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. -A study has been conducted as an in i t i a l  step i n  determining the differ-  
ences observed betwen the motions of a l iving human impact sled t e s t  subject 
and a duslmy t e s t  subject. The mechanism which i s  proposed fo r  accomplishing 
th is  i s  the HSRI Two-Dimensional flathemati cal Crash Victini Simulator. A ser ies  
o f  rneasurenisnts wera taken on human t e s t  subjects including classical and non- 
classical anthropom?tric measuremmts, range of motion ineasurem?nts for the 
joints,  and maximxi foot force measurements. A ser ies  of mathematical expres- 
sions have been used t o  predict body segment weigtlt, centers of gravity,. and 
moments of iner t ia  using the results of the various body nieasurements. I t  
was then possible t o  prepare a data se t  for  use with the mathematical model. 
In addition t o  the body measurements descrihed above, i t  was necessary t o  
determine the deceleration profi 1 e for the Daisy sled and t o  determine the 
geometry as well as the force-deformation characteristics for  the seat  and 
restraint  environment. This being accomplished, a computer simulation of an 
impact sled t e s t  involving a human volunteer was made. The results are 
presented to  conclude t h c  report, 



The six human volunteer impact s l ed  t e s t  subjects  involved i n  the airbag 

evaluation program par t ic ipated i n  a s e r i e s  of c lass ica l  and non-cl ass ica l  
anthropometric measurements which were designed t o  provide input data f o r  use 

w i t h  mathematical simulations of crash victim motions. These were supplemented 
by maximum voluntary foot  force  and range o f  motion measurements. 

2.1 CLASSICAL A N D  NON-CLASSICAL ANTHR0POF;ETRIC MEASUREMENTS 

A s e r i e s  of 108 anthropometric measurements on each of the s i x  Holloman 

Sled Test subjects  was accoxpl ished. Equipment u t i l  i zed included the Si ber 

Hebner Anthropometer, hinged and s l i d ing  ca l ipe rs ,  wall boards, a foot  board, 
a 2000 mm s t ee l  tape and physician's scale .  The measurements se lected repre- 

sented a combination o f  standard anthropometry, t o  a1 low comparison r e l a t i ve  t o  
other pobulations such as the "Air Force" population, and non-classical 
anthropometry aimed a t  defining the external shape of the body. Since the 

major objective of these measurements was f o r  the  l a t t e r  purpose, and ultimately 

to  define inputs f o r  a mathematical model, many of the measurements 1 i s t ed  have 
9 

not  previously been t akm.  
Included i s  a descript ion of each measurement together with a precise 

- def in i t ion  of i t s  location.  I t  should be noted t ha t  c lass ica l  anthropometry . 

i s  based upon body landmarks o r  points which have a bony basis and allow there- 

fore  a ce r ta in  degree of accuracy. However, marly of the  non-standard body 

measurements necessary t o  define the  body shape could not be based on precise 
bony landmarks, therefore  \vill show l e s s  precision and greater  var ia t ion.  An 

attempt was made t o  measure these  as accurately as possible and i t  i s  be1 ieved 
t h a t  these data a re  valid f o r  the purpose designed, providing a much more useful 
"map" of the contours of the body. 

The nieasurcnient nu1::ber and descript ion i s  given in  the  following 1 i s t ,  

Those numbers designated w i t h  an as te r i sk  a re  non-standard oieasurements. The . 
subjects  \/ere unclothed except f o r  an a t h l e t i c  supporter, The majority of . . .  
measureolent iios. 1-62 were taken with the subject  standing and the  reinainder 
w i t h  the sub.iect seated.  

.I. \s!cig!~t, . - 
Nude r.:cigt'it taken t o  nearest tenth o f  a pound on stittidard rililitary 

medical sca lc .  Also ask i f  vre i5 t l t  tz!;ct~ vrh i lc  tes t  subject  atid i f  so,  



2. Stature  # 

Vertical distance from f loor  to  top o f  the head using anthropometer 
and subject  standing e rec t  with head oriented in Frankfort Plane. 

- - 3, Kenton Height* 
- -. 

- ver t i ca l  distance from f loor  t o  chin, using anthropometer and 
subject  standing e rec t  with head oriented i n  Frankfort Plane. 
4. Cervicale Height 

. Vertical distance from f loor  t o  posterior  base of neck a t  the 
7th cervical vertebrae with the subject standing e rec t  (Mark cervical e )  , 

- 5. Acromial Height 

Vertical height from the f loor  to  the shoulder a t  the r i gh t  acromion 
of the e r ec t  subject .  
6,  Axilla tleight 

Vertical distance from the f loor  t o  the armpit, with the subject  
standing e rec t  and extending both arms horizontal ly,  then lowering. 
7, Suprasternal e Height 

Vertical distarice from the f ioor  t o  the  upper edge of the sternum, 

(mark) , c 

8. Subs terna i e Height 
Vertical distance from the  f loor  t o  the  lower margin of the sternum, 

(mark) ; 
9. T-12 Height* 

Vertical distance from the f loor  t o  the spinous process of the 12th 
thoracic vertebra,  taken froni rea r ,  (mark). 

10. Rib Height* 
Vertical distance from the  f loor  t o  the lowest point on the r igh t  

f ront  of the r i b  cage, (mark). 
11, .  Waist Height 

Vertical distance from the f loor  t o  the superior marg1:n of the 
r igh t  i l i a c  c r e s t ,  taken fllom:rear, (mark): 

. 1 2 ,  Tro'ci~ar;tcric tieigllt* 

Vertical distance f i - o m  f ldor  to l a t e r a l  projection of r i gh t  major 
t rocl~anter  (mark). 

13. i\;axi~l;u!:l Hip C,rt.~dth 
Fro:r~ rear, a t  ~ ~ l i l ~ i ~ i i l l : q  dialrlcter o f  hips  (No. 1 2 )  previously ~i~st'ked. 

A l ~ t l ~ m p n ~ ~ ~ c t c ~ * .  S u b j e c t   tand din^. 



' 8  14, Maximu~ll Hip Height* 

Vertical distance from f loor  to  point coinciding with maximum hip 

breadth (n~easurernent No. 13). Taken from rear .  
. - 75. Maxiniuni Guttock Depth 

Subject standing. From r ight  side.  Anthropometer. Depth of body 

a t  the level of maximum protrusion of the buttocks, 
16. Buttock Height No, I* 

Vertical distance from f loor  to point on buttocks coinciding with 
maximum bottock depth (measurement' No. 15). Taken from rear. 
17, Maximum Buttock Circumference 

Subject standing, in horizontal plane circumference a t  level o f  

greates t  rearward protrusion of buttocks. From right side.  
18. Buttock Height No. 2* 

I Vertical db t ance  from f loor  t o  point on buttocks coinciding with 
maximum buttocks circumference (measurement No. 17 ) .  Taken froni rear ,  

19. Crotch Height 
Vertical distance from f loor  to  midpoint of crotch. 

20. Maximun~ Calf Breadth 
Taker! fron rear ,  right 1 eg. ,rrnthrop!xn$ter. Maxinium di axeter of 

ca l f .  
21. Maximum Calf Height* 

Vertical distance froni f l oo r  t o  point coinciding with maximum calf  
breadth (rtleasurcment No. 20) ., Right leg. 

22. Lower Pate1 l a r  Height* ' 
Vertical distance from f loor  to in fe r io r  boxes of knee cap (knee 

pivot point) .  R.ight leg. 
23. Biacron~ial Diameter (anthropoineter section) 

Width bettileen acroinion-acrornion of shouldcr. Fron re.ar, subject . 

seated. 
24: Bideltoid Diameter (shoulder breadth) 

. . 
tlaxinurn shoulder b r e a d t h  across 1 a tera l  aspect of deltoid n!uscles. . 

From r e a r ,  subject seated. Anthropon12ter. 
25, Cervicalc-Axil la Distance*, 

. .  Distance nieasured from cervicalc to  armpit w i  tll sub jec t  r a i s i n g  arm 
ant1 l~:!~.ring a f t c r  instr-unicnt in plsrce. Point i s  11iarke3 f o r  level o f  chest 
d e p t h  arid h r e ~ d f l i  ~:easurc'n~i?nts. From redr, s u b j e c t  s t a l i d i n g .  

. .  . Antl~ro;\o~;i.??:r: 



' 26. Chest Breadth - 
Subject holds arms' raised and lowers a f t e r  instrument i s  in place, 

breadth measured during normal breathing. From rear, subject standing, 
Anthropogieter. 

27. Chest Depth 
Suhject raises arms and lowers a f t e r  instrument in place. 

Measured on right side a t  nipple level during normal breathing. From right 

side, subject standing. Anthropomcter. 
(NOTE: neasur~m2nts 23, 24, 25 should be taken a t  same level,  b u t  

th is  level may d i f f e r  from level a t  which 24 or 25 taken. 
' If  so, measurem~nts a t  each level for  each point will be 

taken and noted). 
28, Chest Breadth a t  Xiphoid 

Chest depth measured a t  level of bottom of sternum. Subject 

standing, from right side,  Anthropometer. 

30. T-12 Chest. Breadth.k 
Frcm rear,  using T-12 reference point marked, subject standing. 

Anthropoma t e r  . J 

31; T-12 Chest Gepth* (NOTE:  Backbone indents a t  th i s  point-instead 
measure maximum). 

From right side,  depth measured a t  T-12 reference level ,  subject 
standing. Anthropometer. 
32. Chest Breadth, infer ior  margin r ib  cage* 

From f ront ,  subject standing. Chest Diameter a t  1 eve1 of lowest 

point on r ib  cage, previously marked. 

33. Chest Depth, infer ior  margin r ib  cage* 

From right side,  suhject stantling, chest depth a t  level of lowest 
point on r ib  cage. 
34. Waist t2readth 

a Frm frotit, subject standing. ' blaist .diameter to  level c?f top of 
l a te ra l  bat-d2r i l i ac  ct-csts, previously rar l :ed.  ~nthrc~oi:ietcr.  

35. Waist Depth 
. 

Frolu right sidt., subject st31:ding. I'Jaist dcp t l l  a t  level of t o p  of 
l a t e r a l  border  i 1 i a c  ct-ests , previously ~:;arl;ed, rlrithropo~i:cter. 

36. tiip 3??t!l 

Fro:i, r i g h t  s ide,  depth o f  hils a t  level o f  troclisntcr p o i n t  p w -  

vEo[~sl y ~r!.lr!.cd ( 1  2 )  . P,tltIlt.opoi;~ctc~-. S u b j t x t  stat~di  rig, . 
5 



(NOTE: Hip breadth and h i p  depth may vary from standard wherr taken 
a t  t h i s  l eve l ,  and i f  so both measures for  each may be taken. 

Note t ha t  hip pivot point cannot be measured accurately 
external ly . )  

- -. 
37, Hip Breadth 

Subject standing. Anthropometer. A t  level  of trochanter (1 2) .  

38. Height a t  Maximum Hip Breadth 
Subject standing. Anthroporneter. A t  level  of trochanter (1 2 ) .  

39. Crotch Breadth 
Taken from front .  Anthropometer. Body diameter a t  level of crotch. 

40. Crotch Dcpth 
Taken from r igh t  side.  Anthropometer. Depth a t  level of crotch. 

41. Neck Circumference 
Subjeci standing erect .  R i g h t  s ide  c i r cu~ fe r ence  in plane perpen- 

d icular  to  axis  of neck and j u s t  belo!:) "Adams Apple." 
42, Shoul der Circumference 

Maximum Ci rcuniference around shoul ders a t  rnaximum 1 a te ra l  protrusion 
of del to i  d ~ u s c 1  es .' 
43. Upper Ci~es t Circun~fercnce* 

Subject standing. R i g h t  s ide ,  Taken a t  level o f  Reasurement Nos. 
24- 25. 

44. Chest Circumference 
Arrns raised then lowered, Maximum c i  rctrrnference i s  nleasured a t  

level of nipoles,  during n'ormal breathing. In f ron t .  
45. X i  phoid Chest Circuil~ference* 

Subject sta,nding. Frotit, Circumference a t  level of i n f e r i o r  border 
of X i p h o i d  a t  base of stcrnum. . . 
46.. T-12 Chest Ci rcu~nference* 

Subject s tand ing .  Froin rear .  Circuaference taken a t  T - 1  2 level .  
4.7. Lo;vet- R i b  Cage Ci rcu~ilfere,nce* 

Subject standing. Fro111 fro!lt. Circunlfert.nce taken a t  level of lo~res t 
' point on r i b  cane, previously 111arked. 

48. I4aist C i  I-cui:~fcrencc 
S u b j c c t  s t a n d i n g ,  froin f ront .  Taken a t  level ,  of superior i l i a c  

Ct'c?S t ~ I ' C V ~ O I I S ~ . ~  11l;lt'l:cd. 

( 1  E : 1.11 i s c i t~cuiiifi~18t.ilct1 \:lay vary fro111 s t;il~dard) 



. 49. H i p  Circumference 

Subject standing. Froni r i gh t  side. '  Taken a t '  point  of maxinlum h i p  

diameter previously marked. 

, 50. Left T h i g h  Circumference a t  Crotch 
Subject - stands e r ec t ,  legs s l i gh t l y  apar t .  

51. Right Thigh Circumference a t  Crotch 

52. Lower T h i g h  Circumference 

Subject stands e rec t .  Horizontal circumference just above r i gh t  
kneecap, 

53, Knqe Circumference* 

Subject stands e r ec t .  Circumference a t  midpoint of pa te l l a .  

(NOTE: This i s  not in Sam? plane as pivot point )  
54, , Lower Knee C f  rcumference* 

Subject stands e r ec t .  Circumference taken a t  i n f e r i o r  border of 
pa te l l a .  ( S t i l l  may be above pivot point b u t  provides an addit ional  

reference measure. ) 

55. Cal f C i rcunfe ren~e  
Subject stands e rec t .  Right leg ,  E.laximum circumference of c a l f  

o f  lower leg ,  

56. Lower Leg Circuniference 

Subject stands e r ec t .  Right leg. Circumference a t  point of 
minimum 1 oxer leg  diameter, previously marked. 

57. A n k l  e Ci rcumference (minirnuin) 

Subject stands e rec t .  Right ankle circumference taken above l a t e r a l  
mall eol us pro j e c t i  011. 

58. Upper A n n  Ci rcuniference (ax i l  1 ary) , 

Subject standing. Right arm. Circumference taken a t  armpit with 

subject. rai 'sinq, t h e n  1ov;ering arm, 
59, El bo:~ d i  rcuniference* 

Subject standing. Right e l  bow circumference measured i n  unfl exed . a 

position. . 

60. l.o,;ct- t7r.m C i  r cu :? i f c r~ .nce  

Suh. j r .c t  s t21-)ding. R i g h t  :ar.sl. rtiaxiii!um circul:ife\.ence of the forear~ll , 

belo\*/ t i l e  elbow. 

61. Wrist C i r c v ~ i l f c ~ e n c e  

. S!:!)jrct . s t a n d  i r lq .  R iq l i l :  ani .  Circuaiference i s  I ~ ~ C J S L I I ' C ~  ,just 
r!roxi!r::l o f  the s t y l p i d  nroccss o f  u j n a ,  



62. Fist Ci rcunlference 
Subject makes t igh t  f i s t  with right hand with thumb lying across the 

end of the f i s t .  Tape passes over thumb and knuckles. 

63, Head Circumference 

Maximum circumference of head above brow ridges. 

64. Head El  1 i pse Circumference (Bennett measurement) 

Head circumference from rnenton (chin) to  point on back of head a t  

maximum distance. 

65; Head Breadth (spreading cal iper) 

Maximum breadth of the head i n  a plane perpendicular to  the mid- 

sagi t ta l  plane. From rear ,  subject seated. 
66. Head Length (spreading cal iper)  

Maximum length o f  head from glabella t o  occipital area. 

67. Anterior Neck Length (tape) 

Subject standing, e rec t ,  with head i n  Frankfort plane. Surface 
distance from supersternale t o  the juncture of the chin and neck. 

68. Upper Neck Circumference 

Subject standing, e rec t ,  with head in Frankfort plane. Horizontal 

cii*cumferencc from juncture o f  chin a ~ d  neck to  lowest point of occipital 

region ( a t  or below inion).  

69. Posterior Neck Length 
Subject standing, e rec t ,  with head in Frankfort plane. Surface 

distance i s  measured from cervicale to  the lowest point of occipital  

region ( a t  or below inion'). 

70. Lower Neck Circumference 

Horizontal ci rcumference froni suprasternal e to  cervical e. 

71. Erect ~i t t i n g  Height (anthropooeter) 

Subject erect ,  head in Frankfort plane, with fee t  resting on a ' 

surface so tha t  knees are bent a t  r ight angle. Distance nleasured from 

s i t t i n g  surface to  top of head: 

72. Er.ect S i t t ing  Height 

Internal canthus .height, s i t t i n g  posi t io~i .  Subject seated erect in 

Frankfort plane, horizontal iv i th  knecs a t  r ight angles to  f loor ,  Vertical 

distance fro~n the  s i t t i n g  surface to  the inner cornfr of the eye. Rig!lt 
eye. 
73. Sl unlped Sit t ing Height 

Subject a1 lo:.!ed t o  aSsljii;c nonn~l sl  umpcd s i t t i ng  position. D i s  t a t ~ c e  

ntcasurcd fro:]) s i t t i n g  surfncc t o  t . ~ p  of I lcad. 



74. Slumped S i t t i ng  Eye tieight 

Subject a1 lovied to  assume normal slumped s i t t i n g  position. Distance 
measured from s i t t i n g  surface t;o the inner corner of r ight  eye. 

75. Vertical Arm Reach, S i t t i ng  
Subject 'seated in e r ec t  Frankfort horizontal ,extends r igh t  arm, 

maintaining shoulders pressed against  s ea t  back. Distance measured from 

surface of s ea t  back to  t i p  of longest f inger  using anthropometer held 

horizontally. 
76, El bow-to-El bow Breadth 

Subject seated e rec t  w i t h  upper arms hanging a t  s ides and forearms 
extended horizontal ly,  w i t h  el  bows res t ing 1  igh t ly  against s ide  of body, 

The maximum horizontal distance i s  measured with the anthropometer across 
the 1  a te ra l  surfaces of the el  bows. 

77. , El bow Cl earance O u t  (hori zontal ) 
The horizontal distance from the t ip  of the elbow to  the mid1 ine 

of the back, with the elbow held out  l a t e r a l l y ,  

78. El bow Clearance O u t  (ve r t i ca l  ) 
The erec t  seated subject  extends the right upper arm l a t e r a l l y  as 

i n  77. Distance i s  n~easured ver t i ca l ly  from surface of s ea t  to  t i p  of 
the el bow. 

79. El bow Clearance Back (horizontal ) 

The subject  s i t s  e rec t  with r ight  elbow flexed a t  90'. The upper 
arm i s  then circumducted poste'riorally as f a r  as possible and the hori-  
zontal distance between the t i p  of the elbow and the plane of the back i s  
measured. 
80. El bow Clearance Back (ver t i ca l  ) 

Vith posit ion,  samrz as in  79, the ver t ica l  distance i s  n~easured from 
the t i p  of the elbow to  the s ea t  surface. 
81. H i p  ~ r e a d t h ,  S i t t i ng  

' The maxiinurn diameter of the seated sub jec t ' s  hips. 
82, T h i g h  Clearance . . . .  

With the subject  seated,  the ve!-ti cal distance betv!een' thc an te r io r  
aspect of t! ie t h i g h ,  j u s t  d i s t a l  t o  tile i n g u i n a l  . l i n e ,  and  -the sea t  sur-  
face. 
83. Plaxin~i~:n knee spread ( s i t t i n g )  

The distance bct\m:ccn the rnost  latcl-a1 poitlts or) cnch knee, \;li tli  I 
! 

the e r e c t  scatcd subjccl  S I > I ' C S ~ ~ ! I ! :  I, I :~-Ts  as f a r  as ~ ~ o s s i b l c .  
I 



84. Seat Back- Abdomen 

With  the seated subject  in  e rec t  posture the  distance i s  measured 

from the surface of the s e a t  back t3 the an t e r i o r  surface of the abdomen. 

85. Seated Functional Arm Reach ( l e f t )  Horizontal 

The seated subject  extends the l e f t  arm l a t e r a l l y ,  touching the  
t h u m b  t o  the middle f inger .  

86; Seated Functional Arm Reach ( r i g h t )  Horizontal 

Same as  85, t o  r igh t  s ide .  
87, Seated \laximum Arm Reach ( l e f t )  Horizontal 

88. Seated Plaximurn Arm Reach ( r i gh t )  Horizontal 

89. Seated Shoulder Height 

With subject  i n  e rec t  posture, ve r t i ca l  d is tance  from s e a t  surface 
t o  r igh t  ~cromion.  
90, Seated Cervicale Height 

With subject  in  e r ec t  posture, ver t ica l  distance frcm s e a t  surface 

to  cervi cal e .  ' 

91. Waist Height, S i t t i n g  
3 

With subject  in e r ec t  postuve, ktires bent 90°, distance from sea t  
surface to  r i gh t  i l i a c  c r e s t  (marked), 
92. Buttock-Knee Length 

Seated e rec t  subject ,  anthropometer, horizontal distance from rear-  

most point of r i gh t  buttock to  f r on t  of the kneecap. 
93. Knee Height, S i t t i ng  

Seated subject  with' f e e t  f l a t  and knees bent 90°, distance from 
foo t res t  surface t o  top of r i g h t  knee (not  t o  kneecap). 

94. Pop1 i tea l  Height, S i t t i ng  

Seated sub jec t ,  f e e t  f l a t  and knees bent 90°, distance from 

foo t res t  surface to  underside of r i g l i t  knee. 
95. Mi tiiniuni Lot:~er Leg Dianleter 

Taken froni rear. R i g h t  l eg .  Anti1ropon:eter. Mininiuni diameter of 
10v;cr leg .  

96. I.P.!::~ T i  b i  a1 t{ciiht* 
Vertical distal-tce froni f l o o r  to  point c o i ~ ~ c i d i n g  e ~ i  tti ~ l ~ i t l i ~ i ~ i i l ; ~  lo\.rer 

l e g  di;ln:?i.~r (in2asut-cil:erit Xo. 95 ) .  ' Right leg.  Usc foot  boaimd. 
97.  1.;) tcr;tl !,'a1 l co l  us t ( e i y ! l t *  

V ? ~ - t i c ; \ l  ( ! i s  Li7,11ce fr~111 f loor  to i ~ i t ' e r jo r  border f ibu la  l a l c r a l  
niitl 1 eol ~s . ltsu f o o t  board. . ' 



98. Foot Length 

Subject stands, r i gh t  foot on foot  nieasuring board, weight equally 

d is t r ibuted.  Hecl t o  f u r t he s t  toe distance.  

99, Foot Breadth 
- - - - Subject s tands,  r i g h t  foot  on foo t  measuring board,  weight equally 

d is t r ibuted.  Distance a t  widest part o f  foot .  

101. Hand Length ( s l  iding ca l i pe r )  

Hand extended, palm up .  Distance from proximal edge o f  the 

navicular bone a t  wr i s t  t o  the t i p  of t he  middle f inger ,  

101. Hand Breadth a t  Thumb ( s l id ing  ca l i pe r )  

Wand extended, palm u p ,  with thumb lying along s ide  and in plane 

o f  the  palm. Breadth measured across thumb knuckle, 

102. Hand Breadth a t  Metacarpal e ( s l  id i  ng cal i per) 
I Hand extended, palm u p ,  rnaxinlum distance across metacarpale 111. 

103. Hand thickness a t  rnetacarpale 111 ( s l id ing  cal ipe r )  

Hand and f ingers extended, thickness of knuckle of middle f inger .  

104. Arm Span 

Subject e r ec t ,  back t o  wall,  with arms extended l a t e r a l l y  t o  

maximum middle f ingcr  o f  one h a n d  jbst touching s ide  wall (or block),  

Distance i s  measured on scale  placed on wail from f inger  t i p  t o  f inger  

t ip. 

105. ~ e r t i  c ~ l  Reach (standing) 

Subject e r ec t ,  hack t o  wall,  with r ight  arm extended overhead 

and  heels touching f loor .  Gse 1,vall board a n d  block t o  read maximum d i s -  

tance f r o m  f l oo r  t o  t i p  of longest f inger .  

106. Ar~n Reach from Glall 

Subject erect  in corner of room, sl~oulders pressed against  wall ,  

with l e f t  arm and hand extended horizontal ly along s ide  wall.  Use wall . 

scale  t o  n:easure distance from w a l l  t o  longest f inger  t i p .  

107. Claximuin .Reach froni \\la1 1 

S~ibJect  e rec t  in corner of room, wilh hack prcssed against  the 
' 

rea r  wa l l  and  h is  l e f t  s~liouldcr tI-t\-ust as f a r  forward as possible; h i s  

l e f t  (lrl,i snd hancl cxtcr lded I~n r~ i :on t~~ l  l y  a l o n g  t i l e  siclc bra1 1. Pleasure 
distarlcc f~\oi:, \:ill1 to t i p  of loliil!!st finr;cr ou \,:all i c ~ l c .  
108. Firrlctional Rezch 

Sr~b j t ! c t  e r c c l  in ,cnrner  o f  rooln, r , ~ i t t l  hoti l  shortlclcrs prcqscd aqaitlst 

t tw r*c,i I* 1!31 1 ; a n d  1 ~f t. ab.111 a n d  h z n d  c x t r n d : ~ j  hori zont a1 ly alo!lc,! t t ~ c  s i  d c  
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. wal l ,  except t h a t  the  t i p s  of his  thurnb and fo re f inge r  a r e  pressed 
together .  Measure d i s t ance  from r e a r  wall  t o  the  t i p  o f  t he  thumb 

using wall sca le .  









T ~ B L E  1 . INDIVIDUAL MEASUREMENTS, DAISY TEST 5,UBJECTS (page 4) 
b:easur?- S u b j e c t  S u b j e c t  S u b j e c t  S u b j e c t  S u b j e c t  S u b j e c t  Range 
n e ~ t  No. No.. 1 lio. 2 No. 3 - ifo. 4 No. 5 No. 6 w 

60 26.2 - 31.3 - 27.8 27.0 27.5 27.6 26.2 - 31.3 
6 1 16.5 18.0 17.5 18.2 16.5 18.0 16.5 - 18.0 

02 28.5 ' 29.0 29.2 29.8 29.1 29.1 28.5 - 29.8 
seated 

7 1 87.6 91.2 90.5 
( change)  

72 76.6 78.7 78.6 

7 5 29.5 86.2 132.0 
unable t o  g e t  
shoul  de r  back 

75  37.8 55.2 39.9 
40.4 

eib3:.r a t  s ide 

15.4 

18.2 

11 - 0  
cl ean 



TABLE 1. INDIVIDUAL MEASURENENTS , DAISY TEST SUBJECTS (page 5) 

l.?ezsure- Subject Subject Subject Subject Subject Subject Range 
N O .  1 740. 2 NO. 3 - NO. 4. NO.  5 NO. 6 znnt tie. 

SO ? 

.? 3 y 7 . 6  89.5 86.5 91.6 90.0 99.9 89.5 - 99.9 
former  dancer ' 

c> n . .. 
-) -t * c . 5  26.3 25.6 21.0 26.7 24.1 21.0 - 26.7 
25 > - 

:,.6 . ' 85.0 80.3 80.5 -87.5 88.0 
-i ,? i- '- - . - ; ~ r ~ l  . E3.5 1 onger 

25 ' . 85.3 86 .O 81 - 9  81 - 8  86.0 88.5 81.9 - 88.5 

87 . 31.9 . 90.5 85.8 93.8 93.5 90.5 - 93.8 
. . l e f t  handed 

83 . 61.4 60.7 56.9 59.2 59.1 62.6 59.1 - 62.6 
63.0 

1 e f t  measured t w i  ce 

8.0 7.0 7.0 7.2 8.0 
a t  c e n t e r  



TABLE 1. INDIVIDUAL MEASUREMENTS, DAISY TEST SUBJECTS ( page 6) 

T.:~asure- Subject  Subject  Sub jec t  Subject  Subject  Sub jec t  
I:o. 1 

Range 
ilo. 2 NO. 3 NO.. 4 . NO. 5 r?>?rl-t 30. No. 6 

w 

0 8 26.5 - 26.2 25.7 26.9 25.5 25.8 25.5 - 26.9 
long toe nail 

99 9.5 9.0 9.0 10.4 9.6 10.0 9.0 - 10.4 . .. 

100 19.4 18.8 17.9 18.8 19.3 19.1 17.9 - 19.4 
I01 10.6 7 0.5 9.9 11 .I 10.7 10.4 9.9 - 11;l 
102 8.4 8.7 8.4 9.1 8.9 9.0 8.4 - -9.1 @ 

103 
, .. ..:. 

2.8 2.8 3.4 2.8 - 3.0 2.8 2.8 - 3 . 4  
1 O$ 181.5 177.0 169.8 175.1 185.7 184.4 

s tand i  ng 

105 228.1 220.0 211.2 11 9.2 229.1 231.3 
1 G5 93.4 (1) 85.9 ' 80.3 80.9 88.7 84.0 

.-d (2) 83.7 left 1 e f t  
-3 . ( 3 )  z1.7 

7 07 99.7 99.5 88.8 91.9 100.0 100.5 

i 08 89.5 79.4 74.2 79.0 84.9 78.8 
left 
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TABLE 2, A COMPARISON OF HOLLOFIAN SLED TEST SUBJECTS 
WITH 1950 A I R  FORCE STUDY 

Measure~en t 

. l - w e i g h t  

2 - s t a t u r e  

4 - cervicale  height 

5 - acromiale height 

; 7 - suprasternale 
8 - substernale 

11 - waist  height 
19 - crotch height 

23 - biacromial d i m e t e r  

24 - b:del to id  breadth 

41 - neck circumference 

42 - shoulder circumference 
44 - chest  circumference 

48 - v:zi s t c i  rcas l fere~ce ' 
49 - hip circuir~ference 

50 - thigh circurrlference ( L )  
51 - t h i g h  circumference ( R )  

52 - lower thigh circurnference 
55 - ca l f  circumference 

57 - ankle circumference 
58 - upper arin circurnference 
.60 - lo!nrer arm c-ircumference 
61 - ei,*i s t c i  rcuifiference . 
62 - f i s t  circufiference 
63 - head  circu;hference 
65 - head breadth 
66 - h ~ a d  len9th 
67 - ?ilt;tlrior neck length ' 

68 - up!:?r rlcck ~ ~ ~ ' C L ' I ~ I ~ C I - C I I C ?  

69 - postcr~ior  rli?ck I c n g  th 

70 - 10;vet- rwck . c i ~-cu~!~ i e~ . cncc  

71 - ercct  s i t t i n g  hcigilt 

. . .. , . . . . . . . . . . . . . 
nge f o r  Holloman 'Subjects 

8 t o  95 percent i le  

15 t o  80 percent i le  

. 18 t o  85 percent i le  
12 t o  90 percent i le  
9 t o  81 percent i le  

11 t o  93 percent i le  

2 t o  85 percent i le  

9 t o  60 percent i le  
4 t o  89 percent i le  

10 t o  81 percent i le  

1 t o  98 percent i le  
2 t o  86 percent i le  

3 t o  97 percent i le  

10 t o  94 percent i le  
9 t o  85 percent i le  

10 to  91 percent i le  
G t o  91 perc2nti le  

1 t o  40 percent i le  
35 t o  97 percent i le  

45 t o  96 percent i le  
. 2  t o  98 percent i le  

4 t o  86 percent i le  
18 t o  71 percent i le  

25 t o  63 percent i le  
5 t o  98 percent i le  

40 t o  99 percent i le  
3 to 99 percent i le  

46 t o  94 pcrccnt i le  
1 t o  98 perct?ntile 

1'6 t o  70 pcrce r~ t i l e  
14 t o  92 percent i le  
1 4  t o  GG pcr'cclitil e 



TABLE 2. A COMPARISON OF HQLLOCIAN SLED TEST SUBJECTS 
WIT11 1950 AIR FORCE STUDY (page 2) 

Measurement 

72 - erec t  s i t t i n g ,  eye height 

81 - h i p  breadth ( s i t t i n g )  
89 - shoulder height ( s i t t i n g )  
92 - buttock-knee length 

93 - knee height ( s i t t i n g )  
94 - pop1 i  teal  height 

. . . . a  .. . . . .  . .. ...... . ..... . 
Percent i le  Range f o r  Hol lpn~an Subjects 

10 t o  66 percenti le  

2 t o  90 percenti le  

97 - l a t e r a l  malleolus height 
98 - foot  length 
99 - foot  breadth 

100 - hand length 
101 - h a d  breadth a t  t h u ~ b  

102 - hand breadth a t  nietacarpale 
103 - hand thickness a t  metacarpale I T ?  
104 - arm span 
106 - ai-m reach from vra17 ' 
107 - maxiniutn reach from vial 1 
108 - functional reach 

49 t o  89 percenti 1 e 
9 t o  89 percenti le  

2 t o  73 percenti le  
41 t o  97 percenti le  

55 t o  96 percenti le  
15 t o  60 percznti le  

7 t o  94 percenti le  
10 t o  70 percenti le  
55 t o  96 percenti le  
14 t o  74 percenti le  

16 t o  99 percenti le  
26 t o  77 percenti le  
4 t o  56 percenti le  

9 t o  70 percenti le  
2 t o  75 percenti le  



2 . 2 .  RANGE OF E40TIOI.I ElEASUREIvIENTS 
4 

In addition to  defining the shape of the body, i t  was necessary to develop 

a s e t  of range of motion measuretnents capable of being used as input to mathe- 
matical models in order t o  define the locations of stops limiting rotat ions be- 

tween adjacent body segir~eiits, A se r i es  of f i f t e en  nieasurernents was taken in- 

vol v i n g  standing, s i t t i n g ,  prone, and kneeling subjects. In each'case,  the 
subject was asked to assume the position required fo r  a measurement and a 

t. 
photograph was taken t o  document the position. Each measurement was repeated ! 

three times. The angular stop locations were detertilined d i rec t ly  from the 

photographs and an average of the three measurements computed. The individual 
I . , I 

measurements are described in the fol 1 owing 1 i s  t .  

1 Elbow Flexion 
The subject  stands with his r igh t  side facing the camera. The r ight  

I 

elbok i s  flexed so that  the plane described by the upper and lower arm i s  -., 
perpendicular to  tile direction in which the camera i s  poifiting. The acute 

angle between the upper and lower arm i s  measured t o  define the location 
o f  the elboki flexion stop. 
2 ,  E l b o ~  Extension ' 

The subject stands with his  r igh t  side facing the camera. The r igh t  

elbo:q i s  extended so that  the plane described by the upper and lower arm 
i s  perpendicular t o  the direction in which the camera i s  pointing. The 

obtuse angle betv:een the upper a n d  lo;!er arii? i s  nleasured t o  define the 
location of the elboy: extension stop. 
3. Back (h ip )  Dorsal Extension 

The subject  stands with his right s ide  facing the camera, He i s  

instructed t o  lean backwards as f a r  as possible keeping the knees locked. 
The, arns may be extended t o  the front  fo r  the subject t o  keep his balance. 
The purpose i s  to  f l ex  a t  the wsist.  The acute angle between a l i ne  

constructed along the upper leg a n d  a l ine  constructecl paral lel  t o  t h e  

b a ~ k  dcfines the location of i.he back dorsal extension stop, 
This iil?~surci::~t~t V!JS d i f f i c u l t  t o  1i:ake and coil1 d bc improved by targeting 
body landnlarks o r  by x-rsj, tec t~~l iques .  
4 .  H i p  Latcral i jctld (riglit) ' 

The subject !;tatids f a c i r l g  tf:? cG?ri!?ra, l{c i s  instructed to  lciln to 1 



a plane perpendicular to  the direction in.which the camera i s  pointing. 

The acute ariyl e between 1 ines constructed paral l c l  t o  the lower extrem- 
i t i e s  and parallel to the midline of the torso defines the location of  
the stop limiting h i p  l a t e ra l  bending motion. This . 

measurement wa's d i f f i cu l t  to make because of the uncertainty of the 
location of the torso nlidline b u t  could be improved by targeting body - . , .,'.;. . - : landinarks or  by x-ray ,tCchniques. . . , .  

' I s - I  h . .  
, . . '  , ,  

..r ' b . 
5. Hip Lzteral Bend ( l e f t )  

This measurenient i s  s i n i l a r  t o  the previous 06: 
6. Hip Twist ( ro ta t ion)  

The subject stands facing the camera. He is instructed to  twist '  
his upper tcrso t o  the r ight  as fa r  as possible keeping the knees locked 
and the lower extremities facing front .  The objective was t o  determine 
the voluntary twist  motion possible in the torso. Only a rough estimate 
o f  t h i s  quantity was ?ossible vlithout body landmark targets ,  and an 
additional camcra to  take the three-dimensional nature of the measurement 
into conssderation . 
7, Shoulder Flexion ( r i gh t  shoul der maximum overhead) 

The subject stands w f  t h  his r i g h t  s i d e  facing the canera. He i s  
instructed t o  f lex his r ight  arm to i t s  niaximum extent overhead. The 
r ight  arni wzs t o  be kept s t ra igh t  arid the arc through which the arm was 
swung described a plane perpendicular t o  the direction in wh'lch the camera 
was pointed, The obtuse angle betwee11 a l ine  drswn along the upper arm 
and a l ine  d raw paral l c l  to ' t l ie  back of the subject defines the location 
of the shoulder flexion stop. 
8. Shoulder Extension ( r igh t  shoulder maximum dorsal ) 

The subject stands with h i s  r ight  side facing the camera. He i s  
instructed t o  extend his r ight  arin to i t s  inaxiniu~n extent reanjard, The 
r i g ! ~ t  ar;?1 \.:as to be kept s t r?igl l t  and the arc tllrougll which i t  was swicng 
desc,ribed a plane perpendicular to the direction in v!hich the caniera r;las 

pointcd. TI:? acute angle betl t~en a l ine  drawn a l o n r ~  the upcey ar.111 and ;I . 
lint drc!n psral lel  to the back defincs t h e  location t o  the shoulder 
extcnsiori stop. 

9 .  i:c.cl; Ventral (fcnb!ar.d) flcxibn 

Thc s~15, icc t  sa t  i : i t l l  his' rigllt s i c k  facing tl:e cali!cra. tte r.:as 

i 11s t r u c t ~ d  t o  I!crid his h c d d  fot7;'at-d to i t s  I i laxi l i i~ri i i  e x t e n t  b l l l i  l e  k c e p i  tlg 



i i s  back against  tile sea t .  The acute angle between a l ine  drawn paral lel  

t o  the back and a l i ne  drawn paral lel  t o  the back of the head-neck 
combination was 'used t o  define the location of the neck ventral f lexion 

stop . This was a d i f f i c u l t  measurement to make because 

o f  the lack of body landmark targets  and because of the curvature in the 
upper thoracic and cervical spines,  I t  should be noted t ha t  much of 
the ventral flexion takes place in the upper thoracic spine, a f a c t  which 
should be rroted in desicjni ng future dununi es and mathenlatical crash victim 
simulators; X-ray studies of th i s  motion should be made in order t o  
chose both jo in t  locations and motion l i n i  t ing stops with a greater  degree 
of accuracy. 
10. Neck Dorsal ( r e a r )  Extension 

The subject  s a t  w i t h  his right s ide  facing the camera. He tras in- 

structed t o  bend his head to  the rear  i t s  maximum extent while keeping his 
back against  the sca t ,  The acute angle between a l i n e  drawn paral lel  t o  
the back and a l i n e  drawn paral lel  to  the back of the head was used t o  

define the location of the neck dorsal e x t e ~ ~ s i o n  s t o p .  This 

rl>. 1U3 h d i f f i c u l t  nz:sur$x?~t t o  ma!:? kcai i se  of the d i f f i cu?  t y  of locating 
the l i ne  defining the location of the head and because of the curvature of 
the spine, R comparison oF the  resul ts  of  th.is measure~ent should be made 
with neck ventral f lexion,  . I F  tb.at case much of the rotat ion took place in 
the upper thoracic spine v~hcreas in dorsal extension niost o f  the motion \,as 
i n  the upper cervical s o ~ n e  , Thus i t  i s  possible 
tha t  nne n~cl: j o i n t  location should be used fo r  forward crash simulations 
and another fo r  rearward crasn s imulat~ons .  This should be confirmed i n  

X-ray q t u d i  zs  of r ~ c i ;  motion. 
11 . Torso t,'sxin~~~in Flexion 

The s u b j e c t  sat  v~i t h  his r i g h t  s i b e  f a c i n g  the caiiie~-a. He was in- 
s tructed t o  betid ionvard t i ~  tiiaxiniuin extent  possible keeping his knees 
togetf~el*, Tile a c u t e  (;nqle b e t w e n  a l i ne  dravrn paral lel  t o  the uppcia l e g  

a n d  a l it12 coll;;~ctin<; tl:c estirliated ccnter of rji-avity o f  tile upper tolaso , 

with -i;l'ic cstirint.cd h i p  point de f i ne s  t h e  location o f  t he  torso f l e x i o n  stop. 
T h i s  measur?r::~nt \.!as i l i f f i cu l  t to  pcrforni bcctusc o f  s p i n a l  curvature, 
thc! unci:ri-nir)'iy of t t :o uppo- torso ceriicr o f  grdvi ty  and  t h e  i i n c e r - t a i n t y  

o f  the hi i t  c:i.nt. X-~;iy s t u d i t l s  \:li 11 bc Ileccssary i n  c 1 . d ~ ~  l o  def inc l  th i s  
q u d n t  i ty i t t i  t.11 acculxcy. 



12. Knee Flexion (voluntary) 

The subject  was face down on a table  w i t h  h is  r igh t  s i de  facing 

the camera. He was ins t ructed t o  f l e x  his  r igh t  knee the maximuni possible 

extent .  The acute angle between a l i n e  drawn para l le l  to  the lower leg 

and a l i n e  drawn para1 l e l  t o  the upper leg  defines the knee f lexion stop.  

, * ,  

13. Neck Roll 
The subject  s a t  facing the camera, He was ins t ructed t o  ro l l  h i s  

head t o  the  s ide  keeping his  eyes forward and without moving his upper 

torso. The acute angle between a l i n e  drawn para l le l  t o  the mid1 ine of - 
the torso  a n d  a 1 ine d r a ~ ~ n  para l le l  t o  the midline of the head defines 
the neck ro l l  s t op .  

14, Neck Lateral Rotation (yaw) 
The subject  was prone on the  t ab le  with his  head in the di rect ion 

of the camera. He was ins t ructed t o  twis t  his head t o  the r i g h t  s ide  the 

maximum anrount possible r e l a t i v?  t o  the t t r s o .  The acute' angle between a . , ;. >. ,, 

1 ine draan para l le l  t o ' t h ~  t o p  07 the t ab le  and ' . a ]  j 6 i ' r ~ ; l o i n ~  Tore-aft 
- .  . . .. '- 1 .. 

along the mid1 ine of the head defines the neck l t e r a i  rq ta t ion stop.  
. . , , 't 

c- ' >,-. . 6.. - .  
15, Knee Flexion (forced) . ., .., , .a: .. . %?. *-. ::: 

The subject  kneeled on the table, . top wi& . . his r i gh t  . sidb.faci 'ng .,. th-e 

camera. H2 was instructed t o  put the maxilnuln i e i g h t  p o s s j r l t  ove r  .hidhip .- 
. . . I .  

i n  order t o  f l ex  his  knee the maximum amount. The  aiute::ingli:between a 
l i n e  d r a m  along the lo\,lcr leg and a l i n e  drawn along the'  upper leg defines 

the forced knee f lexion s top ,  I t  should be noted t h a t  there 
i s  approxiniatcly 20' difference between the locations of the forced and 
voluntary knee f lexion s tops .  Certainly a greater difference ex i s t s  
betwen tliz voluntary stop and the  f lexion required t o  cause in jury  than 
e x i s t s  betvecn the voluntary a n d  forced s tops  indicating t ha t  the stop 
loca t i  011s detei.~!~i ned by these ~iefisurernsnts r e p r e s e ~ t  a conservative 

notion 1 irni t beyond \thich the potential  e x i s t s  fo r  injury.  . . .  
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2.3. FOOT FORCE I~IEASUREPIENTS 

During the past few years i t  has been fourid t ha t  hunian volunteer impact sled 
t e s t  subjects are ahle to  influence t he i r  motions i n  an impact environnlent 
by tensing t h e i r  muscles, As an attempt t o  determine the level of force which 

. can be voluntari ly a p p l i e d  th rough  the legs to  r e s i s t  motion, a se r i es  of foot  
force measurenients were made on the Daisy s led .  Each subject s a t  i n  usual t e s t  
configuration on the sled,restrained with a lap  be1 t ,  and was required t o  push 
as hard as possible w i t h  his  f ee t .  The Daisysled and a t e s t  subject  a re  shown 
in Figure' 1. Ins t ru~i~enta t ion consisted of force transducers measuring foot 
downward push in to  the transducer, force t o  the l e f t  o r  r ight  on the transducer, 
and force on the transducer in the heel-to-toe di rect ion.  These are supplemented 
by the loads applied to  the s ea t  pan, the loads applied t o  the back of tile s ea t ,  
and the lap be l t  loads. The subjects  were asked t o  repeat the push three times 
t o  provide an estimation of reproducibil i ty.  I t  should be noted t ha t  some 

-1' 

subjects d i d  riot seem to  be putting for th  a maximum e f f o r t ,  and there n~ay be 
no t  only variat ion here, b u t  also a wide variat ion between the voluntary e f f o r t  
and the actual force exerted during an actual dynamic t e s t .  The force values 
measured ill t h i s  t e s t  cantbe used t o  measure the torque potential a t  the knee 
point,  an input variable of the niati~ematica'i nlodel which can have a marked 
influence on body motions. The resu l t s  of the t e s t s  are  given in Table 4. 
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3 .  COMPUTATION O F  BODY CIASSES, CENTERS OF # 

GRAVITY, A N D  MObIENTS OF INERTIA 

3.1 BODY SEGMENT WEIGHT 

. .. The weight o f  the body segri~ents have been computed using the regression 

equations proposed by Barter .* These are  restated here as 

W (head and neck) = ,079 i3- 
w (trunk) = ,391 a +  12. 

W (upper arms) = .08 LT - 2.9 
W (forearms and hands) = .06 - 1.4 

W (upper legs)  = , 1 8 m +  3.2 
W (lower legs and f ee t )  = . I3  a + 0,5 

'where ii i s  the to ta l  body \veiyht of the subject .  The weights o f  the various 

body segments fo r  each subject  are given in Table 5, 
*.' 

3.2 A MODEL FOR BODY Sl1APE AND MOI.1ENTS OF INERTIA 
i 

A nlodel of body shape has been developed to  provide input f o r  the HSRI I 

I 
Two-Dimensional Crash Victim Simulator. The body has been divided in to  e ight  I 

niass elements (head, upoer torso, m i d d l e  torso, 1o\~t?r torso,  upper legs,  lower 
I 
i 
! 

legs,  upper anns and lower arms) with seven jo inis  (neck, shoulder, middle I 

spine, lower spine,  hip, knee, and elbow). A s ide  view schematic of the body i 
I 

model i s  shobn in Figure 2 .  The head-neck s t ructure  i s  modeled by the combi- I 

I 

nation of an e l l ipsoid  and a c i rcu la r  cylinder. The torso i s  s p l i t  in to  three i 
segments and includes the volume .bf the body betireen cervical vertebra No. 7 

and the buttocks including the hip j o in t ,  The f i r s t  element includes the 
volurne included between cervical vertebra No. 7 and thoracic vertebra No, 1 2 ;  

the second eferii2nt incluiltts the voluine between thoracic vertebra No. 1 2  and the 
waist;  ahd the third el enlent includes t h e  'pelvic s t r u c t i ~ r e ,  huttocks and hip , 

. jo in t .  The cipnpr legs are n~odeled by a truncated cone s ta r t ing  a t  the f ront  
' of the abdoixn (seated subject)  and extending l o  the knee jo in t  while the lower 

legs a r e  o!adeled by the coii~bination of two c i rcular  cylinders 1:ri t h  perp~iidicul ar axis 

representing ;lie lower lcq a t ~ d .  foot s t r u c t u r ~ s .  Both the upper and 1ov1,er arna 
a r e  represented by circul  at .  cyl illdcrs . The formulas for corlputing the rlio:llents 
o f  i n c r t i s ,  a:id \:!!ere d i f f i c u l t ,  the ccntel's o f  g ~ ~ ~ v j  ty a,-c'given in the 

follo!iing ?-,G. The d i ~ ~ i : > ~ i s i c i n s  of. t h e  vni.ious q~oa!.trical elc~i~&:ts a w  !liven 
i n  Fiqurcs t e x t  'and tile various f?ntlirol~il;l??tt*ic q u ~ n t i  t i e s  in Table 1 . Tlie 
11!niilcnts o f  inr,r . t ia rtt-e srri:.:itar.i;:cd i 11 T:!>lc 6 .  

. 
2q 



TABLE 5. 'BODY SEGWENT \.!EIGHTS (Ibs,)  

Body Segment S u b j e c t  Subject Subject Subject Subject Subject 
No. 1 No. 2 No. 3 10. 4 No.5 No. G 

head and neck 10.7 15.7 12.4 12.2 14.0 13.9 

t runk 65.3 89.8 73.6 72.7 87.7 81 .I 

u p ~ e r  arms 8.0 13.0 9.7 9.5 11.3 11.2 

forearms and 
hands  6.8 10.5 8.1 7.9 9.3 9.2 

upper 1 egs 27.7 39.0 31.6 31.1 35.2 35.0 

lower legs and 3 

f e e t  18.2 26.4 21 .O  20.7 23.6 23.4 



Head-neck Mass 

Lower Arm and Hand 

9 

Upper 'Torso Mass----;-- 

Middle Torso Mass-; 









Upper Arm 

Lower Arm 
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The head i s  composed of tL~o masses, an e l l ipso id  representing the head and 
a c i r cu l a r  cylinder representing the neck as shown in Figure 3 ,  The weight 
o f  these two segments i s  divided between them on a volume basis where 

4 li V, = - nabc, Ve = 7 e2d 3 

and 

where Ye = v o l  time o f  e l l ipso id  

vc = volume o f  cylinder 

We = weight of e l l ipso id  

N = weight of cylinder,  and 
t C 

W t  = weight o f  head-neck combination from Table V. 

The center  of gravity i s  given by 

The mor;i?nt of i n e r t i a  of the head-neck conbinatioti i s  

where the di;nensions a re  given by 

c = (;~:.i i~I-iGst:~170)/3; 
. 

atld tht. subscript  of f b l  d ~ f i n c s  t h e  a n t i ~ r o p o i ; : ? t r i c  ~~lc~~su~*en;ent  i n  Tab le  1 . 



The t o r s o  we igh t  i s  broken up i n t o  t h r e e  p a r t s :  an upper t o r s o  ( u t )  rep re -  

sented by an e l l i p t i c a l  c y l i n d e r ,  and a  l owe r  t o r s o  ( 1  t )  represen ted  by an 

e l l i p t i c a l  c y l i n d e r  w i t h  i t s  a x i s  pe rpend i cu l a r  t o  t h e  a x i s  o f  t h e  o t h e r  two, 

T h e  dimensions of these geomet r i ca l  f i g u r e s  as def ined i n  F igure  4 and Table 1  

a re  

T h e  mass o f  the t o r s o  as  g iven  i n  Table  5 i s  d i v i d e d  among the  t h r e e  body . 

elements on a  v o l u ~ e  bas is .  
- Vut - ~ a b c ,  V,$ = Tdef, Vel = 7,ghi 

The we igh t  o f  each segment i s  conlputed as  

The moments o f  i n e r t i a  are  then  g i ven  by 



# 

The upper legs a r e  represented as truncated c i r cu l a r  cones as i l l u s t r a t e d  

i n  Figure 5,  The geomztry i s  based on  anthropometric measurenlents as follows 

- .  . .  : a = b 1 , , / 2 ~  - 

b = (!'!CjOf MCjl ) / 9 ~  

h = fdg2 ' M36 

The formulas fo r  center  of gravi ty ,  density,  and moment of i n e r t i a  a re  
derived frorn Patten4 and are  s t a ted  as follows 

The 1owt.r 12gs a re  giilen by a cocb! nation o f  two c i r cu l a r  cy7 inders as 

shown in F i g u r e  5 ,  l'he geometry i s  based on anthropometric nleasureinents as 
fol 1 OV!S 

r1 = ( M ~ ~ ~ ! ! ~ ~ ) / ~ I T  

1, = 1422 

r, = i199/2 .' 

1, = MgS- 2r1 

The weiglll; of t h e  lower leg and foot i s  d i s t r ibu ted  between the  ti4i0 cylinders 
on a \!oluli?;? bsrsis the subscript  " f "  indicates the foot  and "11" indicates  the 

lower l e y  

V l 1  = 7irT11, V i l  = i;r:l2 
L 



The centcr  of gravi ty  of the composite i s  defined by 

The rnornents of i n e r t i a  of the individual segments a re  

and the  momcnt o f  i n e r t i a  o f  the composite i s  

The uppzr and lo!:!er aums are b o t h  modeled by c i r cu l a r  cylinders as 

i l l  us t ra led  i n  Figure 6 .  The. geomctry i s  based on anthrop0n:etric rneasurenients 
as fol lopis 

1 r, = -- (!,15Sf~159) 
41r 

I 1  = f / 1 7 7  - 1 / 2  b123 
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3 . 3  COEiPUTATIO:! O F  MONENTS O F  INERTIA FOR HUMAN SUBJECTS USING 
ANTHROPOP.iiTR1 C PIiEASUREI.1EPITS 

The anthropo~netric measurements described in Part 2.1 of t h i s  report have 
been selected to.provide a map of the outer  boundaries of the human body. 
Extracted from th i s  l i s t  were 44 measurenicnts which have been used t o  conipute 

the mon;cnts of ine r t i a  as outlined in Part 3 . 2 .  These are given in Table 7 ,  
The fac t  t ha t  a l l  n~casurements have not been used in computing the moments 

' of i ne r t i a  i s  based on two reasons. F i r s t ,  some classical  measiirements 
' 

which were nade allo\v comparison of the t e s t  subjects with the resu l t s  of 

previous anthropcn:?tric studies in order to  determine his re la t ive  s ize  b u t  

do not o f fe r  meaningful input to  mathematical models, The second reason i s  
that  the l i s t  of measurements represents a conservative i n i t i a l  attempt t o  I 

I 
include a1 1 potential measurements which might be useabl e in providing inputs 
t o  mathematical rcod31s. 

The model chosen fo r  the head i s  based on the f ac t  tha t  in ventral 
flexion the pivot point f o r  the head-neck mass appears to  be lower on the 

I 

neck than in dorsal extension. The head din~ensions are chosen as follows: 
5 

1. head height (2a) from s ta tu re  and chin height; 2. head breadth (2b) direct ly ;  
3. head length (2c) d i rect ly ;  4 .  neck lellgth (d)  from cervicale height and 

s i t t i n g  height; and 5. neck d i a r ~ ~ t e r  fron; cil-cumferences measured a t  three 
locations. 

The torso  has been divided in to  three masses, again based on observations 
o f  body f l ex ib i l i t y .  The jo ints  are cllosen a t  T-12 height, a t  the  waist ,  and 
a t  the hips. Tlie upper and middle masses are chose11 t o  be e l l i p t i c a l  cylin- 
ders while the h i p  nlass i s  a c i rcu la r  cyl i'nder. w i t h  i t s  center of gravity 

located a t  the hip point. The torso dil;:?nsions are chosen as follows: 
1. uppcr to\-so hei C J I I ~  ( a )  from cervical e. and T-12 hei glits; 2 .  upper torso 
breadth (2c )  froni breadth 1!1easurcl:lcnts a t  three locations along the height; 
3. upper torso depth  ( b )  froin d e p t h  nieasurcmc?nts a t  three locations along the 
height; 4. 111idd1c torso height ( d )  frslii iraist iind T-12 heights; 5.  llliddle 
torso hrecidth ( i l c )  fro:)! brcadth nieasure~ii~rits a t  two locatiorls along the 
h e i g h t ;  6 .  niiddle torso d c j l t h  ( ? f )  from d e p t h  nl:asur.cr:i~rlts a t  tv!o locations 
along tfl? l iei<j ' l t ;  7 .  l i i p  t?rc:!;ili~ ( 9 )  fr.i\l:~ ~;izc:.surc~!:~~li;s a t  the t r oc l l~n t e r  and  . 

of seated t r ip  1 ;  R. h i p  iinss i~eiqtit (211) froni s i t t i n g  vialst tvight;  atid 
9 ,  hip r~isss dept.)l ( 2 i  ) from. t i i p  dcpt!i. 



TABLE 7. ANTIIROPOMETRI C MEASUREFlENTS USED 
I N  MOMENT OF I N E R T I A  COFIPUTATIONS 

MI - body weight 

M, s t a tu r e  

M3 - mznton height 
M4 - cervicale height 

M9 - T-12 height 
MI1 - w a i s t h e i g h t  

M22 - lower pate1 1 a r  height 

s M23 - biacromial diameter 
M26 - chest breadth 
M27 - chest diameter 

, M26 - chest breadth a t  xiphoid 
-a' 

M29 - chest depth a t  xiphoid 
M 3 0  - T-12 chest breadth 

M3 - T-12 chest depth 

M3* - chest, breadth a t  i n f e r i o r  margin of r i b  cage 

M 3 3  - chest depth a t  i n f e r i o r  n~argin of  r i b  cage 
M34 - waist breadth 

M 3 5  - waist diameter 
M 3 6  - h i p  depth 

M37 - hip breadth a t  trochanter 
M 4 i  - neck circumference 

M,, - l e f t  thigh circumference a t  crotch 
8!51 - r i gh t  thigh circunlference a t  crotch 

11157. - 1 oner thigh ci  rcunifercnce 
NS5 - cal f circiiijfert?nce 

- lower leg circu~i~fcrclice 
l1lli8 7 upper arnl circulnference 

MS9 - el  bow c i  r~u~:lferei lce 
, Eico - loiter arm circurilfci*ence 

I.lG1 - wris t  circu~nfcrence 
1 - hcsd hrc?adttl 

N,, - head l e n g t h  . 

I-! , - u p p r  nccl: ci  rc~rl:ifcrence 



TABLE 7. , AFITI-IEOFO::ETRIC IviEASURt::il;TS USED 
IN i*:O;:ErlT OF I N E R T I A  CG:~ i?UiATIONS 

M7 o - l o ~ c r  neck c i rcumference 
F l7 ]  - e r e c t  s i t t i c g  h e i g h t  

M77 - e l  bow c learznce o u t  (ho r i zon ta l  ) 

M81 - s i t t i n g  h i p  breadth 

M84 - sea t  back t o  abdonicn 
M9() - seated c e r v i c a l c  h e i g h t  

Mgl - s i t t i n g  w a i s t  h e i s h t  

t'Ig2 - b u t t o c k  - knee l e n g t h  

- f o o t  l e n g t h  

Mg9 - f o o t  b read th  

M l O 4  - arm span 



w 

The legs are s p l i t  in to  two masses. The upper leg includes tha t  portion 

of the  upper leg  in f r cn t  of the hip mass which extends t o  the  knee jo in t .  I t  
i s  modeled by a t runca ted  c i  rcul ar cone. The 1 ower 1 cg i s  modeled t o  include 

the foot  mass and includes two c i r cu l a r  cylinders - one extending from the 

knee t o  the heel and the other  representing the forefoot .  The l eg  dimensions 
are chosen as follows: 1. upper leg lliass length (h )  from buttock-knee length 
and hip depth; 2 .  upper leg mass maxirnurn radius (b )  from thigh circuniference 

, a t  crotch; 3. upper leg  mass m i n i m u m  radius ( a )  from lorver thigh circumference; 

4. l o w r  l eg  length (1 d i r ec t l y ;  5. lower leg  radius ( r l )  a s  an average 
froni 1o\ver leg  and ca l f  circuinferences; 6, forefoot  length ( I 2 )  using foot  
length; and, 7, forefoot  radius ( r 2 )  from foot  breadth. 

The arnis a re  a l so  s p l i t  in to  t co  masses, both of which are  modeled by 
c i r cu l a r  cylinders.  The lower arm 5s assumed t o  have the f ingers extended. 

The arm din~ensions a r e  chosen as follows: 1 .  upper arm length from el  bow 
clearance out and biacromial diameter; 2 .  upper arm radius frorn upper arm 
circumference and' el bovr circumference; 3. lower arm 1 ength fronl arm span 

and elboiv clearance ou t ;  and,  4.  lower arm radius fro111 loiver arm and  wr i s t  
9 

ci rcumferences . 

3.4 DISCUSSION 

Par t  4 of t h i s  report  has outl ined procedures f o r  computing body masses, 
centers of gravi ty ,  and i.iioments of i n e r t i a  based on a s e r i e s  of c lass ica l  
and tion-cl ass i  cal a n t h r ~ ~ o r n ~ t r i c  ~aeasureniwits. Several other invest igators  
have developed e i t h e r  analy'ti cal o r  expe~*iiiicntal procedures f o r  determining 

these quan t i t i e s .  Pluch of t h i s  ~ i ~ l ~ l :  i s  suii\narized ill Reference 4 and the 
r e su l t s  siloi,~ a y e a t  dcal of d ive rg~nce ,  In soilie instances the values of 
monient of i n e r t i s  obtained in the '  present s tudy are  considerably l a rge r  than 
those obtained in o thzr  s tudies .  

Ti.10 recoaimcndstions can be niade which stiould aid i n  reconciling the 
differences p r c d i c t ~ d  by the various i i ivcst igators.  The f i r s t  i s  t o  deter-  
11iine it;? sc?nsi t i v i  t y  of' I ; ;OI~; : I I~S o f  i n e r t i a  t o  the valucs of thc vc?rious 
anti~ropo!:i.?tric q u h n t i  t i c s .  This could l e a d  t a  rcfinen)?r:ts and/or si~ilpl i- 
f i c a t i m  i n  the fo~'s~;l.rlas proposed in  t h i s  repor t .  Ttlf! second i s  t o  irsc the 
n :o i ! i ?~~ t s  of i n e r t i a ,  a s  predicted by tl'ie various i n v r s t i g ~ t o r s ,  i n  I tlie 
1-ISRI T::o-[)it~::rlsis!~al Cr~sl.1 Vict;iiil Sitlllrl~tor t o  detur!iiilie the s c i ~ ~ i i i v i t y  of 



f i r ed i c ted  mot ions t o  v a r i a t i o n s  i n  n~o~nent o f  i n e r t i a  i n p u t  data .  I n  case 

wide v a r i a t i o n s  i n  mon~ents o f  i n e r t i a  do no t  s i g n i f i c a n t l y  a f f e c t  t h e  

motions, t hen  t he  s i m p l e s t  es t ima tes  o f  thes,e q u a n t i t i e s  s h o u l d  be adequate 

f o r  most s i m u l a t i o n  tasks .  



4, PREPARATIL'IJ OF DATA SET FOR USE 14ITt1 HSRI 
:;. TblO-DIFltFI'SlOiiCit i.:ATHEl-1.4TICAL C R A S H  VICTIiil 
' SINULATOR 

The next several paragraphs describe the preparation o f  an input data s e t  

f o r  use with the HSRI Tw-Dimensional Crash Yictim Siniulator which i s  intended 

t o  describe Hollo~lan Daisy Slcd Test No, 5229. Three major paraiieter groups 
must be determined For any i n p u t  data s e t  - occupant clescription, deceleration 

pu lse  shape, and s ca t - r e s t r a in t  system environment. 

4.1 OCCUPANT 

4 1  1  Mass, Geonletric Propert ies,  and I n i t i a l  Position. The weight of 

the e igh t  body segnients have been determined i n  Part  3.1 of t h i s  report .  The 
-- masses f o r  these segai2nts are:  1. lo:.!er torso  (0.072 l b  scc2/ in) ;  2 .  middle 

torso  (0,0238 Ib  s e c v i n . ) ;  3. upper torso  (0.121 1b sec2/ in . ) ;  4.  head (0.0363 

1b sec2 / in . ) ;  5. upper- arms (0.0292 1b s ec2 / i n . ) ;  6. lower arms (0.0241 

I b  sec2/ i n . ) ;  7. upper leg  (0.0912 Ib  s e c y i n . ) ;  and, 8. lower legs (0.0611 
! 

l b  sec2 / in . ) .  

Table 6 gives the locations f o r  t h ?  v ~ r i o u s  cer-iters of gravity and the 

vaiues of the rnome~~ts o f  i n e r t i a  associated with each niass element. The 
lengths of the body elc-irients have been chosen so t h a t  t h e  radius of contact 

sensing ci13c1es attached t o  the ext1-emities (head, hand, buttock, and foo t )  

must be added t o  g i v e  to ta l  body length. The lengths of the  various elen~ents 

are: I-. lower to r so  (4 .1  i n . ) ;  2.  middle t.orso ( 2 , 8  i n . ) ;  3 .  upper torso  . 

(14.4 i n . )  4 .  head ( 7 . 7  I ) ;  5. op;l?r arni (11.5 i n ;  6 .  lowr arm (15,4 i n . ) ;  

7. uppcr al-1:) (18.8 i n . ) ;  a n d ,  8. lo::elq 2ri:. (16.1 i n . ) .  The distance from the 
upper spine j o in t  ('I--12) t o  the slicullricr joi i l t  i s  12.8 i n ,  

For t h e  prcdicljcn o f  force in teract ions  betvieen t h e  subject  nrtd the Daisy 

s led  a se r ies  o f  contact-sensing c i r c l e s  are a t t a c l ~ c d  to  the bpdy. The hip 
contact radius i s  chocet i  t o  be 4 . 3  inches iilliicii repvesrnts a  co~iiproinise O n  t h e  

distancc I>: ?.:?cn tl12 j i i  p po.irili c ; ~ l c i  s c d t  c r~s ! ; io~ l  a n d  tllil distiincc biiLi,:ccn t h e  

h i p  p o i r l t  2nd s c a t  blicl;. The C ~ ~ C S  t c ~ n t ; ~ c t  r i i d i ~ ~ s ,  v!l~icl l  ' u i l l  be  used t o  
' I  

preclict t,ile f o r c e  c:;,;~: i ~ d  t o  ti;? cliest  t\y t i l e  a i rhag ,  . i s  c.floscn t o  be 4.9 i n .  

\;tlictt r.cpr;lscnts t l i c  Ics!;!jth of  tlic ~ i ~ ~ . ; i - t ~ : i  IIOI- asis o-F tile e l l  ipliciil  cyl inder 

l !scd t o  co~::[:kitc? tile ;i::i?:r:t of i l lcrl is  o f  li:c upi!~r t oyso .  llic r%acfiul; o f  the 
head cnxt a c t  c i  r c l  c i,; ~ h o ! ~ c n  t.o LC 3 . 7  i n .  , \!hi ch i s  t !~r sctxi -rrii!iutq axis  o f  
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the head e l l ipso id  i j i  the direction of head depth. The elbow radius is  1 . I  in .  

based on elbow circthference; the hand radius i s  2.0 in.  based on f i s t  

circui~lferences; the knee radius i s  2.48 in. based on knee circumference; 

and the foot radius i s  1 .9  i n ,  based on foot width. 

The i n i t i a l  position of the body i s  based on the position of the 
occupant as measured a t  the  beginning of the t e s t .  This i s  s imi lar  t o  

Figure 1 and the values are given in Figure 7 ,  

4.1.2, Description of Joint  S t r u c t ~ ~ r e s ,  The properties o f  the jo in t  s t ructures  

are described in the model in terms of f ~ u r  quant i t ies :  range of motion, 

f r i c t ion  torque, force-deformation character is t ics  of jo int  s tops ,  and spring 

character is t ics  of the j o in t  i n  i t s  rang? of f ree  motion. The range of n~otion 

data given in Table 3 prclvided d i rec t ly  a l l  jo int  stop locations 'with the 

exception of the upper and lower spine stops and h i p  stop. These were 

determined from the torso maxit~~um flexion photographs to  be 41 .OO fo r  the 

lower spine (wais t ) ,  25.5" f o r  the upper spine (T-12) and 71.3" f o r  hip 

flexion. J 

No data i s  available on jo in t  f r i c t ion  torques, jo int  e l a s t i c i t y ,  and 

jo int  stop e l a s t i c i t y .  Jo in t  stop e l a s t i c i t y  models the behavior of the 

jo int  under s t r e s s  when i t  i s  forced t o  s twtc l l  beyond the ordinary rang? 

of motion. Because of the potential f o r  injury i n  determining values f o r  

t h i s  quanti ty,  no moasuremenies were made. The s t o ~ s  were chosen t o  be very 

s t i f f  spricgs (minirri~li:~ o f  40,000 in 1 b/rad). 

Joint  e l a s t i c i t y  i s  a  quant;ity res i s t ing  motion betrieen the stops,  

Because nluscle tone i s  believed t o  exer t  a  constant torque during the br ief  

ir:lpact event ,  the v a l u s  f o r  t l ~ i s  quil~itity have bt.cn chosen to be zero, 

Friction torque i s  used t o  approximate a constant torque res i s t ing  
angular nlotlon a t  t11e jo in t s .  I t  i s  particula\*ly appl i c 3 b l e  t o  t h e  case of 

at'ithropo:;:?tric cliri~;:~iies r:lhcrr! i;hc joi11t.s c 2 n  be torqued t o  a prescribed 

se t t ing .  Three potential values fo r  t h i s  quantity ;ire available.  Tile f i r s t  

i s  the stindard 1 C; se t t ing  oftcn used  with duo~niies. Based on tlie wcigiit 
and ccn:c.~. c ~ f  g ~ * ' ~ v i I . y  c i  tli? lo:.*i:r l e g ,  t l -2  1 G tor.c:ue a t  the kr:cc sho[lliI 
bc 279 i ~ i  111. I t  i s  i;-:;xsiSl:! to c o n d i t i o ! ;  a hu ; ! i~n  volunteer t a  p tS( :~ t7 t  ill1 

iiis joint:; a t  a ~ ~ ~ r t i r u l a t -  torqcle. [:aspti or1 foo t ,  s c a t  pan, s e a t  back, and 
bc l t  t.~;:.il.id!i~~~' loads, tiir? t o r i j u n t  the  !;nee \[as appr3oxin is tc1y 360 i n  l b .  



FIGURE 7 ,  INITIAL 60DY FOSlTICTI 



as the sled entered the  brake during the  t c s t .  The volunteer was tensed 

beyond the 1 G level .  Using data from the same load c e l l s  in the s t a t i c  foot  
push measurenlmts described in Part 2.3 of this repor t . ,  the voTuntary 

maxin~irm foot push yielded a knee torque of about 5040 in. lb .  This corresponds 
t o  torquing the knees t o  20 G's and indicates the potential which the subject 

has f o r  influencing his  motions, For the computer simulation a value of 

360 in.lb.was chosen f o r  the knee jo in t  based on the  measurement a t  the time 
of the t e s t .  The other jo in t s  were a s s u ~ e d  t o  be loose (0 in . lb .  torque) on 

the basis of a lack of data. Par~meter  s tudies  should be carr ied  out on t h i s  
pa r t i cu la r  quantity usi tig the mathcnlati cal model t o  determine the magnitude 
of the e f fec t  which the subject  can exer t  on h i s  motions, 

4 .2  INPUT DECELERATION FROb1 DAISY S L E D  

The input deceleraticn which drives the mathematical model was determined 
d i rec t ly  from the l i g h t  beail1 oscil lographic record made a t  the time of the 
t e s t .  Table 8 describes t h i s  pulse as a s e r i e s  of s t r a i gh t  l i n e  segrnants 

sui table  for  use with th t .  Crash Victim Simulator. 
3 

4.3 SEAT A!;D RESTRAIIIT E W I  ROrii-IENT 

'The s ea t  and r e s t r a in t  environment has been modeled by a lap  b e l t ,  s e a t  
cushion, sea t  back, f l oo r ,  toe board, chest airbag contact and head airbag 
contact.  Each of these surfaces i s  located f o r  the simulation as i t  was 

during t h ?  t e s t  t o  apply forces . . t o  t h e  body of tlie subjects .  Figure 1 shows 

the subject  pr ior  t o  tile t e s t .  Ttie be l t ,  s e a t ,  atid foot contacts re ta in  the 

geometry shovlri. However, the airbag i s  located t o  represent i t s  fu l ly  inf la ted  

position jtisi before  the occupant n:wes in to  cor:tact with it. Both the chest 

a n d  liead a i  r b a g  contacts are sod61 ed by ver t ica l  surfaces located i n i t i a l l y  
approxii~iately l / 2  inch in f ron t  of t h e  chzst a n d  head contact-sensitig c i rc les .  

The seat  custiion i s  represented by a horizontal surface. Because the 

actual s ca t  consisted o f  a n  esscri t ial lg r i g id  'p la te  covered by a two inch 

foam pad(vihic11 nearly t;otto;ned out u n d e r  the r.reipilt o f  tlie sub j ec t ) ,  i t  was . 
, 

given ti12 ;wcrper-ties o f  a s t i  f f ~ n i r ~ g  s;)r ing v:i?icl~ ~roduces  530 1 b .  d i ~ r i r l g  

t h e  f i r s t  ir-!cl, of C c f l c c t i o n  and 2325 I!,. r f i ~ r i n g  t h e  secoiid inch and  i r ~ c r e a s ~ s  
l o z d  ~l ibs tar? t ia l  ly a t  1 at-gzr dcfl c c t i o n s .  I t  \:as observed [luring thil t c s t  
thst  t h e  r a t i o  of ior:/ard loading . t o  dov;ii:.isrd loading on t h e  sea t  p;;n was 



TABLE 8, SLED DECELERATION PULSE 

Deceleration ( i n / s e c 2 )  - 



0.73, A valuc of 0.73 w s  chosen for  seat cushion fr ic t ion on that  basis. 

The seat back was niodeled in a similar manner. 

. The scat be1 t was niodeled as a 1 inear spring, Slack was assumed t o  

be zero. The f&e-deformation coefficient for the spring (566 1b/in) was 
determined on the basis o f  elongations observed in the high speed motion 

pictures plotted against forces recorded from the bel t  load transducers. 

The procedures were s i ~ i l a r  t o  those outlined in Reference 3, 

The t e s t  subjects kept the i r  feet  in position on the foot force trans- 
ducers during the t e s t s ,  Therefore, the toe board was modeled as a s t i f f  

spring (1000 lb / in)  t o  minimize motion. The surface was also provided with 
fr ic t ion to  niinimize njotion along the surface and with energy absorption t o  
minimize rebound. 

The airbag contact surfaces were b o t h  modeled as springs during i n i t i a l  

impact. In each case, the load-limiting ~echanism available on the mathe- 
matical model was used t o  prevent loads from exceeding a maxinlum value 

(1160 1b. for  chest and 164 lb,  for  head) while deflection increased. This 
was used effectively t o  ir!odel energy absorption while the subject was riding 

down the airbag. The force de.Flection profiles were prepared using the 

techniques out1 ined in Reference 5. 



' 5. CO!4PARISON BET!l:EEPI D A I S Y  T R A C K  TEST A N D  COllPUTER SI;.!ULATION 

The HSRI Two-Dimensional Crash Victim Simulator was exercised using the 
data s e t  outlined i n  Part 4 o f  t h i s  report .  The resul t ing computer printout  
was then compared w i t h  the data gathered during Daisy Test No. 5228 and pre- 
sented i n  Figures 99, 101, and 102 of reference 6 ,  A tabulation of the peak 
values observed i n  the t e s t  and predicted using the model are given in Table 9. 
All these quant i t ies  were easy to  measure with the exception of head forward 
nation. In tihat case only an estimate was possible as  the head was enveloped 
by the airbag,  

. TABLE 9. COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS 

I Quanti ty Test Simulation 

head forward moti on-in ( 6 .7  1 5.9 

head downliard motion-in I 3 * 2  I 3.3 

Figures 8 ,  9 ,  and 10 of t h i s  report  s h o ~  1 incar and angular motions as 

well as accelerat ions experienced by the head. The horizontal and ver t ica l  

motions a re  give]: in Figure 8. The n~agnitude of both ver t ica l  and horizontal 
motions i s  siniilar i n  the two cases. The G-loadings experienced by the head 
in the two cases are  shown in Figure 9.  The shape, phase, and nlagnitttdc of 
thc curves a re  qui te  good. Figure 10 shows pitch angular motion quan t i t i e s  fo r  
the head. The niagnitudes of rearr!l:lrd v:l:i p? ash motion, the angular veloci ty ,  
and angular accelerat ion were sinlilar i n  both cases. The head does not appear 

to exph!*ience the san:e degrce o f  rebound in the siii~ulation as \:las the case in 
the t e s t .  I t  i s  pcssible t ha t  the amount of ellergy absorption assumed in the 
cornputer4 siniulation was greater than tha t  which actual ly  occurred i n  the  t e s t s .  

head angle t o  rear-deg . 
? 

head resul tan t p?ak G-level 

T h i s  ' *pr,~l  t e r  siniulatiol~ of human ~::otions in an i n lpac t  environ- 
. Y ,.' r nc i~ t  has ! / i r . ;  l.:..:; :.,::,:ii t s  r~,ri,ich are  s ~ r f f i c i e t ~ t l y  accurate to show the proiiiisc o f  

analytical t ~ : ) ? s  ~s a supp1ei:icnt to t e s t  programs. This tool niay be uscd to  

head angular accel e r a t i ~ n  - rad/sec 1 330 I 
283 

19.4 I 19.8 

11.7 13.8 
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compare the results of dunmy tes t s  r.ii t h  human t e s t s ,  For example, the rnodel 
can be used to duplicate b o t h  a human and a du!ni~ly t e s t .  Because the input 
data describing the joint properties such as nluscle tone are well-defined i n  

the model, the differences i n  these quantities necessary for correlation w i t h  

t e s t  data i n  the two cases can be compared. The observed differences, partic- 
ularly in the physical properties of the joint structures,  could lead to 
suggestions for design iniprovements in dummies, 

An additional application of the analytical tools can be made t o  human 
tolerance t e s t  programs. The models can be used as a rough guide1 ine t o  
estimate the added 1 oadings which might be expected on the volunteers v!hen 
impact' velocity i s  increased during a t e s t  se r ies ,  This could supplement the 
medical data avai lab1 e to the t e s t  program coordinators. 
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