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Thi s paper descri bes the devel opment of a mathemati cal crash vi ct im  s imul ati on 
model ( MADYMO based ) used to predict the characteri stics  of the head i mpact i n  
real pedestri an acc i dents . The model forms the connecti on between the acci dent 
ci rcumstances and a detai l ed anal ys i s  of the head i njuri es i n  sel ected fatal 
pedestri an acci dents .  These acc idents are bei ng i nvesti gated as part of an on­
going project i nto the mechani sms of head i njury i n  road acci dents . 

The pedestr i an model i s  based on a combi nation of measurements taken at autopsy 
and estimat i on from publ i shed data to descr i be the anthropometry of the victim.  
Avai l ab l e  human and c adaver data are used for the contact sti ffnesses and joi nt 
characteri sti cs . 

A compari son between the model pred i cti ons and the resul ts of a seri es of 
pedestri an acci dent reconstructi ons  usi ng cadavers i s  made . The compari son 
demonstrates that thi s rel ati vely s i mp l e  two dimensi onal s imul ati on can 
rel i ably predict the t i mi ng ,  pos i t i on and ve loc i ty of the pedestri an head 
i mpac t .  Some l i mi tat i ons  of the model are di scus sed . 

l .  I NTRODUCTION 

The NH&MRC Road Acci dent Research Un it  i s  undertaki ng a major mul t i d i sci pl i nary 
study of head i nj ury i n  road acci dents ( l ) * .  The objecti ves are to i ncrease 
our understand ing  of the mechani sms of brai n i nj ury and human tol erance to head 
i mpact . Thi s i s  bei ng done by rel at i ng the nature and severi ty of the impact 
to the head to the nature and severi ty of the damage to the brai n .  The 
characteri st i cs of the i mpact are determined from i nvesti gati on of the crash 
fol l owed by mathemati cal  model l i ng of the col l i s i Qn sequence . 

Thus far , the study has  been concentrated on pedestri an acci dent s ,  because i t  
was t hought that a rel ati vely s i mp l e two-dimensi onal mathemat i cal model wou l d  
adequately s imul ate thi s type of acci dent . I nvest i gat i on of 85 pedestri an 
fatal i ti e s  between June 1 983 and September 1 985 i n  Adel aide,  South Austral i a  
( 2 ) , has shown that the majori ty ( 67%) of these cases i nvol ved a passenger car . 
Of those struck by a car , i n  72% of cases the pedestri an was struck on the s ide 
by the front of the car,  and the maj ori ty ( 58% ) of vehi c l es i nvol ved were 
travel l i ng at between 40 and 80 km/ h when they struck the pedestr i a n .  

* refers t o  references at the end of thi s paper.  
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Most of the pedestri ans struck by a passenger car had a pri mary head i mpact on 
the rel ati vely soft front structure of the vehi c l e  ( 65% of the cases } .  A 
secondary head i mpact often occurred wi th the road surface . These secondary 
i mpacts are usual l y  equi val ent to a fal l from a hei ght of about one metre ( 3 ) . 
The superf i c i a l  i njuri es to the head provi de a reasonably rel i abl e i ndi cat i on 
of the importance of any secondary i mpact . �fo have not attempted to s i mu l ate 
cases i nvol v i ng a s i gn i fi cant secondary i mpact . 

The mathemati cal model has therefore been desi gned to s i mu l ate the moti on of a 
pedestri an who has been struck on the s i de by a car travel l i ng at a speed of up 
to 80 km/ h .  The model used i s  based on the MADYMO crash v ict im  s i mu l at i on 
devel oped by TNO i n  t he Netherl ands ( 4 ) . 

The procedure used i n  the app l i cati on of the mathemat i c al model i s  as fol l ows : 

1 .  Exami ne the acci dent scene and the stri k i ng vehi c l e .  
2 .  Attend the autopsy to obtai n detai l ed i nformat i on on i njuries and 

d imensi ons of body segments . 
3 .  I nsert rel evant vehicu l ar and human parameters i nto the modifi ed MADYMO 

model . 
4 .  I terati vely appl y  the MADYMO model , varyi ng the val ues o f  sel ected 

parameters , unti l the actual pedestri an/car contact poi nts can be repro­
duced . 

5 .  Record the vel oci ty of the head on stri k i ng the car,  together with the 
esti mated accel erat i on assumi ng a val ue for the sti ffness of the head/car 
contact . 

2 .  PEDESTR I AN MODEL 

2 .  l I ntroduct i on 

The app l i cat i on of the MADYMO crash victim  s i mu l at i on to pedestri an acc i dents 
has been descri bed prev i ous ly  ( 5 ) . l t  has been shown to be capab l e  of 
accurately s imu l at ing  acci dent reconstructi ons u s i ng anthropomorph i c  test 
devi ces ( ATDs } ( 6 } .  

The MADYMO pedestri an model was devel oped , and has most commonly been used , to 
s imu l ate a fi fty percenti l e  Part 572 ATD . The character i st ics  i nherent i n  thi s 
vers ion of the mathemati cal model make i t  more sui ted to model l i ng ATD ' s  than 
humans . However for thi s study i t  was fel t  that the model wou l d  have to 
resembl e  more c l osely the i nd i v i dual human v ictim  i n  order to prov i de sat i s­
factory resu lts  ( 2 ) . The criti cal areas of the model were found to be the 
anthropometry and joi nt properties of the v ictim ,  and vehi c l e  characteri sti cs  
such as  i mpact speed , overal l frontal shape and the  dynami c sti ffness of 
i ndi vi dual components . 

An extens i ve l i terature search was therefore carri ed out for i nformat i on on 
human body parameters i nc l ud i ng l i nk l engths , mass di stributi ons , al l owab l e  
joi nt moti ons and sti ffnesses . l t  was found that these di ffer ,  i n  many c ases 
si gni ficant l y ,  from val ues spec i f i ed for a Part 572 ATD . A procedure was 
devel oped to assi st i n  the esti mation of body parameters not amenabl e to d i rect 
measurement at autopsy or i n  the hospi tal . A descri pt i on of th i s  procedure i s  
presented i n  Reference 2 .  

166 



2 . 2  Pedestri an Geometry and Mass D i stri bution 

F i gure 1 shows the reference axes used and the manner i n  wh ich  the body i s  
d i v i ded i nto 9 segments . The arms are i ncl uded as part of the thorac i c  
segment . 

For l i nk  l engths not di rectl y  measured , estimates are made i n  terms of the 
percentage of the total body l ength usi ng a procedure devel oped from data i n  
references ( 7 )  and ( 8 ) ( see Tabl e 1 ) .  For the neck an effecti ve l ength of 1 25mm 
has been sel ected from vol unteer data ( 9 ) . Data from ( 7 )  were a lso  used to 
esti mate body segment di ameters and centres of mass . Data from references ( 7 )  
and ( 8 )  were combi ned to deve l op a way to esti mate the mass of body segments as 
a percentage of total body wei ght , as shown i n  Tabl e 1 .  

The moment of i nerti a ( I )  around the X axi s for a body segment i s  expressed as 
a funct i on of the segment mass ( M ) , the segment rad ius  of gyrat i on about the X 
axi s ( k )  and the segment l i nk  l ength ( L ) . 

I = [ ( k/ L )  x L J 2 x M 

Coeff i c i ents def in i ng the rad i u s  of gyrati on for most of the segments l i sted i n  
Tabl e 1 were deri ved from reference ( 8 ) . Those not avai l ab l e  from t h i s  source 
are cal cul ated from the geometry of the body segmen t .  

2 . 3  Joi nt Mot i on 

The model permi ts  def i n i t i on of the fol l owi ng joi nt characteri sti cs : 

the resi st i ve e l ast i c  torque 
the resi st i ve fri cti on torque 
the resi st i ve dampi ng torque 

I n  the extens i ve l i terature avai l ab l e  on the subject there i s  only part i al 
agreement about the means of measur i ng joi nt mot i o n .  Thi s has l ed t o  d iffer i ng 
defi n i t i ons of , and l i m its  for normal joi nt f l exi bi l i ty and of what consti tutes 
hypo- or hyper-fl exi b l e  joi nt mot i o n .  W i t h  these constrai nts a set of joi nt 
functi ons  was deri ved from the l i terature . I t  i s  shown i n  Fi gure 2 .  The 
references on wh i c h  these functi ons were based are l i sted i n  ( 2 ) . The 
characteri stics  of the neck jo int ,  whi c h  i s  probab ly the most i mportant i n  thi s 
context , were taken from reference ( 9 ) . 

For the model , the fricti on i n  each joi nt i s  as sumed to be zero . Data for 
joi nt dampi ng are not readi l y  avai l ab l e  i n  the l i terature . However , reference 
( 1 0 ) gi ves dampi ng coeff ic i ents of 3 . 75 Nm sec/rad for the h i p  and 1 . 05 Nm sec/ 
rad for the knee.  I n  the absence of better data ,  3 . 75 Nm sec/rad i s  used for 
al l other jo ints .  

2 . 4  Sti ffness Data 

For MADYMO each contact has to be defi ned i n  terms of the fol l owi ng character­
i st i c s  of the two contacti ng surfaces : the combi ned dynamic  stiffness and the 
coeff i c i ents of resti tuti on and damping .  We have used publ i s hed resu l t s  from 
vol unteer and cadaver tests for the human sti ffness data and combi ned thi s 
wi th the resu lts  of dynam i c  tests on vehi c l es usi ng r i g i d  head and l eg forms . 
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LINK REFERENCE JOINT 

He.d Occ1p1ta1 Condyle/ 
Cl 

Neck C7/Tl 

Thorax Tl2/l l 
AbdOllleft L5/Sl 

Pelv1s M1d pofnt between 
r1ght and left 
h 1 p  jo1nts 

Th1gh H i p  jo1nt 

Lower leg Knee Joint 
and root 

TADLE 1 :  BODY GEOMETRY AHO HASS ESTIHATION SYSTEM 

END OF LINK LINK LENG TH 
(S of BODY 

HEIGHT) 

Vertu 10.6 

Occ1p1ta1 Condyle/ 7. 2 
C l  

C7/Tl 

Tl'l./Ll 

L5/Sl 

Knee jo1nt 

Base of heel 

l 

X 

13 .9  
10.5 

5.2 

24.l 
28.5 

100.0 

' -�;,;­
f ;·.y:o� 

;„ t � ' 

\ 

SEGMENT DIAMETER 
(1 of HEIGHT) 

9.3 

6.8 

19.5 
14.5 
19.8 

8.5 
6.7  

100.0 

F I GURE 1 .  System of Body Segmentation. 
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CENTRE OF HASS: SEGMENT HASS 
OI STANCE FROM (1 of TOTAL 
REFERENCE JOINT BOOY HASS) 
ON Z AXIS (J OF 

LINK LENGTH) 

MALE 

50.0 7 . 1  

so.o 2.5  

50.0 31.8 
so.o 13.5 
50.0 12. 3 

43.0 10.4 
50.0 6.0 

100.0 

• Joint 

� Centre of Mass 

l!!il Main reference 
point 

FEMALE 

5.8 

2.0 

30.4 
13.6 
12.4  

1 1 .4  
6 . 5  

100.0 

RADIUS OF 
GYRATION 

ABOUT X 
AXIS (S OF 

SEGMENT 
LENGTH) 

31.6  

43.2 

42.2 
46.9 
97.9 

27.9 
32.8 



2 . 4 . 1  Head 

For the head an i ni ti al sti ffness of the skul l of 2 .  1 kN/mm was used from the 
experi ments reported i n  reference ( 1 1 )  and thi s was combi ned with a f inal 
sti ffness of 0 . 8  kN/mm up to skul l fracture, as shown i n  Fi gure 3 .  When 
combi ned wi th the effect of the soft ti ssues of the sca l p  these resu l ts compare 
wel l wi th those presented i n  reference ( 1 2 ) .  Ideal l y  the skul l sti ffness 
shou l d  be var i ed to take i nto account the characteri sti cs  of the surface 
i mpacted , but there i s  only a l i mi ted amount of i nformat i on of thi s type 
avai l abl e .  

2 . 4 . 2  Thorax 

The response of the torso to b l unt i mpact i s  vel oc i ty dependent ( 1 3 ) .  C adaver 
reconstructi ons of pedestr i an col l i si ons wi th a vehi c l e  travel l i ng at a speed 
of 40 km/h have resu l ted i n  a thorax impact vel oc i ty of 20 km/h . Data from 
c adaver ehest i mpact s at a velocity of about 20 km/h are gi ven i n  reference 
( 1 3 ) . For the model a sti ffness of 0 . 5  kN/mm was assumed with a pl ateau at 
5 . 0  kN ( see F i gure 3 ) . 

2 . 4 . 3  Pel v i s 

Very l i tt l e  sti ffness data i s  avai l ab l e  for the pel v i s .  I n  reference ( 1 4 )  a 
l umped parameter model of the pel v i s  and thigh i s  presented . Thi s gi ves the 
va l ues used i n  the model : a sti ffness of 0 . 5  kN/mm for the pel vi s and 
damp ing  of 3 . 5  N sec/mm . 

2 . 4 . 4  Thigh and l ower l eg 

A consi derab l e  amount of consi stent i nformati on i s  avai l ab l e  for the sti ffness 
of the thi gh and l ower l eg ( 2 ) . For the model i t  i s  assumed that the i mpact 
tol erance to fracture for the l ower l eg i s  4 . 0  kN wi th a sti ffness of 0 . 25 kN/ 
mm and for the thi gh 7 . 5  kN and 0 . 35 kN/mm. 

3 .  VALIDATION 

3 . 1  The Experi ment 

Some form of val i dat i on of the s i mu l at i on was necessary . The mai n output 
requi red from the s imu l at i on i s  a reasonab l e  esti mate of head impact vel oci ty ,  
gi ven the type of i nformat i on avai l ab l e  from a detai l ed acci dent i nvest i gat i on .  
Thi s normal ly i nc l udes the head i mpact l ocation on the vehi c l e  and an esti mate 
of the veh i c l e  speed at i mpact . 

A series of seven staged car/pedestri an acc ident reconstructi ons usi ng cadavers 
has been pub l i shed by ONSER ( 3 ,  1 5 ) .  These provide suffi ci ent i nformati on to 
enabl e us to compare the cadaver reconstructi ons wi th the mathemati cal s imu l ­
ati on i n  terms of trajectory ( F i gures 4 and 5 ) ,  head i mpact time ,  head i mpact 
l ocat i on and vel oci ty ( Tabl e 2 )  gi ven known i ni ti a l  condi t i on s .  Vehi c l e  sti ff­
nesses gi ven i n  reference ( 1 5 )  were combined with as sumed body sti ffnesses to 
g i v e  the val ues used i n  the model ( F i gure 6 ) . A summary of the cadaver test 
data i s  gi ven i n  Tab l e  3 .  
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1 4  

1 2  

1 0  
z: 8 � 

dl 6 u 1.. 
0 

u.. 
4 

2 

Torque ( Nm )  

300 

+ 
0 

0 
0 

• 

Rad i ans 

F i gure 2 .  

I I 

20 

-300 

Joi nt Functions used i n  the 20 9 Segment 
Pedestri an Mode l . 

40 60 80 1 00 

Deflecti on (11111 ) 

F i gure 3. Body Segment Sti ffness Character i s t i c s  

Assumed for the Pedestri an Mode l . 

1 70 

spi ne 

h i p  

knee 

l ower neck 

upper neck 

o head 

-+- thorax and pe l v i s  
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0 ms 30 ms 60 ms 

90 ms 1 20 ms 1 50 ms 

F i gure 4. Compari son of Pedestri an Trajectory Sequence for the Model and a 
Cadaver Test ( C i troen V I SA - FOC 45 ) .  

----�--·--- ----- _/ . ·-· --

30 ms v 

90 ms 1 20 ms 1 50 ms 

F i gure 5 .  Compari son of Pedestri an Trajectory Sequence for the Model and a 
Cadaver Test ( C i troen GS - FOC 52 ) .  

1 7 1  



..
..... 

-.
.J 

N
 

T
A

BL
E 

2: 
RE

SU
LT

S 
FO

R 
HE

A
O

 
IM

PA
CT

 T
IM

E
, 

LO
CA

T
IO

N 
A

NO
 

VE
LO

C
IT

Y 
FO

R 
S

IM
U

LA
T

IO
N 

CO
M

PA
RE

O 
W

IT
H 

CA
OA

VE
R 

RE
SU

LT
S 

(3
) 

A
NO

 
(15

), 
A

TO
 

RE
SU

L
T

S 
A

LS
O 

SH
OW

N 

C
IT

RO
EN

 
GS

 
C

IT
RO

EN
 

V
IS

A
 

T
IM

E 
(m

s
) 

O
IS

T
A

NC
E 

(m
) 

V
EL

O
CI

T
Y 

(m
/s

) 
T

IM
E 

(m
s

)
 

O
IS

T
A

NC
E 

(m
) 

V
EL

O
C 

IT
Y 

(m
/s

) 
S

im
. 

C
a

d
. 

S
im

. 
C

a
d

. 
S

i m
. 

C
a

d
.  

S
im

. 
C

a
d

.  
S

i m
. 

C
a

d
. 

S
im

. 
C

a
d

.  

N
um

be
r 

o
f 

te
st

s 
3 

3 
3 

3 
3 

3 
4 

4 
4 

4 
4 

4 
M

e
an

 
12

7 
133

 
1. 

34 
1.3

2 
11

.0
 

11
.8

 
128

 
134

 
1. 3

6 
1.

 31 
8.

7 
8,

7 
S

ta
nd

ar
d

 
D

e
v

ia
t

io
n 

7.8
 

23
.1 

0.
14 

0.
26 

1.6
 

2.
2 

12
.3

 
20

.7 
0.

14
 

0.
17

 
1.3

 
0.

7 
M

ax
im

um
 

13
6 

160
 

1. 5
0 

1.6
2 

12
.1 

14
.3

 
138

 
162

 
1.4

6 
1.4

9 
10

.5 
9.

4 
M

in
im

um
 

122
 

120
 

1.2
4 

1.
13 

9.
2 

10
.2

 
110

 
112

 
1.

16 
1.0

7 
7 . 4

 
7 .

7  
p

* 
0,

548
 

0.
80

5 
0.

45
6 

0.
564

 
0.

64
6 

0.
942

 
A

TO
(n

 =
 

1)
 

110
 

1.0
6 

15
.4 

126
 

1.2
8 

11
.6

 

* 
p 

v
al

ue
 f

o
r 

te
st

 
o

f 
n

o
 d

if
fe

re
nc

e
 

be
tw

ee
n 

th
e

 m
ea

n 
v

al
ue

s 
f

o
r 

th
e

 s
im

u
la

t
io

n 
an

d
 t

he
 c

ad
av

e
r 

te
st

. 



TABLE 3 :  PEDESTR I AN ACC I DENT R ECONSTRUCTION DATA ( 1 5 )  

IMPACT HEAD 
TEST H E I GHT W E I GHT VEH I CLE  SPEED I NJURY CAUSE 

NUMBE R  (cm)  ( k g )  m/s SEVERITY 
(AI S )  

FOC 10  167  55 GS 1 0 . 92 5 Pl enum & Ground 

FOC 1 2  185 7 7  GS 1 0 . 93 5 P l enum & Ground 

FOC 52 166  62 GS 1 0 . 6 1  3 Pl enum 

FOC 06 176  50  V I SA 1 0 . 87 1 Wi ndsh i e l d  

FOC 08 180 63 V I SA 1 0 . 79 1 Wi ndshi e l d  

FOC 41  173  63 V I SA 1 0 . 78 1 W i ndsh i el d  

FOC 45 1 56 70 V I SA 1 0 . 78 1 W i ndsh i e l d  
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3 . 2  Di scussion of Resu l t s  

The mathemati cal simul ati ons whi ch we have carr i ed out , u s i ng an ATD data set , 
( Tabl e  2 )  of a pedestri an i mpact with the C i troen GS and V I SA yi e l d  head i mpacts 
l ocated nearer the bannet l eading edge , of h i gher i mpact vel oci ty ,  and sooner 
after the i nit i al i mpact than were recorded i n  cadaver tests . Simi l ar fi ndings 
are reported from compari sons of actual cadaver and dummy i mpacts ( 3 ,  1 5 ,  1 6 ) . 

Changes i n  model parameters to more c l osely resemb l e  human characteri sti cs  have 
l ed to resu lts  much c l oser to cadaver tests . Whi l e  the predi cted head i mpact 
occurs s l i ght ly early  ( 5% on average ) and s l i ghtly further rearward ( 3% )  the 
s imul ati on resu l t s  al l fal l wi thi n the vari abi l i ty of the test resul ts ( as seen 
i n  Tab l e  2 ) . The average head i mpact vel oc i ty predi cted by the model i s  3% 
l ower than measured i n  the reconstruct i ons . Two of the reconstructi ons  con­
tai ned apparent anomal i es wh i c h  have l ed to more substanti al  di screpanci es when 
compared with the s imul ati on . I n  FOC 4 1  the l egs  of the cadaver appear to have 
been trapped by the bumper to a greater extent than i s  usual as evi denced by a 
l arge number of fractures i n  the l ower l eg s .  Thi s may have been due to 
weakened bones i n  the cadaver , but the resu l t  was an earl y  head i mpact cl ose to 
the front of the vehi c l e .  In FOC 1 2  a particu l arly tal l c adaver appears to 
have s l i d  more over the veh i c l e bannet than usual . Thi s cou l d  have been due to 
the pel v i s of thi s tal l cadaver contact i ng the l es s  compl i ant area over the 
engi ne of the C i troen GS . The l ower deformat i on wou l d  have absorbed l ess 
energy , so al l owi ng a hi gher s l i di ng vel oci ty over the vehi c l e  bannet . 

Same i nadequac i es conti nue to be i nherent i n  the model . I t  i s  not poss i bl e to 
match the mot i on and energy absorbi ng characteri st ics  of the human frame wi th 
such a s imp l e  model . On i mpact the cadaver l egs absorb consi derab l e  energy 
through wrapp ing around the vehi c l e .  When a cadaver i mpact i s  vi ewed on h i g h  
speed fi l m  the jo ints n o  l anger exi st a s  di screte di sconti nu iti es i n  the 
structure . There i s  a gradual f l owi ng of the body around the front of the 
vehi c l e .  Thi s tendency i s  i ncreased by the fractures to the l ower l egs and 
pel vi s ,  such as were recorded for the cadavers i nvol ved i n  the testi n g .  The 
i nadequate model l i ng of the energy absorbed i n  the l ower l egs i mparts i n  some 
cases too h i gh a rotati onal vel oc i ty to the body of the pedestri an l eadi ng to 
the head i mpact bei ng short , early and havi ng too h i gh a velocity .  

The energy absorbed i n  the joi nt mot i on as a resul t  of the torso f l ex i ng i n  the 
s imul ati on a l so seems to be i nsuffi c i ent . Thi s can be seen i n  the hi gher j o i nt 
rotati ons for the s i mul ati ons i n  F i gures 4 and 5 .  A s i mi l ar probl em occurs wth 
the neck where the head i n  the s i mu l ati on remai n s  too upri ght throughout the 
impact . The response of the s i mu l ati on cou l d  be i mproved i n  these areas by 
i ncreas i n g  the jo int damp i ng and possi bly add i ng some frict i o n ,  but there i s  no 
physi cal  evi dence avai l ab l e  to j usti fy thi s .  

By usi ng a two dimensi onal model no energy i s  transferred i nto axi al rotati on 
of the pedestri an , thi s a l so tends to i ncrease the vel oc i ty of the head i mpact 
i n  the s imu l ati on .  An attempt has been made to mi n i m i s e  th i s  effect i n  thi s 
set of tests by the i ni t i al cond i t i ons chosen for t he reconstruct i on s ;  an 
al most straight l ateral i mpact on the cadaver.  

4 .  CONCLUS IONS AND FUTURE DEVELOPMENTS 

The val i dati on exerc i se i ndicates that the pedestri an model i s  abl e  to provi de 
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resu lts  of suffi ci ent accuracy to fu l fi l l  the requi rements of the study . A 
reasonab l e  agreement wi th cadaver reconstructions (which for the purposes of 
the study are accepted as being the most sati sfactory human surrogate) can be 
expected , gi ven i nput data of suffici ent qual i ty .  

We hope to be abl e to i mprove the model i n  a number of areas : 

- More di rect ly appl i cabl e b i omechani cal  data on the human body wi l l  be used 
as avai l abl e .  

- The l ower l eg model needs t o  be refined to better s imul ate the ki nematics  of 
a cadaver and real pedestri an . The new vers ion of MADYMO wi l l  faci l i tate 
thi s ;  by a l l owi ng f l ex i b l e  mounti ng of the pi vot poi nts wi thi n a segment i t  
wi l l  no l anger be necessary to use i nextensi b l e  l i nks .  I f  the knee and h i p  
j o i nts are f l ex i b l y  mounted with appropri ate damp i ng consi derab l e  
i mprovements are expected . 

- There i s  a need to move to a three di mens i ona l  model both to remove the 
constrai nt on axi a l  rotat i on and to a l l ow three dimensi onal predi cti ons of 
rotati onal accel erati on . 
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