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ABSTRACT  

An anatomically based, multi-body model of the C5/C6 motion segment was developed to study 

soft-tissue neck injury mechanisms in rear impacts. This was integrated into the MADYMO-based van 

der Horst head and neck model. Responses were compared with volunteer test data up to head restraint 

impact. 

Soft-tissue loading was predicted for a series of rear-end vehicle crashes with crash recorders 

(n=78) and known long-term pain outcomes. Facet capsule shear and impingement injury mechanisms 

at C5/C6 were demonstrated. Facet capsule loading correlated well with NICmax and was able to 

predict the risk of AIS1 neck injuries with persisting pain.  
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THE DEVELOPMENT OF SOFT-TISSUE NECK INJURY CRITERIA for rear impacts has 

been hampered by the difficulty of relating the injury outcome of an occupant as a result of a rear 

impact on a vehicle to specific injury mechanisms. In turn, the lack of knowledge regarding the injury 

mechanism and of accepted injury criteria has slowed the development of appropriate test 

methodologies for the design of vehicle systems to mitigate rear impact injury. The optimisation of the 

design of vehicle safety systems for the minimisation of whiplash needs a better understanding of 

human tolerance to these injuries. 

A significant amount of data regarding soft tissue neck injury already exists from the testing of 

volunteers and post-mortem humans as well as field and clinical studies. A methodology is required to 

link the available data together and guide the investigation into those areas requiring further study. 

Mathematical models of the neck have now reached a level of development allowing them to be used 

to make these links. The investigation of these injuries requires a model possessing a high level of 

dynamic biofidelity at various levels: as a part of a human body model, as a head and neck model and 

as a neck motion segment model. Possibly one of the most advanced models in terms of validation and 

capabilities is the MADYMO-based Human Model. The biofidelity and capabilities of this model have 

been proven when used to model dynamic rear impact tests with volunteers, Meijer et al. (2001). The 

detailed multi-body neck model was developed and validated by van der Horst (2002) and is 

illustrated in Figure 1. It includes active muscle capability. 

 

Fig. 1 – The van der Horst (2002) human head and neck model with T1 axes. 

C5/C6
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The use of the van der Horst neck model to investigate soft-tissue neck injury causation required 

improvements in its ability to sense injury at the motion segment level. Gibson (2005) developed a 

compatible C5/C6 motion segment model, Figure 2(b), which had the van der Horst (2002) head and 

neck model as its basis. A new motion segment model including the cervical disc structure and better 

injury sensing for the disc and facet capsule was developed. The model was validated with static in-

vitro experimental data.  

This paper describes the application of this detailed C5/C6 motion segment model to link together 

available early AIS1 neck injury data to the motion of the neck in real crashes, to demonstrate its use 

as a tool for investigating soft-tissue neck injury. 

(a)  (b)   

Fig. 2 – (a) Sketch of the C5/C6 motion segment, showing the vertebral bodies and major ligaments, and 

(b) the C5/C6 motion segment model, Gibson (2005). 

 

METHODS AND MATERIALS 

The stages in the study are shown in Figure 3. The C5/C6 motion segment model (Study A) was re-

integrated into the MADYMO-based multi-body human head and neck model developed by van der 

Horst (2002) (Study B), to allow realistic dynamic neck loads to be applied. The responses and injury- 

 

Fig. 3 – Diagram showing the sections of the study.  
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sensing capability of this new head and neck model were compared with the response data for the 

original model by van der Horst to ensure that the validation of this model was unaffected. The new 

head and neck model was then applied to the investigation of a group of real crashes investigated by 

Kullgren et al. (2003) (Study D). The crash sample, see below, was of rear impacts to vehicles 

equipped with a crash-pulse recorder and with known post-crash injury outcomes for the occupants. 

Kullgren et al. (2003) had reconstructed the crashes with a MADYMO-based BioRID II dummy and 

seat model in Study C. The BioRID II dummy and seat model responses were in turn, validated with 

sled tests. The motions of the dummy thorax, T1, from these reconstructions were used to drive the 

head and neck model. Responses obtained from the C5/C6 model form the basis for the analysis of the 

soft-tissue injury causation in rear impacts presented here. 

 

STUDY A - C5/C6 MOTION SEGMENT MODEL The C5/C6 motion segment model was 

developed in MADYMO by Gibson (2005) from the geometry of the van der Horst (2002) head and 

neck model (Study B below). The C5/C6 motion segment included changes to give improved 

biofidelity and injury-sensing capability of the disc and facet capsule, while maintaining the 

biofidelity. A disc structure of ligaments and point restraints was implemented in the model matching 

the disc anatomy described by Mercer & Bogduk (1999). The anulus fibrosis has a crescent shape with 

the bulk of the ligament fibres anteriorly and inclined at about 45° to the neck axis, Figure 4. The 

disposition of the anulus fibrosis fibres was demonstrated to have an effect on the motion segment 

kinematics, Gibson (2005). The model responses have been validated quasi-statically with respect to 

in-vitro test data.  

 

(a)           (b)  

Fig. 4 - The structure of the cervical disc from Mercer & Bogduk (1999): (a) a transverse view of the 

C5/C6 cervical spine motion segment disc with the major ligaments and (b) the anterior view of the anulus 

fibrosis with the ligament fibres inclined at 45°. 

 

STUDY B - THE VAN DER HORST HUMAN HEAD AND NECK MODEL The van der Horst 

head and neck model is a detailed multi-body neck model implemented in MADYMO (Figure 1). It 

consists 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 vertebral shapes are based on the scanned 

vertebra of an individual’s neck. Each disc is represented as a simple 6-degree of freedom joint and the 

facet capsule as a simple single pivot sliding joint with four spring/damper units representing the 

capsular ligaments. The muscles follow the curvature of the neck, with realistic lines of action of the 

muscle forces, and can be actuated as active muscles. The model has been validated quasi-statically 

with respect to in-vitro test data as well as dynamically with volunteer test data. This validation by van 

der Horst was accepted for the purposes of this study. 

 

STUDY C - CRASH RECONSTRUCTION WITH THE MADYMO BIORID II AND SEAT 

MODEL The individual occupant motion from rear impact crash data in Study D was reconstructed in 

Eriksson & Kullgren (2003) and Kullgren et al. (2003). The seats in the three car models selected for 

reconstruction differed in geometry and stiffness characteristics. The seats were measured and the 

cushion, the seat back, and the head restraint contours as well as the seat structures were developed to 

give correct dummy kinematics during the crash for the specific vehicle.  

ALL Anulus Fibrosis 

PLL

Nucleus 

Polposa 
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The BioRID II dummy used as a basis for the simulation was the first version manufactured by 

Chalmers University and Autoliv, and not Denton. Kullgren et al. validated each seat model by means 

of two sled tests with the BioRID II (at a ǻV=23km/h and a mean acceleration of 4.5g). All the 

selected crashes were reconstructed in MADYMO using the recorded crash pulses from Study D 

(below). The BioRID II was seated in a standard seated posture with no seat belts. The seat back 

inclination corresponded to a torso angle of 25° and the head restraints were placed in their lowest 

positions. 

 

STUDY D - REAL WORLD CRASH DATA From 1996, the Folksam Insurance Company, 

Sweden, fitted more than 40,000 cars with crash pulse recorders to measure real world acceleration-

time histories in rear end crashes, Kullgren et al. (2003). For this project the three most highly 

represented car models were selected: where the vehicles were involved in a single rear-end crash with 

a recorded crash pulse; and, front seat occupants with no previous history of long-term AIS1 neck 

injury were involved. This gave 78 crashes with a total of 110 front seat occupants for the analysis. 

The average crash ǻV was 10km/h with a mean acceleration of 3.5g. The maximum change of 

velocity was 33.2km/h and the maximum mean acceleration was 10.2g. The whiplash injury 

symptoms of the vehicle occupants were collected by telephone interviews. The symptoms were 

divided into four categories by duration: no pain (Group 0); pain duration for less than one month 

(Group 1); pain for more than one month but less than 6 months (Group 2); and, pain for greater than 6 

months (Group 3). 

 

IN THIS STUDY local T1 accelerations predicted by the BioRID II dummy and seat models were 

used for the 78 reconstructions of the Swedish crashes (Kullgren et al., 2003). These T1 accelerations 

were used to drive the T1 segment of modified head and neck model, Figure 1(a). Hence the neck 

motion used in this study includes the effect of the impact severity and the vehicle parameters, 

including the seat characteristic responses. The head and neck model was used in its standard posture 

of an erect 50th-percentile male volunteer (van der Horst, 2002). Only the passive muscle responses of 

the head and neck model were used. This was consistent with the early onset injury being studied and 

the 150ms response time found by Siegmund, Brault & Chimich (2000a) for the initiation of muscle 

response in volunteers subject to rear impacts. The simulation for the driver (n=78) and a front seat 

passenger (n=32) in the same crash are identical, but the actual injury outcome from the crash is used.  

The motions and forces resulting from the applied T1 accelerations and predicted for the C5/C6 

motion segment were analysed for comparison with the actual whiplash injuries to the vehicle 

occupants. Table 1 summarises the component loading investigated. The strains were calculated from 

the elongation predicted by the model for each ligament divided by the average ligament lengths from 

several sources. The ALL (0.0183 m) and FC (0.0067 m) ligament lengths were as measured by 

Yoganandan, Kumaresan & Pintar (2000). The length for the anulus fibrosis ligaments was derived 

from the average seperation of the C5 and C6 vertebral bodies in the anterior region of the disc 

(0.0042 m) divided by sin 45°, to account for the inclination of the fibres (giving 0.0064 m) AF fibre 

length (Gibson, 2005). The NICmax (Bostrom et al., 1996) is the only current neck criteria designed to 

correlate with early-onset injury in rear impacts (Kullgren at al., 2003), and this was calculated for 

each case.   

Table 1 – The C5/C6 motion segment soft tissue components investigated. 

Symbol Component Units 

ALL Anterior longitudinal ligament Strain % 

FC Anterior facet capsule ligament Strain % 

AF Anterior 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 Separation, m 
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PREDICTION OF SYMPTOM DURATION The ability of the C5/C6 motion segment model 

loading to predict the persisting (greater than 1 month) whiplash symptoms of vehicle occupants was 

investigated by means of diagnostic tests based on the concept of positive and negative predictive 

values (Altman et al., 2000). A criterion value was selected based on a threshold for the component 

loading, such that if the loading was greater than the threshold, then it was predicted the subject was 

injured. These thresholds were chosen to give a sensitivity of 85%. The confidence intervals for the 

thresholds were calculated. Based on these criterion thresholds and the actual persisting whiplash 

symptoms, a 2-by-2 contingency table was constructed, Table 2. 

Table 2 – The 2x2 contingency table 

Neck Injury Symptoms Long-term No or initial Total 

Above threshold a b a + b 

Below threshold c d c + d 
Criterion 

Value 
Total a + c b + d a + b + c + d 

 

Based on the contingency table above, the following indexes are defined: 

̇ Sensitivity = a/(a + c): The proportion of occupants with long-term symptoms that have estimated 

criterion values above a fixed level. 

̇ Specificity = d/(b + d): The proportion of occupants with no symptoms or initial symptoms that 

have 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): The proportion of occupants with estimated criterion 

values below a fixed level that have no symptoms or initial symptoms. 
 

LIMITATIONS OF THIS STUDY are related to the use of the linked simulations performed for 

other purposes. To reconstruct the possible early injury causation in the C5/C6 motion segment of the 

neck in real accidents required two major simplifying assumptions. Firstly, the C5/C6 level of the neck 

was assumed to be a significant source of injury in rear impacts. Support for this comes from various 

sources including: accident studies (Gibson et al., 2000); clinical investigation (Aprill & Bogduk, 

1992); and the testing of both volunteers (Kaneoka & Ono, 1998) and cadavers (Deng et al., 2000a). 

Secondly, it was assumed the injury was most likely caused during the initial forward motion of the 

thorax with respect to the head, before the head impacts with the head restraint. Support for this comes 

from accident studies demonstrating the partial effectiveness of head restraints in reducing soft-tissue 

neck injury, such as that of Morris and Thomas (1996) and again the testing of both volunteers and 

cadavers with the high-speed radiography in Kaneoka & Ono (1998) and Deng et al. (2000a). Current 

injury hypotheses based on volunteer testing (Ono et al., 1997) and cadaver testing (Yoganandan et al., 

1998; Deng et al., 2000b) have emphasised the early-onset injury mechanism. In this study, the soft-

tissue loading at C5/C6 of the head and neck model was analysed only during the early stage of the 

impact, prior to contact with the head restraint.  

Each area of the study had limitations with respect to the data used. In summary: 

̇ The use of the in-vehicle crash pulse recording improves the accuracy of the vehicle crash 

parameters, but occupant factors such as seating position and stature were not available; 

̇ The BioRID II 50th-percentile male dummy and seat model with no seatbelt for the crash 

reconstruction has limitations regarding T1 motion biofidelity of the dummy model, the effect of 

ramping up the seat back, occupant posture and anthropometry. 

̇ The reconstruction of the vertebral motion by the head and neck model has limitations with regard 

to biofidelity, position of the neck, fixed anthropometry, passive muscle responses and lack of 

head contact with the head restraint. 

 

RESULTS 

VERIFICATION OF THE HEAD AND NECK MODEL responses was by comparison of the new 

C5/C6 motion segment with the original head and neck model and volunteer corridors derived from 

sled test with a rigid seat (ǻV=9.3 km/h) by Davidsson et al. (1999), Figure 5. The results obtained 

were found to be very similar to the validation of head and neck model with passive muscle responses 
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in rear impacts by van der Horst (2002). The overall motion of the head was found to be the same in 

the time period up to 150 ms. Therefore, the original validation of the model by van der Horst was 

accepted for the purposes of this study. The results obtained by Meijer et al. (2001) using the whole 

MADYMO human body model including the van der Horst head and neck model are included for 

comparison. The 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 6. 

 

OC relative to T1 X-axis displacement         OC relative to T1 Z-axis displacement 

-0.020

0.000

0.020

0.040

0.060

0.080

0.100

0.000 0.050 0.100 0.150 0.200 0.250 0.300

Time (s)

D
is

p
la

c
e

m
e

n
t 

(m
)

Lower Upper
Head and Neck Model Original VDH Model
Meijer et al.

-0.060

-0.050

-0.040

-0.030

-0.020

-0.010

0.000

0.010

0.020

0.000 0.050 0.100 0.150 0.200 0.250 0.300

Time (s)

D
is

p
la

c
e

m
e

n
t 

(m
)

Lower Upper

Head and Neck Model Original VDH Model
Meijer et al.

 
 

Fig. 5 – Comparison of the neck responses predicted by the head and neck model, the original van der 

Horst model and the Meijer et al. (2001) human body model, compared with the corridors (mean ± SD) 

from the volunteer sled test with a rigid seat (ǻV=9.3 km/h) by Davidsson et al. (1999). 

 

The head and neck motion predicted by the model are compared in Figure 5 to the vertebral motion 

of the Ono et al. (1997) volunteer (S6) from the high-speed radiographs recorded during the test. The 

neck link moves from upright and neutral to full extension with similar timing. Detail comparisons of 

the vertebral motion from high-speed radiography of Ono et al. (1997) volunteer and Deng et al. 

(2000b) cadaver testing were made. These showed large variations in the individual test subject 

vertebral motion during the test. It was difficult to use the angular motion of the vertebra as a 

verification tool without significantly more test data being available. 
 

 
t = 0 ms t =  60 ms t = 100 ms t = 160 ms 

Fig. 6 - Motion of the neck of the volunteer (S6) up to t=160 ms from high-speed radiography (top row), 

Ono et al. (1997), and of the head and neck model (lower row).  
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COMPARISON OF REAL CRASH CASES Two of the crash cases, one of high and one of low 

severity are presented as examples of the responses predicted by the C5/C6 model. The local T1 

accelerations for three cases are compared with an Ono et al. (1997) volunteer test in Figure 7.  
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Fig. 7 – Local T1 accelerations predicted by the BioRID II and seat model for Case A, Case B and for the 

Ono et al. (1997) 8.0 km/h volunteer tests used to drive the head and neck model.  

Case A is a low-severity rear impact of 2.5g. The driver was uninjured and the passenger had pain 

for 1-month duration (Injury Group 1). Case B is one of the more severe crashes in the crash data, with 

a T1 x-acceleration of 20g. The driver had pain persisting for longer than 6 months (Injury Group 3) 

post impact. The Ono volunteer tests had no head restraints, no recorded injuries and a measured T1 x-

acceleration of 3.5g. Due to the test set-up the T1 z-acceleration of 2.9g for the volunteer is about 80% 

of that for the x-direction acceleration, where, on average for the crash reconstructions, the z-

acceleration is only 40% of the x-acceleration.  

The NICmax was predicted by the head and neck model for the two cases and the Ono volunteer test. 

The low-severity case, Case A, had a NICmax of 4 (at t=110 ms) the severe impact, Case B, a NICmax of 

31 (at t=75 ms), and the Ono volunteer test had a NICmax of 8 (at t=70 ms). If the positive NICmax is 

greater than 15, then the impact is likely to result in longer-term injury, Bostrom et al. (1996). 

Due to the combined extension and retraction motion of the head and neck due to the rear impact, 

the predicted elongations were greater for ligaments in the anterior portions of the neck structures; the 

predicted anterior longitudinal ligament [ALL] and the anterior facet capsule [FC] ligament 

elongations for the three examples are in Figure 8. Elongations resulting from the severe impact, Case 

B, were significantly higher than the others.  
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Fig. 8 – The C5/C6 anterior longitudinal ligament elongation and anterior FC ligament elongation 

predicted for Case A, Case B and the Ono et al. (1997) volunteer test. 

The C5/C6 model predicted the critical motion segment bearing-surface displacements for the three 

cases. The variation from the rest position of the rear edge of the facet surface [FPP] using C6 as the 

reference was predicted, Figure 9. When FPP has a negative value, as in Case B and for a limited time 

for the Ono volunteer, it is an indication of the facet surfaces coming together and the possibility of 
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facet surface impingement exists. In Case A the motion is dominated by rearward motion of the head, 

the facet surfaces close slightly in the region of t = 30 to 60 ms and then separate. 
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Fig. 9 – The separation of the posterior facet surfaces [FPP] using C6 as the reference. A negative value is 

an indication of possible facet surface impingement. 

 

THE CRASH RECONSTRUCTIONS Four of the cases could not be used due to instability leading 

to asymmetrical responses. The 74 remaining rear impact crashes with associated whiplash injury 

outcomes were classified into the 4 neck injury groups by duration of the resultant pain. In Figure 10, 

the separation distance of the posterior facet surfaces for the C5/C6 motion segment were plotted 

against time for the four injury groups (defined in the summary of Study D). The cases can be seen to 

have one of two types of early C5/C6 motion segment trajectory. The first is connected with the more 

severe impacts, as represented by Case B. The motion is dominated by the shearing load due to head 

inertia and leads to the facet surfaces separating with little chance of impingement. In the second type 

of motion, the rear facet surfaces move together during the early motion (up to t=150 ms), as 

represented by the low severity Case A, and there is possible impingement or interaction of the facet 

capsular surfaces and other structures such as the meniscus. 
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Fig. 10 – 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).  
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PREDICTION OF SYMPTOM DURATION The ability of the C5/C6 peak loading data for the 74 

drivers and 29 passengers remaining to predict the longer duration whiplash symptoms was analysed. 

Seven of the drivers and 3 passengers had longer duration whiplash symptoms (defined as greater than 

1 month). The predictive capability of each load type from Table 1 was analysed for high and low cut-

offs for drivers only and for drivers and front seat passengers combined. The thresholds aimed to give 

a sensitivity of 85%, the actual low cut off 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 3 for the drivers only and Table 4 

for the drivers and passengers combined.  

The strains of the anterior aspects of the major C5/C6 motion segment ligaments, ALL, FC and AF 

were all good predictors of longer-duration pain outcomes. The x-displacements of the bearing 

components of the motion segment, AFx, NPx and the facet surfaces, Fx, were also good predictors of 

the occurrence of longer duration pain, as was the displacement in the z-direction of the posterior 

nucleus pulposa, NPz. NICmax was also shown to be a good predictor of injury.  

 

Table 3 – The loading of the C5/C6 motion segment components for the drivers only. 

(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 4 – The loading of the C5/C6 motion segment components for the drivers and passengers only.  

(a) For the low cut-off. 

Drivers and Passengers 

Component 
Cut-off Sensitivity Specificity 

Positive Predictive 

Value 

(±Confidence Interval) 

Negative Predictive 

Value 

(±Confidence Interval) 

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 

Value 

(±Confidence Interval) 

Negative Predictive 

Value 

(±Confidence Interval) 

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) 

 

 

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 ligament elongations; AFx, 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% relative elongation of the ALL, 50% relative elongation of the FC, 

and 23% relative elongation of AF – considering drivers only and the high cut-off point. The 

predictive capabilities were slightly improved when the both drivers and passengers were considered. 
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DISCUSSION   

In a multi-body model, such as the neck and head model, the ligaments are represented by discrete 

spring/damper units with attachments to the superior and inferior vertebra, Figure 1B. The ALL was 

shown to have the highest predicted elongation and as it is also the longest ligament in the motion 

segment the lowest predicted strain in a rear impact, followed by the AF and the FC, which are each 

progressively shorter and have higher strains. 

In the more severe cases the acceleration pulse causes significantly higher strains of all the 

ligaments. For Case B, the ALL predicted maximum ligament strain was 36% and for the FC 

ligaments it was 90%, Table 5. Failure strains of 31% (±5.9%) for the ALL and 116% (±19.6%) for 

the FC ligaments were measured quasi-statically by Yoganandan, Kumaresan and Pintar (2000). As 

allowable dynamic ligament failure loads have been found to be rate dependent (Yoganandan et al., 

1998), these predicted ligament strains are most probably in the area of sub-catastrophic failure. The 

strain levels for Case A and the Ono volunteer test are significantly lower and by this criteria are 

unlikely to be injurious. The NICmax predictions agree with this. 

     In the severe impact example Case B in Table 5, the predicted maximum strain in the C5/C6 

anterior ligaments of the facet capsule [FC] is in the region of sub-catastrophic failure suggested by 

Siegmund et al. (2000b). The onset of the shear loading to the motion segment in Case B appears to be 

so rapid that the facet surfaces are simply pulled apart. When all the crash data is investigated, the 

predicted average strains for the cases with pain duration of greater than 1 month (n=7), the average 

peak strain is 64% (±20%). For the cases with pain duration less than 1 month (n=19), the predicted 

average strain is 37% (±17%) and for the remainder of cases with no pain (n=48) the predicted strain 

is 31% (±15%). All this indicates a correlation between the predicted anterior facet ligament strain and 

the duration of pain in this sample of crashes. This gives support to the facet shear mechanism of 

whiplash injury suggested by Deng et al. (2000b). 

Table 5 – The predicted C5/C6 motion segment maximum strain for Case A and Case B, and the Ono et 

al. (1997) volunteer test compared with in-vitro measured failure strains from various sources. 

Case A Case B Ono Volunteer 
Ligament 

Strain % Injury Strain % Injury Strain % Injury 

Failure Strain 

% (±SD) 

ALL 10 – 36 + 18 – 31 (±5.9) a. 

AF fibre 16 – 58 + 23 – 60 b. 

FC 25 – 87 + 26 – 

116 (±19.6) a. 

94 (±85) c. 

35 (±21) d. 
Sources: a. Yoganandan, Kumaresan & Pintar (2000), b. Pintar et al. (1986), c. Siegmund et al. (2000b), d. Sub-catastrophic failure, 

Siegmund et al. (2000b). 

 

When the facet impingement for the three cases is considered, the predicted dynamic motion of 

C5/C6 facet surfaces for Case A and the Ono volunteer appear to make such an event possible. Figure 

8 indicates a decrease in the facet surface separation occurs between 40 and 75ms, supporting the Ono 

et al. (1997) facet impingement hypothesis. However, the separation distance of the facet surfaces 

[FPP] and the force on the posterior region of the facet surfaces [BFz] were not found to be good 

predictors of long duration pain. These parameters with poor predictive capabilities had positive 

predictive values close to zero (considering the 95% confidence interval). When the predicted FC 

ligament strain is plotted against the total rear facet surface compression force, an interesting pattern is 

seen in Figure 11. The two Group 3 injury cases in Figure 10, the most severely injured vehicle 

occupants in the study, have shear-dominated motion, which includes positive separation of the facet 

surfaces. 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. 

A similar split in the motion types is found in the lower-severity injury groups with initial pain, and 

no injury. It appears that at the higher impact severities, the shear displacement velocity of C5 with 

respect to C6 becomes great enough that the facet capsular surfaces separate before the extension     

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 

impinge. Figure 11 shows the two regions clearly: the shear injury region due to facet ligament strain 

greater than 40% in the upper right, and the possible facet impingement region related to a predicted 
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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 longer term pain cases (Group 2 and 3) which may have been influenced by the 

compression on the facets. The predicted force on the facet surface in compression is based on the 

assumption in the van der Horst (2002) head and neck model that the facet in compression is twice as 

stiff as the disc. This assumption requires further laboratory-based testing. 
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Fig. 11 – Predicted C5/C6 anterior facet ligament strain plotted with 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 force regions. 
 

SUMMARY 

A detailed C5/C6 motion segment model was used to investigate early AIS1 soft-tissue neck injury 

in rear impacts. This required linking together the results obtained from the four independent studies. 

A C5/C6 motion segment model developed by Gibson (2005) was included in the MADYMO-based 

human head and neck model, van der Horst (2002). 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.  

The C5/C6 model predicted two distinct motions resulting from the crash loads and therefore 

supports the two main hypotheses of early whiplash-associated injury causation: a shear dominated 

motion, Deng et al. (2000b); and, a rotation dominated motion with possible facet impingement, Ono 

et al. (1997). 

The predicted early C5/C6 motion segment component strains resulting from the crashes were 

correlated with the real life AIS1 neck injuries to the vehicle occupants. Good correlations were 

obtained with predicted strain of the model C5/C6 motion segment joint ligaments, with critical levels 

occurring in the anterior facet capsule ligaments. The threshold predicted for long-term pain duration 

as a result of a rear impact was found to be 40% strain of the anterior FC ligaments. The model also 

predicted good correlation between NICmax and the duration of pain following the impact. 
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