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Abstract 

Purpose: Oblique lateral head impacts are common in motorcycle accidents and rollover 

crashes. However, the neck injury mechanisms following this impact have not been thoroughly 

described. This work aimed to characterize the head kinematics and cervical spine injuries from 

oblique lateral helmeted head impacts. Methods: Five post-mortem human surrogates (3 

females) were hit laterally on the head with a 37 kg impactor with an oblique plane generating 

a compressive load. The impact velocities were 4 m/s (3 surrogates) and 5.1 m/s (2 surrogates). 

The surrogates were equipped with accelerometers on the helmets, in the mouth and at the 

sternum. Stereography was used to follow the 3D displacements of markers on the helmet. CT-

scans and dissection were performed after the impact to assess injuries. Results: The most 

frequent injuries were posterior ligament ruptures (2 occurrences) and vertebral lamina 

fractures (2 occurrences). The head maximal accelerations were between 13 and 51 g, and the 

peak impact forces ranged from 1800 to 5600 N. The head maximal lateral bending was around 

30 degrees (4 m/s) or 50 degrees (5.1 m/s). Conclusion: While the measured lateral rotations 

were under the physiological threshold, they were sufficient to cause injuries at the tested 

impact energy level. This suggests that the dynamic aspect of the impact and the combination 

of compression and lateral bending delivered by the oblique impactor are essential in the injury 

mechanism. This novel data will be determinant in understanding cervical spine injuries and 

improving the behaviour of human body models. 

Keywords: Cervical spine, head impact, trauma, neck injury 
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INTRODUCTION 1 
 2 
Cervical spine injuries can lead to severe conditions, including quadriplegia, and 3 

may be sustained from direct head impacts during sports accidents [1,2], motorcycle, 4 

cycling, karting, snow sports or vehicle roll-overs [3,4]. Data on direct head impact is 5 

scarce, and lateral head impacts, in particular, have been seldom studied while they are 6 

common in motorcycle accidents, especially frontal-lateral collisions [5], and in roll-over 7 

crashes [3] which are a common cause of death in karting accidents [6]. The mechanism 8 

combining axial compression with lateral bending is misknown and has not been 9 

reproduced in full human body specimens. There is also no available data on neck injury 10 

tolerance to lateral head impact. Injury criteria in all directions are necessary to 11 

understand the neck injury response, improve the design of protective equipment like 12 

neck braces, and improve automotive safety.  13 

Most previous experimental studies on cervical spine injury have focused on 14 

head-first vertex impact [7–11], axial compression [12,13] or sled impacts including 15 

lateral sled-tests [14–17]. Volunteers test data were used for the development of 16 

anthropometric neck dummies under different directions of loads including lateral 17 

loading [18], but additional biomechanical data and injury risk functions are necessary 18 

to evaluate the biofidelity of the dummies [19]. Yoganadan et al. [20] submitted whole 19 

PMHS and then their isolated head-neck complexes to lateral-flexion moment using an 20 

electro-hydraulic test machine, but they used only two specimens, and none were 21 

injured. Concerning direct head impacts with a lateral force component, Roberts et al. 22 

[3] reproduced roll-over crashes on PMHS and Toomey et al. [4] performed head-neck 23 
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specimens drop-tests on an inclined plane. However, the experimental conditions of 24 

these two studies do not replicate the conditions of a helmeted head-first impact as 25 

seen in motorcycling crashes. The association between helmets and cervical spine 26 

injuries is unclear [21], but considering that helmets influence head and neck kinematics 27 

[22], experimentally reproducing helmeted head impacts is important to better 28 

understand the injury risk in helmeted impact scenarios.   29 

Finite element modeling has been used to gather information on the kinematics 30 

of the cervical spine under complex loadings. For example, Barker and Cronin [23] 31 

simulated oblique impact on a numerical neck model using kinematics data from 32 

volunteer sled test. Neck injury risk curves for lateral sled-impacts were also determined 33 

in a previous finite element study using survival analysis from upper and lower neck 34 

loads [24]. In both these studies, the authors relied on experimental data to assess the 35 

value and credibility of their model. However, these data are scarce or nonexistent for 36 

certain impact directions including helmeted oblique lateral head impacts. 37 

No previous experimental study has attempted to reproduce oblique lateral 38 

head impacts on PMHS. This experimental study objective was to evaluate head 39 

kinematics and cervical spine injuries on human cadavers from a helmeted oblique 40 

lateral head impact representative of a motorcycle or karting accident. 41 

 42 

MATERIALS AND METHODS 43 

Post-Mortem Human Surrogates 44 
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 Five PMHS subjects (3 females and 2 males) embalmed with zinc chloride 45 

solution (41 %) [25,26] were used in this study. Prior to the test and after the 46 

embalmment, PMHS were kept at 6°C. They were between 74 and 91 years old. The 47 

weight, height and neck circumference of the subjects are given in Table 1. The PMHS 48 

were imaged by computed tomography before the impact to check for spinal anomalies 49 

and the C0-T1 length was measured using 3D slicer (http://www.slicer.org) (Table 1). 50 

Prior to the tests, the PMHS heads were manually mobilized in flexion-extension, axial 51 

rotation and lateral bending for 40 cycles in each direction to precondition the neck 52 

tissues. The PMHS were equipped with a medium size Aero helmet (model E11 53 

050023/P-806428 Model FF311) to replicate typical motorcycle or karting roll-overs 54 

conditions. 55 

 56 

Impact Conditions  57 

The impact conditions are summarized in Table 1. The head impacts were 58 

performed by a horizontal impactor (37 kg) propelled by a system of springs. This mass 59 

corresponds to the mass of the head, neck, thorax and arms of a 50th percentile male 60 

[27] and represents an estimation of the load submitted to the head and neck when a 61 

motorcyclist is ejected or during a karting roll-over. Preliminary multi-body simulations 62 

of karting roll-over demonstrated the accuracy of the chosen impactor mass. The 63 

impactor end was a square of 60 by 60 mm. An oblique plane (45 degrees to the 64 

horizontal plane) was designed and added to the impactor (Fig. 1). Oblique impacts 65 

http://www.slicer.org/
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resulting in an important tangential load component are frequent in motorcycle 66 

accidents [5,28] and are replicated in helmet testing [29,30].  67 

[Figure 1 approximate placement] 68 

Two impact zones were chosen: a purely lateral impact and a frontal-lateral 69 

impact where the impact was rotated by 45 degrees in the axial plane. Both impacts 70 

were done on the parietal region at the ¼ superior part of the helmet height (Fig. 1) as 71 

proposed by helmet testing protocols [5,29,31]. Both impact zones are expected to 72 

result in different neck kinematics. The impact velocities were chosen to match standard 73 

helmet testing velocities of 4.5 and 5.5 m/s [29] and previous direct head impact 74 

experimentation [32]. The stroke of the impactor was limited to 10 cm after its initial 75 

contact with the helmet to ensure full neck lateral bending and to not push the head 76 

excessively after the initial contact. The actual experimental stroke was then measured 77 

on the videos (Table 1). The test bench design has been described in a previous study 78 

[32]. In brief, the test bench is made from an isolated car seat and rails fixed onto an 79 

elevation table. The subjects were seated and immobilized with three straps: one under 80 

the armpits, one at the hip and one at the chest and over the arms (Fig. 1). A soft plastic 81 

device was positioned behind the neck of the subject to maintain the head and neck in a 82 

neutral posture before the impact. 83 

[Table 1 approximate placement] 84 

 85 

 86 

 87 
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Instrumentation 88 

The PMHS were equipped with sets of three linear accelerometers (capacity of 89 

±250 g, EGAS S403A-250- /L1.5M, TE Connectivity, Schaffhouse, Switzerland) at the 90 

sternum, in the mouth and the top of the helmet. At the sternum, the accelerometer 91 

was screwed into the bone, at the helmet, the accelerometer was glued with heavy duty 92 

contact glue and, in the mouth, the accelerometer was put in placed and fixed using 93 

spray rigidifying foam. A load cell was placed on the impactor (capacity of ±30 kN, type 94 

9347C, Kistler, Winterthur, Switzerland). The accelerometers and the load cell recorded 95 

at 10,000 Hz. Markers were fixed on the surrogates’ helmets to measure the head 3D 96 

kinematics by stereography (Fig. 1). The impacts were filmed at 1,000 Hz by two high 97 

speed cameras (Fastcam SA3, Photron, San Diego, United States). The software Vic3D 98 

(Correlated Solutions, Irmo, United States) was used for the markers tracking.  99 

 100 

Data Analysis 101 

The accelerometers and force data were filtered with a low-pass second-order 102 

Butterworth filter (cut-off frequency of 1,000 Hz) as recommended by the SAE J211 103 

specifications. The resultant of the mouth accelerations was reported. The helmet 104 

rotation and translation during the impact were measured by using the set of markers 105 

placed on top of the helmet (Fig. 1). The rotation matrix (R) of these points was 106 

measured throughout the test using the Kabsch algorithm [33] and using the position 107 

prior to the impact as the reference point. The rotations were measured from R using 108 
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the roll, law and pitch method using the following equations where R is the rotation 109 

matrix and i is the time step.  110 

 111 

Axial rotation (yaw): 112 

𝑦𝑦𝑦𝑦𝑦𝑦(𝑖𝑖) =
180
𝜋𝜋

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2(𝑹𝑹(2,1, 𝑖𝑖),𝑹𝑹(1,1, 𝑖𝑖) ) 113 

Flexion-Extension (pitch):  114 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ(𝑖𝑖) = 180
𝜋𝜋
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2(𝑹𝑹(3,1, 𝑖𝑖),�(𝑹𝑹(3,2, 𝑖𝑖)2 + 𝑹𝑹(3,3, 𝑖𝑖)2 ) 115 

Lateral bending (roll) 116 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖) =
180
𝜋𝜋

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2(𝑹𝑹(3,2, 𝑖𝑖),𝑹𝑹(3,3, 𝑖𝑖) ) 117 

Injury Analysis 118 

The PMHS were imaged by computed tomography (CT) before and after the impact. The 119 

images were reviewed by a neurosurgeon to check for bone fracture or spine 120 

dealignment. The cervical spines were also dissected by a neurosurgeon after the 121 

impact to assess potential soft tissue injuries. Pre- and post-impact flexibility test was 122 

performed to assess potential cervical spine instability, which may not be visible on the 123 

CT scans or during autopsy.  The head of each PMHS was mobilized manually in flexion-124 

extension, axial rotation and lateral bending without a helmet until a significant 125 

resistance was felt by the experimenter [32]. This significant resistance was subjectively 126 

identified by the experimenter to approximate the head range of motion. Four markers 127 

were glued on the PMHS mask to trace a cranial-caudal vector and right-left vector. The 128 
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mobilization was filmed and Vic3D was used to follow the markers. The head rotation 129 

was calculated as the Euler angle between the initial vector (resting position) and the 130 

current vector at each time step.  The maximal rotation in all the directions was then 131 

calculated before and after the impact. Finally, the peak resultant mouth acceleration 132 

and the peak resultant impact force was plotted in function of the injuries severity. The 133 

severity of the injuries was graded following the AO classification with A types injuries 134 

being less severe than type B and type B less severe than type F [34].  135 

RESULTS 136 

 The injuries found for all PMHS are detailed in Table 2 and Fig. 2 and an AO 137 

classification is give for each injury [34]. Amongst the five surrogates, two had no sign of 138 

injury on the CT-scan images or at the autopsy. Lamina fractures (AO classification A0) 139 

were seen on two subjects at C3 or C7. One case of articular facet fracture was found at 140 

C4-C5 in the contralateral side of the impact and one case of C1 lateral mass fracture 141 

occurred at the ipsilateral side of the impact (AO classification F1). Posterior ligaments 142 

ruptures at the subaxial cervical spine (AO classification B2) were seen on two subjects 143 

at C1-C2 and C2-C3 (PMHS 1) and C5-C6 (PMHS 4).  144 

[Table 2 approximate placement] 145 

[Figure 2 approximate placement] 146 

The post-prior impact differences in range of motion are presented in Fig. 3. The 147 

difference was generally higher in lateral bending as expected, but axial rotation was 148 

also affected. The subjects with no sign of injury (PMHS 3 and 5) had minimal 149 

differences in range of motion.  150 
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[Figure 3 approximate placement] 151 

The results from the impact load cell are presented in Fig. 4. The maximum 152 

resultant force was between 1,800 N (PMHS 2) and 5,600 N (PMHS 4). For all cases, the 153 

force normal to the impactor (Z) was the highest. The force pattern presents two local 154 

maximums for all PMHS except PMHS 4 which is typical for helmet impact absorption. 155 

Increasing the velocity of the impact increased the impact force.  156 

[Figure 4 approximate placement] 157 

The resultant accelerations measured from the linear accelerometers place 158 

inside the surrogates’ mouth are presented in Fig. 5. The resultant peak acceleration is 159 

between 13 (PMHS 2) and 51 g (PMHS 3). Increasing the impactor velocity generally 160 

increased the mouth acceleration. 161 

[Figure 5 approximate placement] 162 

The sternum resultant acceleration was under 7 g for PMHS 2, 3 and 4 while it 163 

reached 73 g for PMHS 1 (Table 3). The amplitude of this acceleration could be 164 

explained by the contact of the helmet on the shoulder or clavicle. In all cases, the 165 

maximum resultant sternum acceleration occurred after the helmet-impactor contact 166 

and after the maximum mouth acceleration. The sternum and helmet acceleration data 167 

for each PMHS are available in Online Ressource. 168 

[Table 3 approximate placement] 169 

The helmet 3D range of motions is presented in Fig. 6. As expected, lateral 170 

bending was the most important motion and flexion-extension was limited. Lateral 171 

bending was accompanied by axial rotation (around 10 degrees), which is normal 172 
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considering the anatomy of the cervical spine and the 3D orientation of the articular 173 

facets. As expected, increasing the velocity of impact from 4 to 5.1 m/s increased the 174 

lateral range of motion from approximately 30 degrees to about 50 degrees.  175 

[Figure 6 approximate placement] 176 

The helmet 3D translations are presented in Fig. 7. Increasing the velocity of 177 

impact (from 4 to 5.1 m/s) increased the lateral translation as expected: from around 178 

200 mm to 300 mm. Data are missing at the peak of motion for PMHS 3 and 5 because 179 

the markers exited the field of view of the cameras.  180 

[Figure 7 approximate placement] 181 

The relationship between the severity of the injuries and the head acceleration or the 182 

impact force represented in Fig. 8 did not yield any particular pattern.  183 

[Figure 8 approximate placement] 184 

 185 

DISCUSSION 186 

This study conducted direct lateral head impacts with an oblique impactor on 187 

five helmeted PMHS and collected unique data on head kinematics and the resulting 188 

cervical spine injuries. Very few studies reproduced lateral neck injuries on full-scale 189 

subjects as can be noted from Booth et al. [35] review. Therefore, these experimental 190 

tests provide new data to understand dynamic head impact and lateral neck loadings 191 

and to establish relevant lateral neck injury criteria. Future studies could use these data 192 

to validate finite element models which could then be used to further our knowledge of 193 

spinal injuries or to test protective devices.  194 
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The accelerations and forces measured were consistent within the tests 195 

performed at the same velocity (4 or 5.1 m/s). The mouth accelerations (13 – 51 g) and 196 

the resultant impact loads (1,800 – 5,600 N) increased with the speed of the impact. 197 

Compared to a previous study on rear-head impact performed at similar velocities [32], 198 

the resultant accelerations in this study were smaller probably due to the neck higher 199 

rigidity in lateral bending [36]. The impact loads were higher for the oblique lateral tests 200 

than for rear-head impact on PMHS: 1,800 – 2,700 N [32]. Melnyk et al. [37] performed 201 

compressive loads at various lateral eccentricity on specimens of two functional spinal 202 

units and obtained compressive loads between 699 N and 6,207 N which is similar to 203 

our results even though the loading conditions are quite different. Hybrid III dummy 204 

drop-tests reproducing a helmeted cyclist ejection accident measured an upper neck 205 

force of approximately 2,000 N in compression and 450 N in shear for a lateral impact at 206 

2.48 to 2.65 m/s [38] which is similar to the loads we obtained at the impactor for 207 

similar velocities. 208 

The most frequent injuries detected here were: rupture of the posterior 209 

ligaments and fracture of the lamina. These injuries were consistent with previous 210 

results on car rollovers that produced mostly unilateral soft tissues injuries [3]. The 211 

lamina fractures were also consistent the observations of Whyte et al., [39] who 212 

performed a series of experiments on functional spinal units under anterior, posterior 213 

and lateral shear forces and reported contact between the articular facet and the 214 

lamina at the intervertebral level for functional spinal units submitted to lateral shear 215 

and compression. Fracture of the lamina was also frequently reported in an 216 
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experimental study performing inverted head-neck specimens drop on an 15 degrees 217 

inclined surface at 2.91 - 3.26 m/s [4]. In the present study, only one PMHS was 218 

subjected to the frontal-lateral impact (case 5), but while the measured impact loads 219 

were higher than for cases 1 and 2 performed at the same velocity, no injury was 220 

detected. This may be due to the higher flexibility of the cervical spine in extension 221 

compared to lateral bending.  222 

Interestingly, PMHS 4 experienced high head acceleration and impact force, but 223 

did not sustain any visible injury, while PMHS 1 and 2, which experienced the lowest 224 

impact forces and head accelerations, sustained vertebral fractures. This is likely due to 225 

variability between subjects. For instance, PMHS 1 and 2 were both females weighing 226 

approximately 65 kg, whereas PMHS 4 was a male weighing 78 kg. Indeed, females are 227 

less resistant to compressive injuries [39]. These results illustrate that interindividual 228 

differences (sex, age, height, weight) have an important influence on injury vulnerability 229 

and emphasize the need to account for individual parameters in the development of 230 

injury criteria. Future studies combining numerical modeling and experimentations 231 

should be done to investigate further the relationship between impact metrics, for 232 

example head acceleration, and injuries. 233 

Previous studies on compressive loading combined with lateral eccentricity 234 

performed on functional spinal units reported that low eccentricity results in hard tissue 235 

injury, while higher eccentricity leads to more soft tissue injury including intervertebral 236 

disc and ligament injuries [37,39]. In this study, while the number of specimens is 237 

limited, we observed a roughly equal number of soft and hard tissue injuries. 238 
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Considering the typology of the obtained fractures, they result from the lateral and 239 

compressive loads applied to the spine.  240 

Neck range of motion was measured before and after the impact as post-241 

traumatic range of motion is an important indicator of cervical spine injuries. While it 242 

was measured manually, which does not allow the operator to control the applied loads 243 

and is subjective, the results showed higher differences in range of motion for subjects 244 

with ligamentous injuries, which is consistent with clinical observations [40]. The PMHS 245 

with no sign of injuries showed little to no increase of range of motion which suggests 246 

that the PMHS were indeed not injured. Both the lateral and axial rotation range of 247 

motion were increased after the impact, for PMHS 1 and 3, showing the posterior 248 

ligaments contribution to both motions.  249 

The normal force (Fz) was always greater than the tangential force (Fy) with a 250 

ratio of 1/9 to 1/2. The head maximum translation was negligible in the antero-posterior 251 

and cranial-caudal directions and reached 200 – 300 mm in the lateral direction. PMHS 4 252 

experienced the highest lateral translation but did not show any sign of injury. Since this 253 

subject had the highest C0-T1 length, it points out that these values should be put in 254 

relation to the individual morphology. However, data on injury threshold for translation 255 

is missing, while it would be useful to better understand the injury mechanism. The 256 

average neck lateral bending measured on healthy volunteers wearing a helmet is 257 

between 37±8.7 degrees (right) or 41.8±6.6 degrees (left) [33], while the peak lateral 258 

bending reached 50 degrees during the impact. Therefore, the measured peak lateral 259 

bending in this study was within the physiological range showing that lateral bending 260 
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alone is not responsible for the injuries. Head lateral bending was combined with axial 261 

rotation similarly to Barker and Cronin [23] in their oblique sled-impact simulations who 262 

reported a combination of head forward excursion, lateral bending and axial rotation 263 

during the impact, but the axial rotation was limited to 10-20 degrees. Since the cervical 264 

spine range of motion is within physiological value, the impact compressive component 265 

appears to be essential in the injury mechanism.  266 

As with any experimental work, this study presents limitations. First, this study 267 

was performed with PMHS wearing a helmet, which influences the kinematics and injury 268 

response and limits its transferability to unhelmeted head impact. The PMHS were 269 

between 74 and 91 years old, while high-energy traumatic spine injuries occur more 270 

frequently to younger individuals [41]. Aging leads to degeneration of the tissues and 271 

stiffening of the cervical spine [42] which affects its response to injury. Still, the number 272 

of elderly worldwide is increasing and it is important to improve our knowledge of how 273 

the elderly spine behaves in traumatic conditions. The embalmment process may lead 274 

to changes in the tissue mechanics that have not been thoroughly studied due to the 275 

newness of the Zinc Chloride usage. However, the muscles remain subjectively flexible 276 

[25]. While muscle activation is important to hold the head and neck posture while 277 

wearing a helmet, it was not present in this experiment. Muscle activation, which has 278 

been reported at 50 to 100 ms after impact, also influences head kinematics by limiting 279 

head displacement [23]. However, for high-velocity head impact, the effect of the 280 

osteoligamentous structures are more important [43]. The surrogates were strapped to 281 

the seat to limit torso motion and isolate neck motion. As a result, the torso boundary 282 
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conditions may differ from those in motorcycle or karting crashes, where the torso is 283 

not restrained. Pre- and post-flexibility testing was performed manually. The results are 284 

therefore subjective to the experimenter and should be treated as an approximation of 285 

the PMHS head range of motion.  286 

The number of surrogates was limited as is often the case with cadaveric studies, 287 

but finite element modeling could be used to generate more data. Simulation could also 288 

be used to investigate the biofidelity of the obtained neck responses since similar 289 

experiments are absent in the literature. The sensors and video analysis enabled us to 290 

follow the helmet and head motion, but the intervertebral displacement is left unseen. 291 

Future tests using fluoroscopy to visualize the cervical spine movement should be 292 

performed to distinguish how the applied impact is distributed along the spine and 293 

identify injury mechanisms like spine buckling or intervertebral shearing.  To compare 294 

the results to injury thresholds, for example the eccentricity criteria developed by 295 

Whyte et al. [39], it appears interesting to use finite element modeling to measure how 296 

the global impact relates to loads and displacements at the intervertebral level.  297 

To conclude, the present study reports the head kinematics and cervical spine 298 

injuries for five PMHS following oblique lateral and frontal-lateral impacts, which are 299 

impact scenarios that have seldom been reproduced experimentally. The impact loads 300 

were between 1,800 N and 5,600 N, and the mouth peak acceleration was between 13 301 

and 51 g. The head kinematics demonstrate that oblique lateral head impact is 302 

accompanied by head axial rotation (approximately 10 degrees). The maximum lateral 303 

bending was around 30 degrees for impact at 4 m/s and around 50 degrees for impacts 304 
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at 5.1 m/s. Cervical spine injuries were present even for lateral bending within 305 

physiological threshold, demonstrating that injuries can occur even for low lateral 306 

rotation. The normal loads were two to nine times higher than the tangential loads, which 307 

suggests that the compression mechanism is determinant in the injury occurrence. To 308 

conclude, the results are of significant value to understand cervical spine injury 309 

mechanisms and to validate and develop finite element models to support design and 310 

new evaluation procedures for safety devices.  311 

 312 
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 430 
Fig. 1 - Experimental set-up. A) Experimental bench and subject immobilization straps in 431 

blue. B) Impactor and markers position. C) Impact zones.  432 
 433 
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 435 

 436 

Fig. 2 – Schematic representations of the injuries found on the post-mortem human 437 
surrogates after impact. Fractures are situated by red circles and ligamentous injuries by 438 

red dashes. 439 
 440 
  441 
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 442 
Fig. 3 - Differences in head range of motion measured by manual rotation before and 443 

after the impact 444 
 445 

  446 
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Fig. 4 - Forces measured at the impactor. The Z axis is normal to the impactor and Y is 447 
tangential to the impactor 448 

 449 
  450 
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 451 
Fig. 5 - Resultant mouth accelerations for each of the post-mortem human surrogates 452 

  453 
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 454 

  

 

 

 

 455 
Fig. 6 - Helmet range of motions. Lateral bending is positive towards the left (away from 456 
the impactor), flexion is positive and axial rotation is positive towards the left. Data are 457 

missing at the apex of the motion for PMHS 3 and 5.    458 
  459 



27 

Fig. 7 - Helmet translations for each of the subjects. The right-left translation is positive 460 
in the left direction, the antero-posterior translation is positive in the anterior direction 461 
and the cranio-caudal translation is positive in the cranial direction. Data are missing at 462 

the apex of the motion for PMHS 3 and 5.  463 
 464 
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 465 
 466 

Fig. 8 – Peak resultant force and peak resultant mouth acceleration relative to injury 467 
severity.  The injuries were placed in increasing severity from left to right following the 468 

AO Classification.  469 
 470 
 471 
 472 

 473 
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Table 1 Surrogates’ information and impact conditions 474 
 475 

PMHS 
numb
er 

Impact 
configurati

on 

Velocit
y of 

impact 
(m/s) 

Measur
ed 

Impact 
stroke 
(cm)  

Gend
er 

Ag
e 

Heig
ht 

(cm) 

Weig
ht 

(kg) 

Neck 
circumferen

ce (cm) 

Neck 
Lengt
h (C0-

T1) 
(cm) 

Trabecul
ar bone 
mineral 
density 
(mg/cc) 

1 Lateral 4 16 F 79 161 67 41 12 316 

2 Lateral 4 9 F 74 159 64 47 10.8 475 

3 Lateral  5.1 16 M 79 172 78 53 11.7 384 

4 Lateral 5.1 13 M 91 175 78 46 12.8 212 

5 Frontal-
lateral 

4 10 F 82 154 56 38 10.9 295 

 476 
  477 
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Table 2 Surrogates’ injury report 478 
 479 
PMHS 
number 

Injuries found at autopsy Injuries found on CT-scan 
images 

AO Classification 

1 Rupture of posterior ligaments 
at C1-C2 and C2-C3 
Fracture at C4-C5 articular 
facet (left, opposite side from 
impact) 

Lamina fracture at C7 
Fracture of right lateral 
mass at C1 

F1 (C4-C5) 
F1  (C1) 

B2 (C1-C2 and C2-
C3) 

A0 (C7) 
2 No visible sign  Lamina fracture at C3 A0 
3 Rupture of posterior ligaments 

at C5-C6 
No visible sign B2 

4 No visible sign No visible sign - 
5 No visible sign  No visible sign - 

  480 
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Table 3 Sternum maximum resultant acceleration  481 
 482 
PMHS 1 2 3 4 5 
Max 
acceleration 
(g) 

73 3.5 4.4 6.8 ERROR 

Time of 
maximum 
acceleration 
(ms) 

12.4 12.1 18.4 22.5 ERROR 

 483 
 484 




