-month period.

The C5/C6 motion segment model was included in the MADYMO based human head 

and neck model developed by van der Horst et al. (2001). The head and neck model was 

driven by T1 accelerations derived from the reconstruction of a group of real life 

crashes using a MADYMO BioRID II dummy and seat model, where the injury 

outcome was known (Kullgren et al. 2003). Injuries to the occupants of the crashed 

vehicles were available in the form of pain duration following the impact. This allowed 

crashes to be correlated with the real life AIS1 neck injuries to the vehicle occupants. 

Good correlations were obtained with predicted shear-related elongation of the model

the facet capsular ligaments. The values predicted for shear strain in the anterior facet 

ligaments were equivalent to sub-catastrophic failure strains measured by Siegmund et 

al. (2000b) in-vitro laboratory tests. The threshold for long-term pain duration as a 

result of a rear impact is at 40 % strain of the FC ligaments.

For the crash reconstructions, the C5/C6 model predicted two distinct impact motions: a 

shear-related motion and a rotation-related motion with possible facet impingement.

This supports two of the main hypotheses of early whiplash-associated injury causation 

suggested by Deng et al. (2000
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CHAPTER 9 DISCUSSION, CONCLUSION AND
RECOMMENDATIONS

9.1 Discussion 

Field accident studies have shown that the typical sufferer of chronic neck pain resulting 

of consumer information based 

on static testing of the head-restraint position. As a result, industry is developing a 

ynamic test requirement based on the BioRID II dummy in the vehicle seat. 

from a motor vehicle accident is female, mid-thirties in age, who was involved in a rear 

impact while stationary, with symptomatic intervertebral joints at the C2/3 and C5/6 

levels of the neck and with probable involvement of the facet capsule. Whiplash injury 

not only occurs in rear impacts, but may also result from all directions of impact in 

motor vehicles. 

The field accident studies also showed that when the seatback was deformed in a rear 

impact, there was less likelihood of the occupant sustaining whiplash-related injuries. 

Head restraints have been proven only partially effective, while the use of seatbelts 

seems to increase the risk of injury.

Some investigators have linked the more severe injuries to a lack of awareness of the 

impending impact and to having the head out of position, for example with the neck 

turned to observe the rear-view mirror. The awareness issue has been linked to the 

possibility of pre-impact tensing reducing the possible injury, and this is consistent with 

the results of volunteer studies, which show reductions in head motion with awareness. 

The vehicle factors implicated by the field studies have included the stiffness of the 

vehicle rear structure, the dynamic stiffness of the seat back and head restraint, and the 

detail design of the seatbelt. It has been shown however, that a well-designed seat and 

head restraint is able to overcome the other factors.

The prevention of injury requires the injury mechanism to be understood: the lack of 

understanding in this area has been a handicap in the implementation of engineering 

solutions. Attempts at regulating the dimensions and stiffness of head restraints have 

been only moderately effective, as has the availability

d

163



Discussion, Conclusions and Recommendations

The factors influencing the biomechanics of cervical spine soft-tissue

anatomy, clinical data, autopsy d

injury include

aspects of the neck ata, and the results of many

sing animal, human cadaver and human volunteer models to 

investigate these types of injury. The convergence noted by Barnsley, Lord and Bogduk 

ptoms of WAD sufferers. Two of these hypotheses are related 

tibility. The impact severity was found to be at the 

Australia. The cost of these whiplash injuries to the Australian community (in 1998) 

e combination of the human body 

responses, the head and neck kinematics during a rear impact, and the required strains in 

as then to

be integrated into a human head and neck model for the purposes of dynamic validation 

and application in realistic dynamic loading situations. It was also necessary for the 

experimental studies u

(1998) of many of these factors, along with the findings of the field accident studies has 

become more apparent. Injuries to the facet capsule of the neck have been shown to be a 

major source of post-crash pain and there are many hypotheses on how such injuries 

may occur. To investigate these hypotheses, it is necessary to develop an investigative 

tool to establish the causal links connecting the mechanical load to the neck in a motor

vehicle crash and the sym

to events early in the impact and formed the basis for the investigation here. 

Preliminary investigation of the accident characteristics associated with the 88 drivers 

suffering chronic neck pain confirmed the more general field accident studies in regard 

to gender bias and rear impact suscep

high end of the usual range. The most common confirmed pain sites were to the facet 

capsule at C2/C3 (34%) and C5/C6 (32%). By combining this information with other 

accident and clinically based data separate from the insurance claims data, the incidence 

of whiplash injury in Australia (in 1998) was estimated to be 170 cases per

100,000/year. The definition and treatment of whiplash claims varies between states in

was estimated to be $540 million.

The most appropriate model for investigating the soft-tissue neck injury was a

mathematical model of the head and neck. For th

the soft tissues of the neck, a multi-body mathematical model with detailed soft tissue 

for the motion segment was chosen as the best option. Even with the limitations

imposed by the multi-body format, such a model could be developed to investigate soft-

tissue neck injury causation at the motion segment level in dynamic loading situations. 

The available information regarding both the anatomy and the properties of the soft 

tissue components supported this approach. This detailed motion segment w
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head and neck model to be compatible with a full human body model, to allow 

integration again for the purposes of validation with volunteer tests and for the 

application of the model in investigating of soft-tissue neck injury in rear vehicle 

impacts. The model that was found to best fulfil these requirements was the van der 

Horst (2002) head and neck model.

A new C5/C6 motion segment model was developed for the van der Horst (2002) head 

and neck model with representation of the anatomical soft-tissue structures, giving 

improved biofidelity and the ability to predict soft tissue injury resulting from dynamic

loading. The structure of the disc developed followed the anatomy described by Mercer 

and Bogduk (1999).

The small load responses of the C5/C6 motion segment model were developed to agree 

with the in-vitro experimental results obtained by Moroney et al. (1988) for all 

directions of direct loading. The C5/C6 motion segment model responses were validated 

for large loads by comparison with further in-vitro tests up to failure. The model motion

segment results were in good agreement with the combined posterior shear and 

compression tests by Siegmund et al. (2000b). In more complex combined loading 

situations (Winkelstein et al. 2000), it still maintains the correct predictive trends and 

this makes the model suitable for the purpose intended in this study of whiplash-

associated loading. The whiplash injuries are sub-catastrophic injury of the neck soft 

tissue and occur close to the small load range for which the model is well validated. 

Some care should be taken if the C5/C6 model is used in the catastrophic failure area. 

It was necessary to re-integrate the C5/C6 motion segment model with a head and neck 

model to allow the application of realistic dynamic loading for the investigation of 

whiplash injury mechanisms. The integration of the new segment with the human head 

and neck model by van der Horst (2002) was a simple process. The dynamic responses 

of this new model to rear impact loading were validated in several stages with the Ono 

et al. (1997) volunteer test data series and against the original van der Horst model. The 

major limitations of the head and neck model, as used in the study, were found to be 

with the capabilities in the original van der Horst (2002) model itself. This was outside 

of the scope of this study, which was aimed at developing the motion segment

capabilities. The van der Horst model was used only as a means of applying realistic 
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impact loads to the motion segment. This study does give some indications of where 

future developments should be aimed to improve the model responses. The application 

of active muscles is of great importance in this regard. The van der Horst model needs 

to be developed to more accurately simulate the individual motion segment rotation and 

shear motions when compared with volunteer testing. To enhance the capability of the 

van der Horst model in these areas will most likely require a solution to the active 

injury in a set of real crashes by linking the results obtained from

crash reconstructions of field accident data, based on the use of in-vehicle crash 

muscle problem.

The detailed C5/C6 motion segment model was applied to the investigation of long 

duration pain outcomes to vehicle occupants in rear impacts. It was used to investigate 

early soft-tissue neck

recorders, with the clinical pain outcomes of the vehicle occupants over a 12-month

period. The C5/C6 motion segment model was driven by T1 accelerations derived from

the reconstruction of real-life crashes, where the injury outcome was known, using a 

MADYMO BioRID II dummy and seat model (Kullgren et al. 2003). WAD outcomes

to the occupants of the crashed vehicles were available in the form of pain duration 

following the impact. This allowed the early C5/C6 motion segment component strains 

resulting from the crashes to be correlated with real-life AIS 1 neck injuries to the 

vehicle occupants. Good correlations were obtained with predicted shear-related 

elongations of the model C5/C6 motion segment joint ligaments, with critical levels of 

shear strain occurring in the facet capsular ligaments. The values predicted for shear 

strain in the anterior facet ligaments were equivalent to sub-catastrophic failure strains 

measured by the Siegmund et al. (2000b) in-vitro laboratory tests. The threshold for the 

injury resulting in longer-term pain duration as a result of a rear impact was at 45% 

strain of the facet capsule ligament.

Of equal significance, the C5/C6 motion segment model predicted that two distinct 

impact motions due to rear impacts in vehicles could occur at this level of the neck. One 

was directly shear-related and the other more rotation-related with facet impingement.

The specific motion occurring in an impact was due to the shape of the pulse applied at 

T1. This supports two of the main hypotheses of early whiplash associated injury: that 

suggested by Deng et al. (2000b) and Ono et al. (1997). It also strongly supports the 

166



Discussion, Conclusions and Recommendations

work in progress to derive an appropriate dynamic rear-impact test methodology for the 

design of seat systems for motor vehicles.

9.2 Limitations of the Study 

This study uses a series of linked simulations to reconstruct possible early injury 

causation in the C5/C6 motion segment of the neck in real accidents. Each area of the 

study has its own set of limitations with respect to the data used and the capability of the 

simulation in faithfully reconstructing the original crash circumstances. The use of the 

for the model of the BioRID II dummy and seat for 

all the case simulations, with no seatbelt and the head restraint in its lowest position; 

model was used as a means of applying realistic impact loads to allow the motion

in-vehicle crash pulse recording is a significant step forward with regard to the vehicle 

crash parameters including vehicle velocity and impact direction, but some limitations

remain with the real crash data.

The occupant factors, which are unknown, have an effect on the cervical spine 

kinematics during the crash. These factors include: 

The position and stature of the occupant;

The inclination of the seat back;

The position of the adjustable head-restraint; 

The awareness of the crash; and 

The flexibility and degenerative changes of the occupant’s neck. 

The use of the BioRID II dummy and seat model for the crash reconstruction (Eriksson 

and Kullgren 2003) has limitations in the following areas:

The limits to the biofidelity of the BioRID II and seat model;

A uniform position was assumed

and,

The BioRID II dummy stature is 50th-percentile male and hence does not reflect the 

variation in anthropometry of the injured population.

A major limitation with the use of the head and neck model was found to be in the 

capabilities of the van der Horst (2002) human head and neck model. The head and neck 
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segment capabilities to be used. The specific reconstruction of the neck motion with the 

head and neck modelling, described in Chapter 7, has limitations in the following areas: 

the BioRID II dummy simulation limits the 

and

ck restricts the similitude of the head and 

odel moves into hyperextension.

ent model able to investigate the causation of soft-

tissue neck injury in rear impacts has been developed. The predicted motions and 

ju ble static in-vitro

The C5/C6 model has been integrated into a human neck model to allow the application 

5/C6 model validated 

rea

The injury sensing capabilities of the C5/C6 model have been demonstrated by applying 

link field accident data, based on

The neck was in the standard posture of an erect standing volunteer; 

The head and neck model represents a 50th-percentile male in size;

The neck was using the passive muscles; and, 

The head restraint was not included. 

Three factors limited the useable time duration of the modelling to the first 150 ms of 

the impact:

The lack of a seat belt restraint in 

dynamic similitude to the time before the dummy ramps up the seat back; 

The lack of head contact with the head restraint;

The lack of active muscle forces in the ne

neck motion to the period before the m

9.3 Conclusions 

A mathematical C5/C6 motion segm

in ries of the C5/C6 model have been validated with availa

experimental data. 

of dynamic loads and the predicted motions and injuries of the C

by comparison with available dynamic experimental data for volunteers and cadavers in 

r impacts.

it to the investigation of early soft-tissue neck injury in a group of real crashes by 

ing the results obtained from crash reconstructions of

the use of in-vehicle crash recorders, with the clinical pain outcomes of the vehicle 

occupants over a 12-month period.

168



Discussion, Conclusions and Recommendations

Based on these reconstructions the correlation of early soft-tissue injuries to the neck 

with the available neck injury criteria was made. Two of the hypotheses on early injury

causation to the facet capsule, the shear hypothesis (Deng et al. 2000b) and the facet 

p and a possible

as a result of the simplifications and 

est that the detailed C5/C6 model possesses 

njury.

The

provements to the human

neck model; and a more comprehensive reconstruction of the Folksam crash data using 

The C5/C6 motion segment model would gain improvements with the availability of

data. This test data is required in the areas of the tension 

The head and neck model was used as a means of applying realistic impact loads to 

erent in the timing and magnitude of the application of active muscles.

The variations in the rotation and shear motions of individual motion segment levels 

im ingement hypothesis (Ono et al. 1997), have been further confirmed

early injury tolerance criterion was suggested. 

Despite the limitations of the modelling process

assumptions, the results obtained sugg

adequate human biofidelity and has been proved to be a useful tool in investigating soft-

tissue neck i

9.4 Recommendations for Future Work 

recommendations for future work cover several areas: specific requirements for test 

data to make improvements in the motion segment model; im

a human body model rather than a dummy.

additional in-vitro test

capability of the anulus fibrosus fibres and the compression capability of the disc and

the facet capsule. The concepts developed in the C5/C6 model should also be extended 

to a C2/C3 motion segment model.

allow the motion segment capabilities to be used. Some of the limitations of this part of

the project were due to the limitations of the van der Horst (2002) human head and neck 

model. The dynamic modelling of the human neck is currently restricted by the

difficulties inh

predicted by the head and neck model when compared with volunteer tests need to be 

addressed. It is possible that these areas are related to a variety of simulation errors such 

as postural variations with the volunteers, being prepared for the impact and the early 

activation of the muscles in the volunteers. The human head and neck model also needs 
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an improved C2/C3 motion segment to address the facet capsule injury in the upper 

neck.

Finally, if these improvements were available for the motion segment and for the head 

and neck, there is a case for repeating the study using an integrated human body model

in a seatbelt and with a realistic vehicle seat and headrest. At the current stage of 

Such work could also be usefully extended into other directions of impact and the 

development, this extended study would be useful as it would be able to address most of 

the remaining questions regarding the roles of the head restraint, the rebound from the 

seat back, and the seatbelt in the causation of injury to the soft tissues of the neck. 

related soft-tissue neck injury causation. 
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Appendices

APPENDIX A1 CERVICAL SPINE RESEARCH UNIT
DIAGNOSTIC AND CRASH DATA

This Appendix is not available for distribution due to the requirements of the NSW

Privacy Committee.
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APPENDIX A2 C5/C6 MOTION SEGMENT
MEASUREMENT DATA

Table A2.1 C5/C6 discs were measured from radiographs of a group of 20 non-symptomatic patients
from CSRU, Newcastle. 

ADH MDH PDH APDD C5VH C6VHNumber
(mm) (mm) (mm) (mm) (mm) (mm) 

1 3 6 4 20 16 15
2 4 8 6 20 12 11
3 2 3 3 28 15 15
4 4 7 4 26 16 17
5 3 6 1 26 21 17
6 5 7 3 22 15 14
7 2 5 2 20 15 12
8 5 7 5 22 15 14
9 2 4 1 20 14 14

10 7 7 2 25 15 14
11 4 6 3 25 18 18
12 6 6 3 20 15 15
13 5 6 2 18 14 13
14 3 5 2 20 15 15
15 3 6 2 22 16 15
16 6 7 2 24 15 15
17 4 8 5 21 16 16
18 4 7 4 24 17 14
19 5 5 2 19 13 13
20 6 10 3 24 17 18

Sum 83 126 59 446 310 295
Average 4.15 6.30 2.95 22.30 15.50 14.75

SD 1.46 1.53 1.36 2.77 1.88 1.83 

ADH Anterior Disc Height 
MDH Mid Disc Height 
PDH Posterior Disc Height 
APDD Anterior /Posterior Disc Diameter
C5VH C5 Vertebral Height 

Figure A2.1 Motion Segment Dimensions
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APPENDIX A3 LABORATORY QUASI-STAT
NECK MOTION SEGMEN

IC IN VITRO
T TESTING

A3.1 Moroney et al (1988) 

The load-displacemen vio 5 f dult al otion segments was 

measured in compres she ion nsio ral g a ial torsion

tests. Motion segments ere tes both i ct and th pos or elem ts removed.

Applied forces ranged to 73.6 N in comp

moments ranged to 2.16 Nm. For each mode of loading, principal and coupled motions

were measur and th tiffness ere cal lated. The effect of disc degeneration on 

motion segm stiffne and th oments required for motion segment failure were 

also measure

A3.1.1 Test Method

t beha ur of 3 resh a cervic spine m

si ,on ar, lexf , teex n te, la b inend n axd

w ted nta wi teri en

ression and to 39 N in shear, while applied 

ed e s w cu

ent ss e m

d.

5/C6 motion segment used by Moroney

Motion coupling patterns of cervical motion segments were found: 

Figure A3.1 Loading of the C

A3.1.2 Results 
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In sagittal and lateral bending, anteroposterior and lateral shear displacements w

observed.

ere

isplacements there were no significant coupled motions.

rior elements tended to increase all mean principle motions and so 

r in shear than were less-degenerated segments.

effect of axial preload on the kinematics

ffect of multi-axial loading on the potential 

tion segments (C3-4 and C5-6) from seven 

 quasi-static posterior shear loads of 135 

our occasions while under compressive axial 

197 N and 325 N. The vertebral body motions and the full 

r ligament were measured. The facet joint of 

failed in posterior shear. The grade of 

ens was between 2 and 4 

In compression and shear d

Removal of the poste

decrease segment stiffness. Cervical disc segments were as much as 50 % less stiff than 

intact segments in all modes of loading except posterior shear, where this effect was not 

evident. It was also found that removal of the cervical posterior elements approximately

doubled the compression displacements.

No relationship of cervical motion segment stiffness to disc level was evident.

Severely degenerated cervical disc segments were 50 % less stiff in compression and 

three times stiffe

A3.2 Siegmund et al. (2000) 

A3.2.1 Test Method

The purpose of this study was to examine the 

of the motion segment and to examine the e

for facet capsular ligament injury. Two mo

female donors (50 ± 10 years) were exposed to

N applied to the superior vertebra on f

preloads of 0 N, 45 N, 

Lagrangian strain field in the facet capsula

each motion segment was then isolated and 

degeneration of the intervertebral discs in the thirteen specim

(3.2 ± 0.7). 
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of 45 N was used to

represent a static head mass; a preload of 200 N was used to represent a combination of 

pression which develops due to a torso-seat-

w-speed rear-end collision at 8 km/h; and a preload of 325 N was 

l extension angles of about 2 and 5 degrees have been reported for the C3-4 

and C5-6 joints respectively in a single human subject undergoing a speed change of 8 

km/h without a head restraint. The extension angles observed in the current study were 

2.9 ± 1.8 degrees for C3-4 and 3.4 ± 2.2 degrees for C5-6 and were less than the 

extension observed in dynamic ligamentous spine tests but in the range of those 

observed in the human subjects. The similar intervertebral extension angles observed in 

both the human subject data and the present study further suggest that moment applied 

through the disc of the specimens in the current study was representative of the 

Figure A3.2 Loading of the C5/C6 motion segment used by Siegmund

The four axial preloads were based on four potential loading conditions: a preload of 0 

N was used for comparison to previous research; a preload

static head mass and an inertial neck com

back interaction in lo

used to represent the potential combination of static head mass, inertial compression and 

reflexive muscle forces. 

The maximum extension moment (1.15 ± 0.12 Nm) at the level of the intervertebral disc 

in the current study was less than the extension moments (6 and 10 Nm) calculated for 

the atlantooccipital joint in human subjects exposed to speed changes of 8 km/h without 

head restraint protection. A significant portion of that moment, however, is supported 

by the neck musculature.

A3.2.2 Results and Discussion 

Intervertebra
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mome al joints during actual whiplash loading 

conditions.

The results of these present tests dem ed that posterior translation and extension 

of the superior vertebral body and m principal strain in the facet capsular 

ligam pression

produced some

were elim entous micro-

damage were rem cients calculated from the 

force-displacem pression.

Based on the mean values, the maximum principal strains observed in the facet capsular 

ciceptive nerve endings in the cervical facet capsule ligament,

t.

e maximum principal strains was larger for the sub-

catastrophic failure tests (SD = 0.21) than for the flexibility tests (SD = 0.059). This 

nts transferred through the intervertebr

onstrat

aximum

ent all increased with applied shear load. Changes in applied axial com

 reduction in posterior translation and extension, though these reductions 

inated when two specimens that may have sustained ligam

oved from the analysis. Flexibility coeffi

ent and force-rotation data also did not vary with axial com

ligaments during the flexibility tests were significantly less than the maximum principal 

strains observed in the corresponding failure tests. This suggests that on average, the 

facet capsule is not injured by the vertebral motions that occur during a whiplash

exposure. However, two specimens exceeded their sub-catastrophic failure strains under

the whiplash-like loads used in the flexibility tests, suggesting that capsular ligament

fibres within these specimens may likely have experienced sub-catastrophic failures. 

Given the presence of no

such failures provide a mechanical hypothesis for the development of pain observed in a 

clinical population previously exposed to whiplash loading. Assuming the ratio of 

flexibility strains to initial failure strains is normally distributed, approximately 7.3

percent of specimens exposed to these spinal loads will undergo sub-catastrophic failure 

of a facet capsular ligamen

Inter-specimen variability in th

suggests that different individuals under similar loading conditions might possibly 

produce different clinical outcomes. Moreover, the relative insensitivity of maximum

principal strain to increasing posterior shear suggests that even relatively low posterior 

shear loads could exceed the threshold for sub-catastrophic failure in some individuals. 

Compared to other previous studies, the increase in maximum principal strains (0.168 ± 

0.059 under the combination of 135 N shear and 1.15 Nm extension moment at the 

intervertebral disc) observed in the current data suggest that shear contributed to 
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increasing the strain in the facet capsular ligaments of motion segments loaded in 

extension. Furthermore, combining shear, extension and axial pre-torque may further 

elevate the strain in the facet capsule and further increase the potential for capsular 

ere

used as the reasoning for this discrepancy. 

d in a pure-moment test frame equipped with a six-axis 

load cell. Flexion-extension testing was performed for each specimen in three loading 

injury. Increased capsular strain in the pre-torqued configuration would be consistent 

with the increased symptom duration observed in patients whose heads were turned 

prior to a rear-end collision.

Axial compression had no clear effect on the intervertebral kinematics, despite Yang et

al. (1997) have previously reported increased flexibility to horizontal shear with 

increasing compressive loads. Methodological differences between the two studies w

A3.3 Winkelstein et al. (2000) 

A3.3.1 Test Method

The purpose of this study was to examine the role of the cervical facet capsule in 

whiplash injury. Six unembalmed human cadaveric cervical spines were cleaned of 

musculature and the C3-C4 and C5-C6 motion segments isolated for mechanical testing. 

Careful dissection was performed to expose the right capsular ligament. For the motion

segment levels tested in this study the casting orientation relative to horizontal were 9 

degrees for C3-C4 and 17 degrees for C5-C6. 

Bending tests were performe

configurations: 1) In the absence of a pre-torque, 2) with an axial pre-torque directing

the upper vertebra toward the contralateral facet (away from the right facet joint), and 3) 

with the pre-torque directing the upper vertebra ipsilaterally (toward the right facet 

joint). A nominal pre-torque of 1 Nm, 5 % of the axial torque to failure, was applied to 

the specimens in the study. 
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Figure A3.3 Loading directions of the C5/C6 motion segment used by Winkelstein et al. (2000)

Elongation-to-failure tests were performed using the isolated right capsular ligament.

Facet joints were removed en bloc from the motion segments, and the bony articular 

 force with a continued increase in joint 

hic failure of the facet joint was defined as the peak force before 

rupture.

es for the C3-C4 motion segments and to 

r all specimens except for two. 7 of the 12 specimens tested 

had structural failure after subcatastrophic ligament failures. 

During failure testing, mean maximum capsular strain at the subcatastrophic failure was 

64.6 % ± 73.8 %. Catastrophic failure of the ligament occurred at 103.6 % ± 80.9 % 

processes superior and inferior to the facet joint were cast in polyester resin. Capsular 

ligament failure was defined as a decrease in

distraction. Catastrop

A3.3.2 Results and Discussion 

Mean flexion-extension range of motion was 11.6 ± 2.0 degrees and 9.8 ± 1.2 degrees 

for C3-C4 and C5-C6 respectively. Applied pre-torques resulted in a mean torsional 

rotation of 1.9 ± 1.0 degrees for all specimens. Mean flexion-extension range of motion

after a pre-torque increased to 14.1 ± 3.7 degre

10.3 ± 2.2 degrees for C5-C6. The increases in range of motion after a pre-torque were 

not statistically significant.

Axial pre-torque increased facet capsular strains for all loading scenarios. Catastrophic 

joint failure occurred at a mean failure force of 94.3 ± 44.4 N and 82.5 ± 33.0 N for C3-

C4 and C5-C6 respectively. The mean actuator deflection at failure was 5.1 ± 0.73 mm

for C3-C4 and 6.4 ± 0.66 mm for C5-C6. The site of failure was observed in the mid

substance of the ligament fo
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strain, four times the m

were highly non-uniform of the facet capsule during bending, 

ilar joint motions.

In addition, the location of m en

responses were com

Principal strain directions were com

shear strains prim t line. This direction has been associated 

with the local sliding of the cervical bony facet surfaces during sagittal plane bending.

d, the distinction is less clear. Capsular strains were significantly less in 

ligament failures. The contralateral facet strain was less but not significantly less than 

BS, (2000) The Cervical 
Facet Capsule and Its Role in Whiplash Injury, Journal of SPINE, Vol. 25, No. 10, pp 

aximum strains during bending. Capsular strain distributions 

 across the surface 

illustrating the individual response differences to comparatively sim

aximum strain did not exhibit any trend when specim

pared.

monly oriented across the joint, with the principal 

arily directed along the join

No overt pinching of the capsular ligament was observed in this study. 

Capsular strains observed during bending, for all test configurations, were less than 

those required to produce catastrophic injury of the joint. It is therefore unlikely that 

vehicle occupants undergo gross failure of the capsular ligament resulting from low-

speed, rear-end collisions. However, when subcatastrophic ligament failures are

considere

bending for the neutral and ipsilateral pre-torque groups than the subcatastrophic 

the strain to subcatastrophic failure. This finding indicates that some portion of the 

automobile occupant population may develop strains during bending with a pre-torque 

that are not different in magnitude from those required to cause subcatastrophic injury 

of the ligament.

A3.4 References
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Properties of Lower Cervical Spine Motion Segments, Journal of Biomechanics, Vol. 
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Siegmund GP, Myers BS, Davis MB, Bohnet HF, Winkelstein BA, (2000) Human
Cervical Motion Segment Flexibility and Facet Capsular Ligament Strain under
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APPENDIX A4 C5/C6 MOTION SEGMENT MODEL
MADYMO DATASET

This Excel spreadsheet is in the attached CD as it is too large to present in hard copy. 
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APPENDIX A5 ACCIDENT RECONSTRUCTION
MODELLING RESULTS

This Excel spreadsheet is in the attached CD as it is too large to present in hard copy. 
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