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There is a large amount of publ i s hed evidence which shows that l e g  i n j uries 
are a serious problem in motorcycle acciden t s , but there has been very l i tt l e  
a t tempt t o  use t h i s  i n format ion i n  developing methods of protecting 
motorcyc l i s t s ' legs . There have been only a l imi ted number o f  contr o l l ed 
impact tests o f  motorcycles and these have demonstrated that such tests are 
much more d i ff icult to carry out successfully than contro l l ed impact tests 
on motor car s .  

Thi s  paper describes a series o f  contro l l ed impact tests i n  which motorcyc les 
with dummy riders ran obliquely into a flat , rigid bar rier of the type used 
in motor car impact t e s ts . These were intended to simulate , in a simple and 
repeatable way , a common type of accident in which the rider ' s  leg is trapped 
between the motorcycle and the impacted obj ect . The deve lopment of the test 
technique i s  described together with i t s  use i n  the prel iminary eva luation of 
three types of l eg protectors . 

Grattan et a l  ( 1 ) ,  Whitaker ( 2 )  a nd Pedder et a l  ( 3 )  reported tha t ,  though 
head injuries are responsible for about 7 5 %  to 80% of a l l  motorcycle 
fataliti e s ,  the leg is the part of the body which is seriously i n j ured most 
often . Leg inj uries accoun t  for j u s t  over 60% of a l l  serious motorcycle 
i n j ur ie s  in Britain . Studi e s  i n  France ( 4 )  a l so g ive a figure of j u s t  over 
60% and studies in Sweden ( 5 ) and Germany ( 6 ) give an even higher figure of 
j u s t  over 80% . Simi lar types of behaviour are reported f rom Japan by 
Tsuchihashe et al ( 7 )  , from Nigeria by Shyngle ( 8 )  and from Southern 
Cal i fornia by Newman ( 9 )  . 

Otte e t  a l  ( 6 )  and Stcherba tcheff ( 10 )  found tha t the most severe l e g  
i n j u r ies occur when a moto rcycle h i t s  a car obliquely o r  a car runs i nto the 
side of a motorcycle . Whi taker ( 2 )  reported that the ma j or i ty o f  severe leg 
inj uries were caused by the leg being trapped between the motorcycle and 
another obj ec t ,  usua l ly a ca r ,  during an impac t w i t h  the side of the motorcy c l e  
a t  various ang l e s . The majority of the i n j u r i e s  were t o  t h e  lower l eg . 

Hight et a l  ( l l l  divided impacts i n to three categories . In the f ir s t  the 
rider stayed on the motorcycle whi ch remained substa n t i a l ly on i ts original 
cours e . This produced mainly knee and femur i n j ur ie s  from direct impact on 
the knee-cap . I n  the second the rider was thrown f rom the motorcycle and 
blows to the leg occurred from subsequent impacts with the car bonnet or the 
ground . I n  the third the motorcycle s truck a g l an c ing blow and was deflected 
from its origi nal course . The rider s tayed on the motorcycle and received 
severe leg inj uries . Bourret et a l  ( 1 2 )  s howed that inj ury depended on the 
part of the car contac ted . ThP bumper produced tibia and fibu l a  f ractures 
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which were reasonably easy to repa i r .  Larger areas of contact , such as the 
radiator gr i l l e ,  produced several fractures together with serious inj ury to 
the soft t i ssue . 

Harms ( 1 3 )  and Grattan & Hobbs ( 1 4 )  showed that i t  was the l egs which were 
mainly responsible for prolonged stays in hospital and permanent di sabi l i ty .  
Asche ( 1 5 )  stated that mul tiple open fractures coupled with bone and t i ssue 
in fection were re sponsible for long hospital stays . He found that about 50% 
of serious l eg i n j uries resul ted in permanent d i sabi l ity . Meyrueis et al 
( 1 6 )  highl i ghted oblique impacts as the most frequent cause of l eg i n juries 

with the r ider susta i n i ng open f ra c tures o f  the knee cap and femur . 

The general conclusion drawn from this i nforma tion was that the case of the 
rider ' s  leg being trapped in an obl ique impact was worth studying and that 
i n j ury cou l d  occur anywhere a long the leg . 

2 .  Test Procedure 

On ly a f ew motorcycle crash test programmes have been reported and from these 
no c learly superior method emerges . 

Severy et a l  ( 1 7 )  used a tow car and cabl e to pul l  a dolly along a guide rai l .  
The motorcycle was a ttached t o  the do l ly at one handlebar and the corresponding 
front fork and was r e l eased nine metres before the impact poi n t . Accuracy 
of control seems to have been variable . Bothwe l l  ( 1 8 ,  1 9 )  and Honda ( 1 9 )  
used a car w i th an outrigger on one s i de which held the motorcyc l e  un t i l  the 
car was braked and the motorcycle was r e l eased to continue on i.ts own . .  Again 
accuracy of control seems to have been variabl e .  Bothwe l l  e t  a l  ( 20 )  also 
used a trolley accel erated by a l i near induction motor . The motorcyc l e  sat 
just c l ear of the ground in a channe l on the trol ley . Just before impact the 
tro l l ey was s topped by an energy-absorber and the motorcycl e  continued on i t s  
own . 

Control seems to have been gener a l l y  satisfactory . Sacrest� e t  a l  ( 2 1 )  
ran motorcyc les down a ramp bu t g ive no deta i l s .  Bartol and Liners ( 2 2 )  
and Taneda ( 2 3 )  ran cars into the side of stat ionary motorcyc les and 
Whitaker ( 24 )  used a s imulated motorcycle on an impact s l ed t o  s tudy rider 
traj ectories in frontal impacts . 

I t  was decided to develop a system using a push car with a framework t o  hold 
the motorcycle un t i l  it was rel eased . The present system i s  shown i n  F ig . l .  
The motorcycle sits in a channel j us t  c l ear of the ground and the handlebars 
are held in the s traight ahead pos i tion by the frame . On launch the Landrover 
is braked gently and the motorcyc l e  is released to run forward on i t s  own . 

I f  the motorcycle and rider are carefu l l y  adjus ted and balanced and the 
rider ' s  hands are taped lightly on top of the fuel tank , so that the steering 
is completely free the motorcycle remains upright and runs straigh t .  I n  order 
to aim the motorcyc l e  a conti nuous white line is laid on the approach surface 
for 2 50 metres before the impact poi n t . Once the motorcycle i s  runn ing free 
the driver of the Landrover has to brake hard to avoid the impact area and 
the release point has to be chosen to give the best compromise between his 
safety and the accuracy wi th which the impact point is h i t . I t  has been 
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found that the release poi n t  needs to b e  about twenty metres from the impact 
poi n t .  Considerable skill  is needed by the driver i f  con s i s te n t  results are 
to be obtained . 

I t  was decided , that i n  the initial tests , s tationary , f l a t , rigid barriers of 
the type regularly used i n  motor car impacts would be the most sui ta bl e .  
These may not b e  very realistic but they are c l early defined and repeatab l e .  
Subsequent tests with motorcars a s  targets and with the motorcycles s l iding 
along the ground are in hand , bu t this report only d iscusses tests w i th flat , 
rigid barr iers . The barrier i s  1 . 2 3 m high to approximate the height o f  a 
car roof . The impact speed was set a t  4 8 . 3 km/h ( 30 m/h )  in accordance wi th 
current legal requirements for motorcar impact tests . About two- thirds o f  
motorcyc le leg injuries occur a t  o r  below this speed . 

At present the most wide ly used barrier for car impact tests i s  perpendicular 
to the vehicle ' s  direction of travel and covers the fu l l  width of the car but 
perpendicular bar riers covering only part of the width and ang led barriers 
have been used in research programmes .  The ful l -width perpendi cu l ar barrier 
is used for studying head-on impacts of motorcycles but it makes no contact 
with the rider ' s  legs . A perpendicular barr ier contacting only the leg or the 
leg protector seemed unreal i s t ically severe so a dec ision was made t o  use an 
angled barrier . This a t  f ir s t  was set a t  3o

0 
to the perpendicular , which is 

the anqle ·used in motorcar impac t s , but the motorcyc l e  behaved substantially 
as it had with the perpendicular bar ri er and no leq contact was made . The 
ang l e  was then increased to 60

° 
to the perpendicular and substantial contact 

was made between the dummy ' s  l eg and the barrier causing significant damage 
to the l e g .  Increasing the angle sti l l  further made i t  di fficult to hit the 
barrier so the 60° 

barrier was chosen for the test series reported here . I n  
accordance with normal practice the steel barrier face i s  covered with a sheet 
of 1 5mm p lywood . A typical impact �est i s  shown in Fig . 2 .  

With this barr ier the motorcycle i s  �i l l  moving a t  0 . 5 to 0 . 7 5 times i t s  
initial velocity after the impact and i t  has t o  b e  brought t o  rest w i thout 
further damage to the l eg protector or the leg . The barrier i s  p l ac ed j us t  
i n  front o f  a bed of gravel which was i n sta l l ed f o r  s toppinq remotely 
contro l l ed cars which might miss their impact target . The ang l ed barrier i s  
extended towards the grave l by a sheet o f  1 5mm plywood which i s  curved over a t  
the top so that , after the test impact , the motorcyc l e  i s  guided into the 
gravel and enc6uraged to f a l l  on its undamaged s ide . A motorcycle after i t  
has been arrested i s  shown i n  Fig .  3 .  

3 .  Leg Protector� 

The following l i s t  o f  design obj ec tives was decided on . 

1 .  Reduction of l eg i n juries at speeds up to 50 km/h .  
2 .  No increase i n  leg inj uries above 50 km/h or in extreme impact s .  
3 .  No increase in i n j ury to other par ts of the body . 
4 .  Reduction of i n j ur ies in skidding a f ter fal ling over . 
5 .  No adverse e ffect on poten t i a l  safety devices for frontal impac t .  

Some rel evant information on the performance of leg protectors can b e  obtained 
from accident studies and ear lier motorcyc l e  crash programmes . Whitaker ( 2 )  
and Bothwe l l  et al ( 20)  both found that tubular crash bars of the type 
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sometimes f i tted do not protect the legs . Ba rtol & Liners ( 2 2 )  produced a 
safety motorcyc le f i tted w i th a rigid , protective structure on each s ide . 
Te sts wi th a car running into the s i de o f  a stationary motorcyc l e  showed that 
leg injuries were prevented but the dummy impacted the car bannet hard enough 
to indicate head and ehest i n j uries in people .  Taneda ( 2 3 )  in s imilar tests 
concluded that up to 3 5  km/h leg inj uries were prevented wi th no increase i n  
head inj uries but above this speed head i nj uries increas ed . Other investiga
to rs studied head-on impacts where behaviour is d i f ferent but the rider s t i l l  
needs some form o f  prote c t ion . 

Overa l l  the most widely re commended device i s  a fairing designed to prevent 
the legs making contact with the impacting object . Such a fairing must be 
acceptable i n  appearance and a suitably styled vers ion was made . This i s  
shown i n  Fig . 4 .  Two additional simpl e types o f  leg protectors were tested 
and they were des igned to approximate to the fairing in location , size and 
shape . 

There appear to be two bas i c  choices ava i labl e ,  a hard protector absorbing 
neg l igible amounts of energy or an energy absorbing prote ctor . The sty led 
fairings approximated substantia l ly to hard protectors and the two additional 
types of protector manufactured for these tests were o f  the energy absorbing 
type . The theory behind t h e  hard protector i s  that i t  d e f l ects the motorcycle 
away from the impacting obj ec t  so that the rider can regain control . The 
theory behind the energy absorbing protector is that some energy is always 
absorbed on impact and this should be done in a contro l l ed manne r .  

A tentat ive assumption was made that the protector should absorb about 20% 
of the kinetic energy of the motorcycle and r ider at 50 km/h .  With the 
medium-weight motorcyc les of the present tests this i s  about 2 . 5  to 3 k i lo
Jou l e s  and some static development tests were carried out to provide a device 
to absorb this amount of enerqy . Th is was done successfully but i t  was found 
that in the tests of the protector on the motorcycle i t  absorbed just over 
1 k i lo-Joul e  or about 8% of the total kinetic energy . I n  order to s impl i fy 
analys i s ,  a simple hol low t e t rahedron was chosen which approximated to the 
shape of the front of the styled fairing .  A number of variations were made in 
m i ld steel sheet , with and wi thout a f i l l ing of weak polyurethane foam and a 
final version was se lec ted for the barrier impact t e s ts . The device f i tted to 
a motorcycle i s  shown in F ig . 5 . 

Thi s  worked reasonably wel l but the sharp tip dug into the plywood face of 
the barr ier . Because o f  this and because a real leg protector could not have 
such a sharp t i p  a second version in the form of a semi-cylindri c a l  cone was 
made . This is shown f it t ed to a motorcyc l e  in Fig . 6 .  

The motorcyc l e  acc ident data ava i lable at present apply only to motorcycles 
without leg protecto r s .  Leg inj uries can b e  very severe w i t h  mul t iple 
fractures and seriou s damage to soft tissues . There seems to b� no published 
in formation on the r e l a t ionships between force and in jury for inj uries of 
this magnitude so that leg protectors need to reduce the severity of inj ury 
considerably before pub l i shed c r i teria of fail ure can be u sed . This has l ed 
to a two-stage approach to the assessment of l ikely leg injury in barrier 
impact test s .  The pre l iminary tests , di scussed in this pape r ,  are intended 
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to show that i n j ur i e s  can be reduced to the levels a t  which pub l i shed i n j ury 
criteria apply . In subsequent tests i t  is hoped to make further improvements 
using these cr i teria together with more soph i s ti cated methods of measurement 
and analys i s .  

There appear to be two main ways i n  which loads can b e  app l ied to the rider ' s  
leg during impac t ,  axial compress ion of the upper leg produced by an impac t on 
the knee , or transverse impact anywhere a long the leg . Axi a l  compression o f  
the upper l eg i s  fairly w e l l  unders tood and i t  was f e l t  that i t  would b e  
relative ly straightforward t o  incorporate a sui table energy-absorbing knee 
pad within the leg protector . No attempt was made to investigate th i s  and 
attention was concentra ted on transverse impacts . 

Most of the publ i shed information on transverse loading o f  the leg r e l a tes to 
fracture of the femur or t ibia i n  bending so this was used as a bas i s  for 
initial  ass essment . I t  is not pos sible to get a consi stent rela tionship 
between transverse load and maximum bending s tress in the bone because this 
varies with the poi n t  o f  app l i ca t i on of the load . I n  addi tion i t  was thought 
tha t ,  in these initial tests electronic instrumentation involving tra i l i ng 
leads on the dummy should be avoided i f  poss ib l e .  This made i t  difficult to 
record loads or stresses i n  the dummy ' s  leg . The method decided on was to 
use a simp l e  deforma b l e  leg on the dummy , to estimate the energy absorbed by 
the leg from its deformation after impact and to rel ate thi s  to the energy 
needed to break bones in bending . Yamada ( 2 5 )  es timates the energy needed 
to fracture the femur in impact bending as about 50J . He a l so gives load
de f l ection graphs of the tibia in static bending and , from these , the strain 
energy a t  fracture i s  about 20J . Mather ( 26 )  gives the mean energy to break 
the femur in s ta t i c  bending as 2 9J and in impact bending as 4 3J .  Snyder ( 2 7 )  
quotes unpubl i shed work by Mather i n  which the f i f th percent i l e  value o f  the 
energy to break the t ibia in impact bending is 3 5J .  I t  was decided tha t the 
leg protectors should prevent fract ure and keep soft t i ssue inj uries to a 
reasonable level and a tenta tive energy input of not more than 20J was 
adopted for both the upper and lower l e g . 

The dummy used i n  the tests was a f i fty-percentile male OPAT . The origina l 
legs were replaced by legs made from 1 2 . 5  mm thick f l a t  p l ates . To obtai n  
correct weight d i s tribution thP upper l eg was made of s t e e l  and the lower 
leg of a luminium . The knee j oint was s imi lar in operation to that on the 
standard dummy leg w i th an adjustable frict ion bear ing . A machined rod was 
fi tted to the top of the upper l eg to fit the exi s ting pelvis joint . A Sümm 
thick layer of a luminium honeycomb was g lued to each side of each leg segment 
with the axes of the cel ls perpend icu l a r. to the plane of the pl a t e .  Thi s  
honeycomb was chosen from the range commerci a l ly ava i l able and i n  sta t i c  tests 

l 20J energy was absorbed , for instanc e ,  by an area o f  3 5cm crushed to a depth 
of 2mm . The load deflection characteristics of honeycomb vary with the 
direction of loading but , i n  a series of static tes t s  over a range of a ng l es 
i t  was found tha t behaviour was substan tia l ly constant so long as the load 
was appl ied within + _  4 5

° 
of the axes of the cells and that a l lowance could be 

made for other angles of londinq . In some of the l a ter tests the legs were 
covered with chamois leather to indic a t e  skin damage . 
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The following results were found for 60
° 

barrier impact tests at 50 km/h .  

TABLE 1 

Unmod i fied motorcyc l e  
Hard Leg Protector 
Soft Pyramid Protector 
Soft Con ical Protector 

Upper Leg 

1 3 5  
2 7  
4 9  
1 3  

Energy I nput 

Lower Leg 

7 9  
40 
54 
1 4  

Va lues are mean values for from one to three tests . 

( J )  

Total 

2 1 4  
67 

103 
2 7  

Wi th the unm0d i fied motorcyc l e  the energy inputs t o  the leg are from 3 to 7 
times the tentative upper l imi t .  A l l  of the l eg protectors produce s ignificant 
reductions i n  the ene rgy absorbed by the dummy leg v1hich varied from 2 .  7 to 
0 . 7 t imes the tentative upper limit of 20J . 

5 .  Overa l l  Behaviour of Motorcy c l e  and Rider 

The ve locity o f  the motorcycle j us t  before impact was recorded e l ec tronically 
but a l l other measurements were made from high-speed f i l m .  The pos i tions o f  
specific points o n  t h e  motorcycle a n d  r ider were measured in consecutive 
frames and from the s e  the disp lac ements of the points or o f  the s traight l ines 
j oining them were plotted against the time s ince the start o f  the impac t .  
Veloci t i e s  and accelerations had to be obtained by numerical d i fferentiation 
of the d i sp lacements . Th i s  i s  inherently a rather i naccurate process and a 
three-point averaging technique was used to reduce random variations i n  the 
derived velocities and acc e l erations . Typical results are shown i n  F ig . 7 .  
The derived veloc i t i e s  appeared to be stable and were used but the derived 
acce l e ra t ions were thought to be unre l iable and were not used.  

TABLE 2 
Motorcyc l e  

Mean 
Dummy head 

Unmodi f i ed Motorcy 

Hard Leg Protector 

Group B 

So f t  Pyramid Prote 

Soft Conical Prote 

c l e  

ctor 

ctor 

Impact 
Velocity 

1 3 . 4  

1 3 . 5  

1 3 . 7  

1 3 . 7  

Exi t Angular 
Velocity Veloci ty 

9 .  2 6 . 7  

1 0 .  i; 4 . 5 

6 . 9  2 . 2  

f, . 7 2 . 6  

Va l ue s  a r e  mean values f0r from one to three tests . 

Forward 
Veloci ty 

1 3 .  7 

1 3 . 3  

1 2 . 9  

1 2 . 1  

Veloc i ties are in m/sec and angular veloc ities in rad/sec . 
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Resu l ts are summarised in Tabl e  2 and f a l l  into two fairly dis tinct groups 
w i th the unmod if ied motorcyc l e  and the one w i th the hard leg protectors i n  
Group A and t h e  two motorcycles w i t h  s o f t  l e g  protectors in Group B .  The 
pos i tions of the motorcyc l e  l ong i tudinal axis are shown in plan view in Fig . 8 ,  
a t  the start of the impact and dur ing the f i rs t 100 m i l l i s econds . I n  Group A 
the motorcyc les have rotated through 2 2

° 
and are running a long the barr ier a t  

about ha l f  to two-thirds o f  their i n i t i a l  veloc i ty . I n  Group B the motorcycles 
have moved bod i ly sideways s l iding a long the barr ier , have rotated through 
about 1 5° 

and are travel l i ng at rather less than half their i n i t i a l  veloci ty .  

The a tt i tude o f  the dummy rider i s  shown in s ide view i n  Fig . 9  a t  the start 
of the impact and during the f ir s t  100 m i l l i seconds . Unfortun a t e ly the dummy ' s  
torso i s  not a t  the same a ng l e  a t  the s tart of each t e s t  being vert ical in two 
examples and i nc l ined forward at up to 30° in the other two . I n  each o f  the 
two groups there were tests i n  each initial a t t i tude . Despite this there i s  
a consistent variation i n  the forward veloc i ty o f  the dummy ' s  head between the 
two groups . I n  Group A the head veloc i ty af ter 100 m i l l i seconds i s  the same 
as its i n i t i a l  velocity or sl ightly highe r .  I n  Group B i t  i s  about 5 %  t o  10% 
lower . 

The change i n  the atti tude of the leg which was not impacted does not vary 
consistently between the groups . W i th the unmodif ied motorcyc l e  the dummy 
remains substantia l l y  in its i n i t i a l  attitude w i th only a very s l ight 
straightening of the knee and forward rotation of the torso . With both the 
hard protector and the pyramidical soft protector there is a more pronounced 
straighteni ng of the knee and considerable forward ro tation of the torso . 

Wi th the conical soft protector the knee became a lmo st s traight because the 
foot came off its rest but there is not quite so much forward rotation of the 
torso . The two cases in which there i s  pronounced forward ro tation of the 
torso are those i n  which the torso was origina l ly vertical and this may have 
inf luenced resu lts but i t  is d i f f icu lt to see how it could have i n f l uenced the 
straightening of the knees . 

6 .  Discuss ion 

The preliminary series of tes ts described in this paper shows that it i s  
possible to launch a motorcyc l e  w i th a durruny rider i n to a n  impact target 
sufficiently accura t e ly and repeatably for research tests to be run and for 
the d i f ferences in leg protectors to be s tudied . The test method i s  not 
intended for routine testing of the type needed for legisla tion or qua l i ty 
contro l . 

A f l a t , rigid impact barrier inc l ined at 30
° 

to the line of travel of the 
motorcyc l e  ( 60° to the perpendic u l a r )  g ives simple repeatable test cond i tions 
for leg protectors .  Presumably the results from such a tes t bear much the 
same relationship to motorcycle accidents as the results from barrier impact 
tests on motorcars bear to motor car accidents . It is intended to check th i s  
i n  a series of impac t tests into other road veh i c l es . 

2 7 1  



Three types of l eg protector were tested and a l l  of them reduced apprec iably 
the energy absorbed by the dumwy ' s  leg on impact .  A tentative upper l im i t  of 
20J i s  suggested for both the upper and lower l eg in transverse impact loading . 
An unprotected l eg absorbed three to s even times this amount but protected legs 
absorbed from less than one to j us t  under three times the tentative upper 
l imi t . One of the soft protectors consi sten t ly reduced the energy absorbed to 
less than the tentative upper l imit over a series of three tests . 

The Overa l l  behaviour o f  the dummy and motorcycle was complex and interpretation 
is based on examination of f i l ms p l us numerous measuremen t s .  The fitting 
of hard leg protectors did not adve rsely aff ect the overa l l  behaviour of the 
motorcyc l e  and the dummy r ider a nd the f i t ti ng of soft l eg protectors improved 
it s l igh tly , reducing the e x i t  veloc i ty by 30% and the forward head veloc ity 
about 5% to 10% . Th ese i n i tial resu l t s  are encouraging and indicate that 
useful leg protection on motorcycles is perfectly feasib l e .  
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FIG . l  NEW LAUNCHING FRAME 

FIG . 3  MOTORCYCLE AND DUMMY 
ARRESTED IN GRAVEL 

FIG . 2  TYPICAL IMPACT TEST 

FIG . 4  HARD LEG PROTECTOR 
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F IG . 5 PYRAMID LEG PROTECTOR 
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FIG . 9 SIDE VIEW OF TRAJECTORY OF H I P  AND S HOULDER (TOP) AND 
LEG ( BOTTOM l 
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