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EXECUTIVE SUMMARY 

The aims o f  t h i s  r e p o r t  were: 1) t o  r ev iew t h e  

l i t e r a t u r e  d e s c r i b i n g  t h e  a n t h r o p o m e t r y  o f  c h i l d r e n  and 
t h e i r  b iodynamica l  r e s p o n s e  t o  impact; 2)  t o  s imula t e  a r e a l  
c h i l d  p e d e s t r i a n  impact u s i n g  t h e  computer  program MADYMO; 

and 3)  t o  r e l a t e  t h e  r e s u l t s  o f  t h i s  s i m u l a t i o n  t o  t h e  
i n j u r i e s  s u s t a i n e d  by t h e  c h i l d ,  w i t h  s p e c i a l  r e f e r e n c e  t o  
any  head i n j u r i e s  s u s t a i n e d .  

examining t h e  b iomechan ics  of a p e d e s t r i a n  s t r u c k  by a motor 
v e h i c l e .  I t  u s e s  d e t a i l e d  d a t a  d e s c r i b i n g  t h e  a n t h r o p o m e t r y  
of  t h e  p e d e s t r i a n  and t h e  f o r c e - d e f l e c t i o n s  c h a r a c t e r i s t i c s  
o f  i n d i v i d u a l  body segments .  Given t h i s  d a t a ,  and 
a d d i t i o n a l  i n f o r m a t i o n  d e s c r i b i n g  t h e  s h a p e  and v e l o c i t y  o f  
t h e  s t r i k i n g  v e h i c l e ,  MADYMO w i l l  p r o v i d e  a g r a p h i c a l  
r e p r e s e n t a t i o n  o f  t h e  impact e v e n t ,  t o g e t h e r  w i t h  v e l o c i t i e s  
and a c c e l e r a t i o n s  o f ,  and f o r c e s  a c t i n g  on ,  c h o s e n  body 
segments .  

While i n f o r m a t i o n  d e s c r i b i n g  t h e  a n t h r o p o m e t r y  of  
c h i l d r e n  is r e a d i l y  a v a i l a b l e ,  t h e  l i t e r a t u r e  r e v i e w  found 
v e r y  few s o u r c e s  which d e s c r i b e d  t h e  impac t  r e s p o n s e  o f  
c h i l d r e n .  I n  a d d i t i o n ,  t h e  b i o m e c h a n i c a l  parameters 
o b t a i n e d  from these s o u r c e s  were n o t  d i r e c t l y  appl icable  t o  
t h e  MADYMO program. C o n s e q u e n t l y  w e  were f o r c e d  t o  u s e  
f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c s  o b t a i n e d  from a c h i l d  
a n t r h o p o m e t r i c  dummy. 

b r a i n  i n j u r i e s  c o n s i s t e n t  w i t h  e x p o s u r e  t o  h i g h  l e v e l s  of  
r o t a t i o n a l  a c c e l e r a t i o n .  The s i m u l a t i o n  o f  t h i s  impact 
showed good ag reemen t  w i t h  t h e s e  i n j u r i e s .  I n  p a r t i c u l a r ,  
t h e  f o r c e s  a c t i n g  on t h e  head were s u f f i c i e n t  t o  have  
produced  a s k u l l  f r a c t u r e  and t h e  r o t a t i o n a l  a c c e l e r a t i o n  of 
t h e  head was above c u r r e n t l y  a c c e p t e d  t o l e r a n c e  l i m i t s .  

The computer  program, MADYMO, is  a v e r s a t i l e  t oo l  f o r  

The c h i l d  p e d e s t r i a n  s u f f e r e d  a s k u l l  f r a c t u r e  and 
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lmmuJmIaa 
The NH&MRc Road Accident Research U n i t  is oonducting a long-term study 

of the mechanism of brain injury i n  pedestrian crashes (Gibson et al., 

1985). Data f o r  this study, which comnenced in  1983, are obtained from 

f a t a l  pedestrian crashes occurring in  the Adelaide metropolitan area. 

s ign i f icant  proportion of the cases studied so f a r  have involved children. 

This is not surprising s ince they are a high r i sk  group for this type of 

accident. The -11 s ta tu re  of a child pedestrian resu l t s  i n  an impact 

event which is kinematically qui te  d i f fe ren t  f r an  that which occurs when an 

adul t  pedestrian is struck by a passenger vehicle. Consequently, there are 

differences in  the patterns of injury. The chi ld  is mre l ike ly  to sustain 

thoracic or abdominal injur ies ,  since thcse body regions are d i r ec t ly  

impacted, and is also more l ike ly  to be thrm i n  f ront  of the vehicle, 

thereby increasing the r i s k  of head injury from s t r ik ing  the road surface 

and also increasing the r i s k  of being subsequently run over by the  vehicle. 

The purpose of t h i s  project is to review the l i t e r a t u r e  on chi ld  

impact tolerances by body region, with par t icular  reference to the head, 

and to prepare a data  set for the MADm canputer simulation program which 

w i l l  adequately describe a co l l i s ion  between a chi ld  pedestrian and a car. 

A 

lIIEMmm3pBX;RApI 

MADYMO is a crash victim simulation ccanputer program which has been 

developed by t h e  Research I n s t i t u t e  f o r  Road Vehicles of TNO, i n  The 

Netherlands (Maltha and W i s m a r k ,  1980). This program is a versa t i le  tool  

f o r  the investigation of the biomechanics of impact, fo r  either vehicle 

occupants or pedestrians. The program requires input data tha t  describe the  

relevant character is t ics  of the vehicle s t ructure  and the inpact victim. 

The NH&MRc Road Accident Research Unit took delivery of the two-dimensional 

(2D) version of the program in  1983. Following sane modifications to the  
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dataset, the program has been used to simulate adult  pedestrian accidents. 

The input data required to describe the characteristics of the pedestrian 

are of two types: anthrapanetric (e.g., overall  height and lengths of body 

segments, and weight ; these dimensions are usually obtained a t  autcpsy) 

and bianechanical (e.g., estimates of the s t i f fnes s  of jo in ts  and body 

segments obtained frcm a review of the relevant l i t e r a tu re ) .  

This two dimensional model had been shown previously to provide an 

adequate s h l a t i o n  of the pedestrian/vehicle collision when a 7 segment 

d e l  of the pedestrian w a s  used (van Wijk et  al., 1983). The NA&MRc Road 

Accident Research Unit has developed a 9 segment model of the pedestrian 

with s t i f fnes s  characteristics closer to those of an adult  pedestrian. !Phis 

model has been validated by Gibson et  al. (1986) using r e su l t s  f ran cadaver 

tests reported by Backaitis et al. (1983) and C e s a r i  et  al. (1985). 

I n i t i a l l y  we thought tha t  a s h l e  col l is ion between a car and a 

pedestrian would be able to be modelled adequately using a 2D simulation. 

Hawever, it was apparent i n  the cadaver tests conducted by C e s a r i  et a l .  

(1985) tha t  when a pedestrian is struck on the s ide  by the f ront  of the car  

there is considerable rotation of the upper torso about its longitudinal 

axis before the head inpacts the car. Furthennore, we became increasingly 

interested i n  being able to measure the rotational acceleration imparted t o  

the  head on impact. For these  reasons we obtained a copy of a three-  

dimensional (3D) version of MADW which w a s  released i n  1985/86 (Wismans 

et al., 1985). mile the 3D version does enable us to carry out a more 

r e a l i s t i c  simulation of the pedestrian/car collision it also places greater  

demands on the user t o  provide mre detailed input data. 

The h m  body as represented by MADYMD caprises nine segments: the 

head, neck, thorax, abdanen, pelvis, thighs and lower legs (see Appendix). 

For each of these segnients the following parameters are  needed: length, 

mass, the location of the centre of mass and the nrments of iner t ia  about 
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each of the major axes. The response to  impact f o r  each segment is defined 

by the user i n  terms of forcedeflect ion relationships. The user also 

defines j o i n t  s t i f fnes s  character is t ics  i n  force-angular deflection tern.  

The length of each body segment can usually be obtained by d i r e c t  

measurement. When t h i s  is not possible estimates can be obtained f ran  

published data f r an  anthropometric surveys. However, i n  a review of sources 

of chi ld  anthropanetric data,  Snyder et al. (1974) noted that there  w a s  a 

ccmplete lack of data for a number of functional measures which would be 

required by industr ia l  designers. Subsequently, Snyder et  al. (1977) 

conducted a survey which  provided much of the anthropometric data required 

by the  W Y M O  m p u t e r  program (Figure 1). 

The  mass of each body segment can be est imated using regress ion  

equations derived by Jensen (1986). This paper also provides regression 

equations f o r  the radius of gyration of various body segments f ran  which 

estimates of m n t s  of inertia about the three principal axes can be 

derived. 

BI~BXWICAL nwn RELEKW m CHI- 

mile the anthropmetric requirements of the WW prqram can be met 

reasonably well by d i r e c t  measurement, supplemented by the  current 

l i t e r a tu re ,  the data required to describe the impact response of each body 

segment is much mre d i f f i c u l t  to  obtain. 

The response of l iv ing  humans to impact can only be investigated 

experimentally a t  non-injurious levels. The available biomechanical data on 

the response of the human body to injurious levels  of inpact has been 

primarily obtained from tests conducted on cadavers. However, the data  

obtained f ran  such tests do not reflect the t rue  biodynamic response of a 

l iving human because of factors  such as the  absence of any mscle ac t iv i ty  

i n  cadavers. The data obtained fran cadaver tests is also not 
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-?.-->*. - .----(- I -  - . L E  x:*.-i: 
1.  Occipital Condyle. 
2 .  Seventh Cervical Spine .  
3 .  Acromioclavicular Jo in t .  
4 .  I l iac  Crest. 
5 .  Hip Joint  (Greater Trochanter) 
6 .  Femoral-Tibial Jo in t .  
7 .  Heel. 

Figure 1 : Anthropometric measurements 
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representative of the general population since most cadavers used i n  these 

tests are those of older adults. There has been cmparatively l i t t le  work 

done using chi ld  cadavers and consequently the l i t e r a tu re  fran which child 

biunechanical data can be obtained is quite sparse. 

Stur tz  (1980) carried cut an extensive review of the medical and 

technical literature relat ing to the  bianechanical response of children to 

impact. However, very few of the force-deflection character is t ics  required 

by the  MADmo program are available i n  t h i s  review. There is information 

on the  resu l t s  of impact tests on the  6th and 7th ribs of children under 

the age of 14 years which indicated an average breaking load of 234N at a 

deflection of 15 to 20 m. Sturtz  also reported the resu l t s  of post-mrtem 

seat-belt tests conducted on child cadavers which indicated that forces of 

4000 t o  5400 N were generated without any i n j u r y  being observed. No 

estimates of the deflection caused by these inpacts w a s  given however. 

Curry and Butler (1975) conducted a series of tests on the femurs of 

18 subjects ranging in  age fran two to  48. They concluded tha t  althcugh the 

femurs of children had a lmr modulus of e l a s t i c i t y  and lmr  bending 

strength than adults,  they did tend to deflect  more before breaking. They 

also absorbed mre energy a f t e r  f racture  than did adul t  femurs. 

Martin and Atkinson (1977) carried cut tests on four Cross-sectional 

specimens fran the left femurs of 37 cadavers. These cadavers ranged i n  

age fm two and a half to 82 years but only three were children (15 years 

or younger). 

The bianechanics of head impacts suffered by children i n  f a l l s  was 

examined by Mohan et al. (1979). Thirty cases involving children 10 years 

of age or younger who had fa l len  head first onto  a f l a t  surface were 

examined, with 6 of these cases being simulated using the MVMA Crash V i c t i m  

Simulation amputer  program (Bawman et  al., 1979). I t  w a s  assumed t ha t  the 
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stiffness of child skul l s  w a s  less than the s t i f fnes s  of adult  s k u l l s  

because calcification of the human sku l l  continued u n t i l  adulthmd. The 

authors estimated child sku l l  dynamic s t i f fnes s  by assuming the  following:, 

t ha t  the static loading curve for a chi ld 's  head would be of a similar 

shape to  tha t  of an adult; the  relationship between static loading and 

dynamic loading would be the same f o r  children as that already determined 

fo r  adults; the deflection a t  the end of the f i r s t  static loading s e g e n t  

( the elastic range) would be proportional to the length of the  head; and 

t h a t  t h e  ra t io  of c h i l d  static s k u l l  s t i f fness  to a d u l t  s ta t ic  s k u l l  

s t i f fnes s  could be estimated as a function of age. Mohan et al. presented 

a curve of agedepedent  static head s t i f fnes s  which indicated tha t  by the  

age of 7 years a chi ld  would have a static skul l  s t i f fnes s  which would be 

70 per cent  of that of an adult. By the  age of 13 years this would have 

increased to 90 per cent. Head accelerations a t  impact were also calculated 

and 200-2509 w a s  suges t ed  as a tolerance range for AIS = 2 injuries.  

S t u r t z  (1978) investigated 10 chi ld  pedestrian crashes and simulated 

them using an Alderson VIP 6 d-. Frow the r e su l t s  of these tests he 

suggested a head impact acceleration of 50 g for 15-20 msec as a tolerance 

l e v e l  associated wi th  unconsciousness f o r  a du ra t ion  of less then 15 

minutes. 

SIMJiATIa OF A CFlILD PB]eSICIZIAN CRMZi 

A child pedestrian crash has been chosen fo r  simulation fran the f i l e s  

of the NH&W Road Accident Research Unit  Head Injury Study. The vehicle 

involved w a s  a Datsun traytop u t i l i t y .  The child,  an 8 year old male, ran 

across t h e  road and into t h e  pa th  of t h e  oncoming veh ic l e  which w a s  

estimated to be t ravel l ing a t  50km/h at  impact. 

The c h i l d  was struck on the l e f t  side and sustained a s k u l l  f racture  

i n  the l e f t  anter ior  cranial  fossa; a closed fracture  of the  l e f t  radius 
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and ulna; extensive lacerations 

of the left kidney; scme bruising on the outside of the r ight  kidney; a 

left peritoneal haematcma and a ruptured spleen. Externally there were 

abrasions dis t r ibuted over most parts of the body, mostly caused by contact 

w i t h  the road. A neuropathological examination of the brain w a s  conducted 

and revealed, macroscopically, a laceration of the left infer ior  f ronta l  

lobe; scattered patchy cortical contusions, the largest involving the 

superior surface of the l e f t  f ron ta l  lobe; hemorrhages i n  the left f ronta l  

lobe, corpus callosum and the rostral pons; and small b i l a t e ra l  gl iding 

contusions (bridging vein ruptures). A microscopic examination of the brain 

did not reveal any additional s ign i f icant  injuries.  The methcdolcgy of the 

n e u ~ t h o l o g i c a l  examination is described i n  G i b s o n  et al. (1985). 

a lacerated left lower lobe of the lung; 

A l l  of the major in jur ies  were probably caused by the i n i t i a l  impact 

w i t h  the vehicle rather than by contact w i t h  the road surface. 

Damage to  the vehicle w a s  confined to the f ront  dr iver ' s  s i d e  corner. 

There w a s  a large dent, 180 x 240 inn, i n  the  bonnet of the vehicle centred 

approximately 200 mm from t h e  r i g h t  f ront  fender  and 120 nun from t h e  

leading edge of the bonnet. There w a s  no displacement of the leading edge 

of the bonnet itself. The brnnper bar was dented, the point of max- 

deflection being 120 mn fram the r igh t  hand end of the brnnper bar. The 

height of the lower edge of the brmper bar was 535 mn, the upper edge 

635 inn, and the height of the bonnet leading edge was 865 nun. 

The c h i l d  weighed 21 kg and was 1190 mm ta l l .  The body segment 

l eng ths ,  mass d i s t r i b u t i o n  and moments of i n e r t i a  used i n  the MADYMO 

simulation are l i s t e d  in  Table 1. 

A s  already s ta ted  i n  the preceding section, the available l i t e r a t u r e  

does not provide adequate data  on e i t h e r  the forcedeflect ion or the joint- 
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stiffness characteristics required by MAD'IMO. In order to  proceed with a 

simulation of a real chi ld  pedestrian accident the j o i n t  and boay segment 

stiffness charac te r i s t ics  of a chi ld  anthropanetric dumny have been used. 

'QBIJ3 1: Length, Mass and Manents of Inertia for each Body Segment. 

H e a d  139 2.16 .0041 .0041 .0041 

Neck  94 0.75 .0008 .0008 .0008 
Thorax 168 6.05 .0075 .0075 .0023 
Awanen 127 2.64 .0034 .0034 .0010 
Pelvis 63 2.40 .0059 .0059 .0018 
Thigh 286 2.06 .0129 .0129 .0032 
Lawer leg 312 1.44 .0158 ,0158 .0040 

S l 8 u u x r I r n ~  
The g r a p h i c a l  ou tput  from t h e  MADYMO s imula t ion  of t h i s  case is 

presented i n  the  appendix to t h i s  report. The kinematic representation is 

for the  f irst  200 mec of the  impact event calculated at  10 msec intervals. 

G r a p h s  of the  resu l tan t  l i nea r  acceleration and the resul tant  angular 

acceleration of the head are also presented, together with the resul tant  

force on the  head due to impact with the  bnnet, the resul tant  torque a t  

the top of the neck (occ ip i ta l  condyles), and the resul tant  velocity of the 

head during the impact event. A surnnary of the maximum values for each of 

these parameters is given i n  Table 2. 

The values  in  Table 2 are consistent with the head i n j u r i e s  observed 

a t  autopsy. The 214 g maximum head acceleration is within the  50-300 g 
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tolerance range f o r  adul t  brains ( Interdiscipl inary Working Group f o r  

Accident Mechanics, 1986).  S t u r t z  (1980) used s c a l i n g  techniques to 

estimate to le rance  l i m i t s  f o r  6 yea r  o l d  ch i ldren .  Using to le rance  

criteria derived f r an  the W a y n e  State Curve, which s t i pu la t e s  t ha t  head 

acceleration should not exceed 80 g for mre than 3 mec, Stur tz  suggested 

a tolerance limit f o r  6 year olds  of 82.1 g. The Wayne State Curve is, 

however, based on data derived from tests on animals (dogs), cadavers, and 

human volunteers (Newman, 1980) and therefore any criteria derived fmm it 

should be t reated with sane caution. 

TABU3 2: Maximum Values of Kinematic Variables 

Kinematic variable Time Maximum value 

Linear  acceleration of head 46.25 msec 2096 m/sec/sec 
(214 g )  

Angular acceleration of head 46 msec 24973 rad/sec/sec 

Force on head during 46.5 msec 3451 N 

Torque at  occ ip i ta l  condyles 36 msec 81 Mn/rad 

Velocity of head 97.25 msec 19.8 dsec 

impact with bonnet 

The maximum rotat ional  acceleration of the head occurs when the head 

s t r i k e s  the bonnet of the vehicle. The canputed value of 24973 rad/sec/sec 

fa r  exceeds the cerebral  concussion tolerance l i m i t  of 1800 rad/sec/sec 

suggested by Ommaya and Hirsch (1971) for adu l t s .  S t u r t z  (1980) has 

derived, v ia  scaling techniques, a value of 1823 rad/sec as a tolerance 

l i m i t  f o r  a 6 year old child. If the value ccanputed by MADYMO is correct, 

the chi ld  should have sustained severe brain in jur ies  of the type normally 

associated with rotat ional  acceleration: diffuse axonal injury and 

micro-haemorrhages. Hmver ,  d i f fuse  axonal injury develops with time and 

2 
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is, therefore, more evident i n  head injury victims who survive f o r  much 

longer periods than the one hour survival t i m e  i n  t h i s  case. me 
macroscopically evident petechial hamr rhages  i n  the corpus callosum, and 

the b i l a t e ra l  gl iding contusions are, hmever, indicative of rotat ional ly  

induced injury (Lawenhielm, 1973). 

The MADW output includes an estimated maximum t o y e  of 81 W r a d  a t  

t h e  o c c i p i t a l  condyles. Mertz and P a t r i c k  (1971) computed whiplash 

tolerance l i m i t s  of 57 Nm for ex tens ion  and 190 Nm for f l e x i o n  from 

experiments conducted on adul t  volunteers and cadavers. Based  on these 

tolerance l i m i t s  the ccanputed torque at  the occipital condyles would be 

unlikely to have produced s ignif icant  injury. 

The force on the head at  impact, as calculated by MAD'YMO, w a s  3451 N 

which exceeds the  minimal force for fracture  tolerance of 2000 N fo r  the  

tempowparietal region of adul t  skul l s  derived experimentally by Schneider 

and Nahum (1972). Consequently, the force predicted by MADYMO w a s  

suf f ic ien t  to produce a s k u l l  f racture  i n  the left anterior fassa. The 

laceration of the  l e f t  inferior f ronta l  lobe of the brain is associated 

with t h i s  fracture. 

oxwxmlm 
A review of the literature related to child impact biomechanics has 

f a i l e d  to  produce meaningful d a t a  from which body region and j o i n t  

s t i f fnesses  can be determined. The body region arid j o i n t  s t i f fnes s  data 

f ran a chi ld  anthropometric test device has therefore been used to provide 

the necessary data f o r  the MADYMO Crash V i c t i m  Simulation oanputer program. 

A real child pedestrian crash has been simulated using MADYNO. The r e su l t s  

of t h i s  s imula t ion  are c o n s i s t e n t  wi th  t h e  i n j u r i e s  observed a t  t h e  

autopsy. The resu l t s  of the detailed neuropathologic examination of the 
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chi ld ' s  brain have revealed s igni f icant  in jur ies  which have been associated 

with exposure to high levels  of rotat ional  acceleration. 

Fur ther  work on the simulation of chi ld  pedestrian crashes as a means 

of investigating the  mechanism of brain injury to chi ld  pedestrians, w i l l  

involve capar i son  of body region and j o i n t  s t i f fnes s  data  based on s imilar  

data  f ran  adul t  cadavers with the s t i f f n e s s  data derived from 

anthropanetric d m i e s .  
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