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The desinn of much protect ive equipnent for  the head i s  often 

based on in tu i t i on  because of the 1 ack of re1 iabl e information about 

the nechanical behavior of the head. 

In order t o  properly design devices aimed a t  minimizing head 

injury in  the automotive crash environment, engineers require  a 

means of predi c t i  nq  potent ial  injury or  so-cal 1 ed Head Injury Yodel . 
This model might be used in real accident reconstruct ions,  car  

crash and s led t e s t  experiments,or mathematical simulations.  

The automotive crash environment encompasses a wide range of 

i n ~ u l s e  durations and d i rec t ions .  Thus, a viable  head injury model 

ciust provide appropriate  mechanisms t h a t  real i s t i c a l  l y  account fo r  the 

frequent ly observed, b u t  ~ o o r l y  documented, re1 at ions of head impact 

tolerance and impulse duration and d i rec t ion .  In addi t ion ,  two d i s t i n c t  

types of loading a re  observed: 

1 .  An impact or  blow involving a co l l i s ion  of the head with 

anotlier sol id object  a t  an apnreciable veloci t,y. This s i t ua t ion  i s  

general l y  characterized by 1 arge 1 i  near accelerat ions and small 

anqul a r  accelerat ions duri ng the impact phase. 

2.  An impulsive loading including a sudden head motion 

without d i r e c t  contact .  The load i s  generally transmitted through 

the head-neck junction upon sudden ctianges in the motion of the 

torso and i s  associated with la rge  angular accelerat ions of the 

head. 

Research i s  cur ren t ly  being conducted by NHTSA t o  develop a 

comprehensive f i  ni t e -e l  ement representat ion of the en t i  r e  head and 

neck capable of simulating the ro l e  of skul l  deformation, skul l  

creometry, gross head motions, and compression waves in tlie skul l  

and brain. Such knowledge would be helpful in  the 

treatment of injury by  serving to  ident i fy  the mechanism of trauma. 

Thus, both a rat ional  design procedure fo r  impact protection and 

a rat ional  therapy f o r  treatment of trauma cannot be developed 



until a  quantitative description of the mechanical responses of the 

human body i s  obtained. 

The objective of th is  study was to perforin experiments involving 

the heads of animals and fresh cadavers with suff ic ient  precision 

and r e l i ab i l i t y  so that  a  validation of the analytical model can 

be made for  the impact s i tuat ion,  and t o  determine the brain injury 

mechanisms in the animal t e s t s  from the pathology and engineering data 

obtained from the exoeriments. 

A detailed description of the procedures used t o  obtain the 

validation data i s  outlined in the text .  The computer routines 

for digi t iz ing,  f i l t e r i ng ,  and r igid body analysis program with 

validation are  a l l  given in Appendices A 1  , A2,  and A3. 



2.0 STATIC COMPRESSION TESTS O F  SKULLS 

These t es t s  consist of the measurements a n d  the recording of 

load, displacements, and strain-time/histories of various selected 

s i t e s  on two Rhesus monkey skulls and one human cadaver skull .  

2 . 1  fllethod -- 

Three skulls were used in th i s  study. Two were obtained from 

Rhesus monkeys weighing 11.9 1 bs. and 1 6 . 7  Ibs . ,  respectively, and 

one was obtained from an unenibalnied h u m a n  cadaver weighing 168 1 bs, 

Four rosette s t ra in  gage s i t e s  on each skull were chosen t o  
best represent the s t a t e  of s t ra in  on the surface of the loaded skull .  

The f i r s t  1 ocation was on the frontal bone in the mid-sagi t t a l  plane, 

the second and third locations were on the r ight  and l e f t  parietal 

bows a t  approximately mid-nay between the external-auditory canal 

and  the mid-sagittal plane, and the fourth location was on the occi- 

pi tal  bone in the mid-sagittal plane. No s t ra in  gage rosette was 

n'laced on or within four rosette diameters of a suture because of the 

structural  discontinuity of the suture construction. 

Three loading directions were investigated for each sku1 1 .  

The skull to be tested was loaded in the anterior-posterior ( A - P ) ,  

the Superior-Inferior (S-I),  and the Left-Right ( L - R )  directions. 

Skull deformation versus time data were recorded simul taneously in the 

A-P, S-I, and L-R directions for  each loading direction. A loading 

rate of 0 .2  inches per minute was used in a l l  t e s t s .  

All of the skulls were cleaned of a l l  t issues inside and o u t .  
The locations on the surface of the skull t o  be s t ra in  gaged were 

scraped clean and sanded smooth with 320 g r i t  wet abrasive paper 

wl~ile flushing with 9% ethyl alcohol. Final skull cleaning and 

drving was done with gauze sponges and alcohol. The delta rosette 
s t ra in  gages and cable re l i e f  tabs were bonded t o  the skulls with 

"Iicro-Veasure~ients 11-Cond lqr) (Methy-2-Cyanoacrylate) adhesive. 

The gaoe direction and ~ o s i  tion on the skull were then measured 

and recorded. The skulls were then stored in a moist environment 



a t  37' F until  time to be tested.  

The skull t o  be tested was removed from the cooler and placed 

in the test ing machine as shown in Filures 1 and 2 .  The s t ra in  

gages, load c e l l ,  and extensometer were then connected t o  thei r  

respective amplifiers. The data were recorded on a 1 i g l ~ t  beam 

oscillograph. This procedure was repeated for each direction and 

for each skul 1 .  

The specifications fo r  a1 1 transducers, amnl i f i  ers, and re- 

corders are given in Appendix C .  

2 . 2  Results 

The resul ts  of these t es t s  are given in Appendix B - 1 .  The 

s t ra in  gage rosette analysis ,  the location and direction of each 

s t ra in  gage, as well as each loading location are given in the 

appendix. The skul 1 cross-section dimensions are a1 so presented 

i n  the resul ts .  The dataare  resented in tabular form, aiving load, 

displacement, and principal s t ra ins  for  any given point in time. 

The major source of error in these t es t s  was skul 1 rotation 
or se t t l ing  during loading, and lack of symmetry in the skul ls .  

These two sources of  error account for  most of the discrepancies 

in the tabular readings. 







3.0  H E A D  IMPACT TESTS 

These t e s t s  consist  of the measurements and  recording of impact 

force ,  seven accelerations a t  the surface of the s k u l l ,  two epidural 

pressures, and nine s t r a ins  in three rose t tes  on the surface of 

the sku l l .  Detailed autopsies were performed to  obtain a l l  injury 

data for  correlat ion with the t e s t  parameters. High speed motion 

pictures,  both f ront  and side views, were also obtained. Eighteen 

Rhesus (Macaca mulatta) , sixteen Cynomolgus (Macaca fascicul a r i s )  , 
f ive  baboons (Papio cynocephalus), and two human cadavers were used 

---A- 

in t h i s  study. There were sixteen back-of-the-head and sixteen 

side-of- the- head impacts. The specif icat ion for  a1 1 transducers, 

a~ipl i f i e r s ,  and recorders are given in Appendix C .  The weight 

of the impactor for  a l l  t e s t s  was 44 pounds. 

3.1 Tvne I - Ylonkev Head Imoacts 

In Type- I t e s t s ,  epidural pressure and skull surface accelera- 

t ions were neasured a t  the noint of impact and the point opposite 

impact. The principal s t r a ins  were determined a t  the same locations 

as in Section 2.n, except fo r  the occipi tal  bone locat ion,  which bras 

dropped from the t e s t s .  The back-of-the-head and side-of- the-head 
impacts were carried out on f ive  Rhesus and four Cynoniolgus. 

3.1.1 !.lethod. The delivery of monkeys was scheduled fo r  

the day prior  to  the s t a r t  of a t e s t  se r i e s .  Upon a r r i v a l ,  they 

were immediately transferred from the shipping crates to individual 

s tee l  cages in the vivarium and inspected for  injury or abnormalities. 

The monkeys selected for  test ing on the next day were provided only 

with water, while the others were given monkey chow and fresh f r u i t .  

The morning of the t e s t ,  the monkey was transferred t o  the 
catch cage and i n i t i a l  ly sedated kri t h  Ketamine [dl-2-(9-Chlorophenyl ) -  

2- (ilethyl arni no) Cycl ohexanone Hydrochl ~ r i d e ]  a t  a dosaqe of 50 mg/ 

kg for  Rhesus and Cynomolgus, and  20 eig/kg for  baboons. The 
cionkey was then placed on a table in the vivarium and i t s  l e f t  

lower leg shaved. The saphena parva vein was located and a catheter  
inserted.  A three-way valve was connected to  the catheter  and the 

assenibly taped securely a t  the ankle. The nionkey was given an 



intravenous injection of sodium pentobarbitol through the catheter 

valve, a t  a dosage of 20 mg/kg for  Rhesus, C ynomol gus, and  baboons. 

The monkey's head and shoulders were shaved to f a c i l i t a t e  surgery, 

a disposable surgeon's mask was placed around i t s  muzzle for  

sanitation purposes, and i t  was taken t o  the surgery room. 

Surgery for a Type I t e s t  began with removal of the scalp 

with a cauterizing scalpel.  Two holes were dr i l led  and tapped 

in the skull for  the pressure transducer mountinq bases a t  s i t e s  

near and opposite the impact point. Two holes were dr i l led  and 

tapped for instal  1 ation of blilcoxon accelerometers , one a t  the 

point of impact and the other opposite imoact. The locations on 
the skull to  be s t ra in  garledwere s c r a ~ e d  clean and sanded smooth 

with 320 g r i t  wet or dry abrasive paper while flushing with 999: 

ethyl alcohol. Final skul 1 cleaning and drying were done wi tli 
gauze sponges and a1 coho1 . The s t ra in  ?ages and cab1 e re1 i e f  

tabs were bonded t o  the skul 1 with !licro-Measurements %Bond 100 

(Methy-2-Cyanoacryl i c )  adhesive, and tbe actual qage nosi tion on the 

skull was measured and recorded. ,A f l a t  six-wire cable was used for 

each s t ra in  rosette and \,/as soldered t o  the cable re l i e f  tabs. 

Finally, the pressure transducer mounting bases \/ere screwed into 

the tapped holes in the skull and  fastened in place with epoxy 

adhesive (Figure 3 ) .  

The monkey was immediately s e t  u p  a t  the impact cannon, and 

i t s  head held upright with loops of surgical thread through the 

ears.  The pressure transducer cups were f i l l e d  with a s i l icone 

f luid t o  provide pressure coup1 ins with the brain cavity, and  the 

pressure transducers were ins t a l l  ed , taking care t o  prevent trapped 

a i r  bubbles. 

All the transducer cables were connected t o  the instrumentation 

and the transducers checked for continuity and function. Photo targets 

were placed on the skul 1 and accelerometers. The monkey's head was 

then positioned in front  of the impactor. The Hycam high-speed 

camera (3000 fps )  was positioned for a side view, bore sighted, and 

focused. The instrumentation was then zeroed and cal i brated. 





Just  before the monkey was s e t  u p  a t  the impact cannon, the 

anaesthetic was chan9ed from Sodium Pentobarbitol t o  Sodium Thiarnalal, 

vitiicl~ has a much shorter last ing effect .  The monkey was impacted 

when i t  h a d  corn? o u t  of the anaesthetic sufficiently to exhibit 

an eye blink reflex and arni niuscle tone (Figure 4 ) .  After impact, 

the monkey was observed closely and a detailed time history of i t s  

condition recorded until  i t  recovered t o  i t s  pre-impact s t a t e .  

The 1;ionkey was then removed to surgery and terminated. 

Gross autopsy was conducted in the Autopsy Laboratory, 
special ly equipped for dissection. Careful anatomical dissection 

of the head, face, and neck t issues where head impacts occurred 

allowed discre te  identif icat ion of many s i t e s  of vascular fa i lure .  

When gross trauma was found, i t  was photographically recorded, 

using a specially modified Pentax camera with close-up lens,  

e i ther  in s i t u  or as an isolated entity, t o  provide a permanent record 

of the injury. 

The in jur ies  were evaluated using the Abbreviated Injury Scale 

(AIS). Each individual injury was assigned an AIS value and the 

overall AIS injury was assigned by summing the cubes of the individual 

AIS numbers and then taking the cube root.1 These detailed injuries 

were recorded on the summary sheets. Only in jur ies  d i rect ly  related 

to the impact are used for overall injury, Any injury related t o  

instrurientation instal lat ion was ignored, where possible, in injury 

assessments. 

3 .1 .2  --- Results. The resul ts  of these t es t s  are given in 

Appendix 6-2.  The subject ' s  anthropometry, impact location and 

conditions , plots of force,  principal s t r a i n s ,  epidural pressure 

and skull accelerations versus time, as well as autopsy summary 
and injury ratings are a l l  presented in the Appendix. 

The resul ts  of the Type- I monkey dynamic t e s t s  are shown in 

Tab1 e 1 .  The pressure data are presented in the form of two peaks, 
-- -- -- -- - -- 
1 .  Stalnaker, I?. L., 'lohan, D . ,  and i.lelvin, J .  I d . ,  "Head Injury 

Evaluation: Cri teria for  Assessment of Field, Clinical ,  and 
Laboratory Data:'  Proceedings of  the 1 c ) t h  Conference of the 
American Association for Automotive Medicine, San Diego, Cali- 
fornia,  November 17-21, 1975. 



MOIIKEY HEAD IMPACTS - TYPE 1 
Tab le  1 

Simple F r a c t u r e  o f  R t .  P a r i e t a l  Bone 2 
Sinlple F r a c t u r e  o f  R t .  Temporal Bone 2 
Sinlple F r a c t u r e  o f  L t .  Te~r~pora l  Bone 2 
Subdural Hemorrhage o v e r  back o f  

p a r i e t a l  lobe  (Massive)  

D E A D  AT IMPACT 

Sinlple F r a c t u r e  o f  L t .  Temporal Bone 2 
Subdural Hemorrhage R t .  T i p  o f  

F ron ta l  Lobe 
Highly Loca l i zed  Coutre-Coup I n j u r y  

Forward o f  F ron t  P r e s s u r e  Gauge 
Unconscious w i t h  S e v e r e  Neuro log ica l  

S igns  G r e a t e r  than  15  min. 
UNCONSCIOUS ONE H O U R  AFTER 
IMPACT (TERMINATED) 





LOD - LOSS o f  Data 
N I  - Not Ins t rumented  
R - R i g i d  In lpactor  
P - Padded Impac to r  

YONKI- ' 0- AD I: ' -"-TS - -""' 1 

Sta lnaker ,  R.L. Eta1 . , 
To Be Pub l i shed  AAAM Conference, 
November 17-21 , 1975, 
San Diego, C a l i f o r n i a  

INJURY COMMENTS 

AIS - 
Scalp L a c e r a t i o n  Back o f  Head ( ~ e e p )  L 
Neck Muscle Torn From S k u l l  2 
Simple F r a c t u r e  o f  O c c i p i t a l  Bone 3 
H i g h l y  Local  i zed Contre-Coup I n j u r y  

Forward o f  F r o n t  Pressure Gauge 3 
Subdural Hemorrhage R i g h t  S ide  o f  

F r o n t a l  and P a r i e t a l  Lobe 4 
Unconscious For  More Than 15 Minutes 
w i t h  Severe N e u r o l o g i c a l  Signs 4 

NO RESPIRATION FOR TWO MINUTES 
AFTER IMPACT - UNCONSCIOUS FOR 
1 8  MINUTES AWAKE I N  45 MINUTES 

(TERMI?4ATED) 

l a D l e  1 (Lon t inued)  

*RH - Rhesus ** See Reference 1 
CY - Cynomolgus Head I n j u r y  Eva1 u a t i o n :  C r i t e r i a  f o r  Assessment o f  F i e l d ,  C l i n i c a l .  and Labora to ry  Data 
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an i n i t i a l  peak fo l lok led by a  secondary peak. I n  every  t e s t ,  t h e  

i n i t i a l  s p i k e  was n e g a t i v e  a t  t h e  p o i n t  o p p o s i t e  impact  and p o s i t i v e  

n e a r e s t  impact .  

I n  two t e s t s  cont re-coup i n j u r i e s  were ob ta ined .  The pressure-  

t i m e  cu rve  and t h e  r e s u l t i n g  i n j u r y  f o r  one o f  t h e  t e s t s  a r e  g i v e n  

i n  F igu res  5 and 6, r e s p e c t i v e l y .  

3.2 Type I 1  - Monkey Head - Impacts 

I n  Type- I1  t e s t s ,  r i g i d - b o d y  mo t ion  o f  t h e  head was measured 

w i t h  acce lerometers  a long  w i t h  h i g h  speed mo t ion  p i c t u r e s  f rom 

or thogona l  v iews.  Back-of- the-head a'nd s ide -o f - t he -head  

impacts were c a r r i e d  o u t  on t h i r t e e n  Rhesus, t w e l v e  Cynonlolgus 

and f i v e  baboons. 

3.2.1 Method. The monkey p r e p a r a t i o n  f o r  Type I 1  head 

impacts was t h e  same as f o r  t h e  Type I. Surgery f o r  a  Type I 1  

t e s t  r e q u i r e s  o n l y  l o c a l  s c a l p  removal w i t h  a  c a u t e r i z i n g  s c a l p e l  

a t  t h e  mount ing s i t e  f o r  t h e  acce lerometer  cups and impact  d i r e c -  

t i o n  acce lerometers .  Accelerometer  cuas f o r  mount ing t h e  t h r e e  

b i a x i  a1 headsets were p o s i t i o n e d  t o  p r o v i d e  maximum s e p a r a t i o n  

o f  accelerometers and t o  a v o i d  i n t e r f e r e n c e  w i t h  t h e  impac to r .  

Three 6 mm ho les  were d r i l l  ed w i  t l l  a  S t r y k e r  , t r e p h i n e ,  t h e  two- 

p i e c e  c o l k t s  i n s e r t e d  t l ~ r o u g h  t h e  h o l e s ,  and t h e  acce lerometer  

cups threaded on to  t h e  c o l l e t s  w i t h  L o c t i t e  on t h e  th reads t o  

p r e v e n t  l oosen ing  ( F i g u r e  7 ) .  Two ho les  were d r i l l e d  and tapped 

i n  t h e  s k u l l  f o r  t h e  impact  d i r e c t i o n  accelerometers, as i n  t h e  

Type I surgery .  

The acce lerometer  mcunt ing  b locks  were fas tened  t o  t h e  

i n s t a l l a t i o n  f i x t u r e  and t h e  f i x t u r e  was a d j u s t e d  t o  p o s i t i o n  t h e  

base o f  e;ch b lock,  i n t o  one o f  t h e  cups a t tached  t o  t h e  s k u l l .  

The f i x t u r e  was l o c k e d  i n  t h i s  ad jus tment  and t h e  cups f i l l e d  w i  t t l  

a  f r e s h l y  rnixed pas te  o f  a c r y l i c .  The b l o c k s ,  s t i l l  a t t ached  t o  

t h e  f i x t u r e ,  were r e i n s e r t e d  i r ~  t h e  cups and t h e  a c r y l i c  was molded 

around t h e  b l o c k  bases t o  e n t r a p  t h e  b l o c k s  when s e t .  The f i x t u r e  

was measured t o  de termine a c c e l e r o ~ n e t e r  a x i s  d imensions and t h e n  











the f ix ture  was removed when the acrylic had s e t ,  leaving the blocks 

bonded into the cups in an orthogonal relationship a t  precisely known 
positions. A theoretical description of accelerometer. motion analysis 

i s  given in Appendix A-1 . 
Lead pel 1 e ts  were instal  1 ed a t  the eyes and ears t o  define 

the physiological axes; for  identif icat ion on the x-ray, each 

pel le t  was a different  configuration. The two Wilcoxon or Endevco 

accelerometers used for direction of impact readings were threaded 

into the tapped holes in the skull and a directional marker with 

two incl ine lead pel l e t s  placed on each one. For Type I1 t e s t s ,  

an additional lead target  must be fastened t o  each of the three 

accelerometer mounting blocks to define the c.g. position of each 

biax. The targeted monkey was placed in a prone position on the 

x-ray platform with i t s  head elevated so a l l  the lead targets were 

raised above i t s  body. The head was taped in position t o  prevent 

movement. 

The x-ray procedure requires two orthogonal views identified 

as the Z-X and  Z-Y exposures. A lead wire was h u n g  as a plumb 

l ine  down the center of the x-ray table t o  provide a prime vertical 

reference on each exposure. The x-ray platform the monkey was 
placed on pivots to provide the 90" rotation required for the 

two x-ray views. Each view requires two exDosures, one of the 

targeted monkey, and one of a target  ring t h a t  identif ies the focal 

center of the x-ray beam on each exposure. Distances from the 

x-ray table to each lead target  were measured for each view. The 

theoretical description of the x-ray analysis i s  given in Appendix 

A-2. 

The monkey was taken into the impact area for  Type I 1  t e s t s .  

The anaesthetic was changed t o  sodium thiamalal just  prior t o  th i s  

step. Then the monkey was s e t  u p  in front  of the impact cannon, and 

the six Endevco or Wilcoxon accelerometers were instal led on the 

mounting blocks (Figure 8) .  The accelerometers were connected t o  
the instrumentation and tested for function. Targeting, positioning, 

and calibrat ion were performed as in Type- I test ing.  





Two orthogonal l y  posi t i  oned high-speed movie cameras were 

required f o r  the ttiree-dimensional motion analysis  of the Type- I1 

t e s t .  The ideal pl acernent of a1 1 three biaxial accelerometer s e t s  

gave an unimpaired view f o r  each camera. The monke,y was brought 

to  the same level of consciousness as for  a Type-I t e s t  before 

impacting. A wri t ten record was a1 so ke?t on the monkey's condition 

as in Type- I t e s t s .  The monkey was then retiloved t o  surgery and 

terriinated. A rlross autousy was conducted in  the same tnanner as 

discussed in  Section 3.2.1.  

3 . 2 . 2  ------ Results. The r e su l t s  of these t e s t s  are  given in Appendix 

8-3. The s u b j e c t ' s  anthropometry, i m ~ a c t  locat ion and condition, 

nlots  of the fo rce ,  skul l  acce lera t ions ,  and r io id  body head motion, 

both angular and 1 i near, a r e  a1 1 given in  the summaries in  the 

appendix. Autopsy summary and injury ra t in3s  a r e  also given in  

the appendix. 

3 .3  Type I I1 - Human Cadaver Head Impacts - 

In Type- I I I t e s t s  , epidural pressure and s kul 1 surface accel era- 

t ions were measured a t  the point of impact and a point opposite 

impact. The p r i n c i ~ a l  s t r a i n s  were determined on the r igh t  and l e f t  

par ie ta l  bone and the f ronta l  bone. One frontal  and one s ide  head 

impact were carr ied out on two human cadavers. 

3.3.1 Plethod. The specimens used in t h i s  study were f r e s h ,  

unembalmed cadavers obtained from the Anatomy Department of the 

University of \.lichigan Vedical School. They were s tored a t  37' F 

f o r  two of the three days between time of death and impact: The 

cadavers were allowed to reach room temperature before t e s t i ng .  

These ~ rocedures  ensured t h a t  the e f f ec t s  of r igor  mortis have 

disappeared. 

The axis  of the impactor was in the mid-sagittal  plane fo r  the 

back of the head impact, and was normal t o  the surface of the skull  
a t  the point of i n i t i a l  impact. The impact s i t e  was a t  the most 
rearward point of the occ ip i ta l  bone. 



The ins ta l  1 ation of the pressure transducer, s t r a i n  gage rose t t e s ,  

and  skull surface accelerometers was the same as detailed in Section 3.1. 

After being targeted and equipped with accel erometeys , the cadaver 

was placed in a special ly designed chair .  All surfaces aoainst which 

the cadaver might come into contact in i t s  post-impact movements 

were thickly padded with styrofoam t o  prevent damage t o  the cadaver. 

The cadaver was careful ly positioned so t h a t  i t s  head was in 

the correct  position re l a t ive  to  the impactor and  a t  the same time 

the who1 e cadaver acted as a re1 a t ive ly  f r ee  body. The head was 

suspended and held in place by four strands of 000 thickness surgical 

thread. This thread supports only the weight of the head, and breaks 

eas i ly  on impact (Figure 9 ) .  

The s ide  impact was on the l e f t  tempora,l region, two inclies 

superior t o  the external acoustic meatus. All other d e t a i l s  of the 

t e s t  setup were the same as above. 

Gross autopsy was conducted in the autopsy laboratory and an 

overall injury assessment made using the Abbreviated Injury Scale, 

as outlined in Section 3.1. 

3 . 3 . 2  Resu1 t s .  The resu l t s  of the Type-I11 t e s t s  a re  qiven 

in Appendix B-4. The sub jec t ' s  anthropornetry, impact location and 

conditions, plots of force,  principal s t r a i n s ,  eoidural pressures and 

skull accelerations versus time, as well as autopsy summary and injury 

ratings, a re  a1 1 presented in the Appendix. 





4.0 PROGRAM SUMMARY, DISCUSSION , AND CONCLUSIONS 

4.1 Program Sumnary 

In this  study, s t a t i c  load-deflection response and the resulting 
s t a t i c  principal strains on the skulls of two monkeys and one human 
cadaver were obtained. Techniques for attaching strain gages to 
moist bone and measuri ng small skul 1 deflection were developed, along 
with a method for referencing loading points , gage locations, and 
deflection 1 ocations, 

Thirty-nine l ive sub-hunian primate head impacts and two human 
cadaver head impacts were conducted. Techniques for measuring 
epidural pressure during impact, strains on the skull ,  and placement 
of six accelerometers on the skull were developed. Computer routines 
for obtaining three linear accelerations and three rotational 
accelerations of the skul 1 during impact were developed along with 
digitizing and f i l t e r ing  routines. A1 1 of the details of these 
routines along with validation of the program are given in Appendix A.  

Detailed autopsy on the head for each t e s t  was obtained; also, 
injury scaling,using the AIS,was given for a l l  head impacts. 

4 .2  Discussion 

4.2.1 3-D Motion Analysis, I t  was shown that the 6-accelerometer 
technique used in this  study was useful and accurate when physical 
1 imitations are imposed on an experiment. 

The method i s  accurate enough for many short- and long-duration 
applications b u t  the s tab i l i ty  of the method depends largely on 
the accuracy of the measurements made and the type of motion being 
analyzed. The truncation errors due to the f in i t e  length of a computer 
word, and the round-off errors in evaluating numerical integrals and 
natural function, were found t o  be negligible compared to other 
errors. Other errors which were found t o  be significant were 
experimental uncertainties such as the resolution of the accelerometers, 
their  cross-axis sensi t ivi t ies ,  mounting and orientation errors. 



Additional (redundant) measurement i s  recommended t o  mi nimi ze the 

errors of computation and measurement, and t o  counteract the insta-, 

bil i  ty of the inteqration. The most appropriate method would appear 

t o  be one using nine accelerometers. 

4 . 2 . 2  Qidural  Pressures and Brain Injury. For many years the -------- 
mechanism for the contre-coup injury has been debated (See References 

2 - 7 ) .  Many researchers feel that  the injury i s  caused by e i ther  the 

brain rotating in the skull and impacting one of the many protrusions 

on the in ter ior  surface of the skull or the brain being slapped by 

a bending wave in the skull .  Others postulate the injury i s  caused 

by cavitat ion.  Although brain rotation and skull bending may cause 

some in ju r ies ,  i t  does not account for  many contre-coup injuries 

observed. In the t e s t s  reported here, two contre-coup injuries were 

observed. Tests 003 and 085 both produced contre-coup in jur ies  

on the t o p  t i p  of the frontal lobe. Rotation of th is  t i p  downward 
i s  v i r tual ly  irnpossi bl e because of the orbital  plate, and bending 

of the skull a t  th i s  ?oint would be extremely d i f f i cu l t  because of 

the very thick forehead bones of the monkey. Many of the cavitation 

theories speculate that  the in jur ies  occur by the collapse of t issue 

froni vaporization of that  t issue.  The negative pressure levels 

necessary t o  vaporize water are in the thousands of KPa. From our 
t e s t s ,  severe in jur ies  occur when pressures of only 70 t o  90 KPa 

are encountered. This type of injury i s  highly localized with small 

petechiae (hemorrhages) radiating from the center of the injury. 

From sections and s l ides ,  the petechial injuries appear t o  be closed 

spherical eruptions. 

Dissolved gases in the brain would be re la t ively  easy to expand 

a t  very low values of negative pressure. That is, a t  negative pressures 

a t  or close t o  one atmosphere ( -  100 KPa) the gas bubbles in the brain 

viould expand the i r  s i z e ,  rupture the tissue, and then shrink away a f t e r  

the impact. This pheno~nenon can be readily seen on the walls of a 
syringe when f i l l i n g  i t  with a viscous f luid and  a small-gage needle. 

Pressure pulses in head impacts are the results  of two major 
conlponents. The f i r s t  i s  s t ra in  waves in the skull bone and brain 



t i ssue .  This e f fec t  i s  of very short  time duration ( lom5 sec . ) .  All 
impacts consist of b o t h  components. In r igid impacts the former 

mechanisms may play a re la t ively  greater  role in producing contre- 

coup injury, while in padded impacts the l a t t e r  ef fect  may predominate. 

Higher velocity 1 eve1 s are  associated with padded-injury-producing 

impacts. 

4 . 2 . 3  - Error Analysis - There were many possible sources 

of errors in th i s  study. The skulls  were found t o  be assymetrical, 

leading t o  variations in s t ra in  gage readings. The inab i l i ty  t o  

conduct perfect axial impacts due t o  skull surface i r regu la r i t i e s  

1 ed to  sku1 1 accelerations which were n o t  always perfectly correl ated 

with the direction of impacts. 

In some t e s t s  a i r  may have been entrapped between the pressure 

transducers and  the brain, causing loss of a conducting medium. 

This happened during or a f t e r  impact. The major cause of errors 

in the rigid-body motion analysis was vibrat ion,  b o t h  of the skull 

and the mounts. This vibration was f i l t e r ed  b u t  s t i l l  influenced the 

rigid-body motion analysis. 

Significant brain in jur ies  were introduced by  the surgical 

techniques in some cases. And jus t  the presence of the instrumenta- 

t ion during impact did lead t o  a r t i f i c i a l  i 'njuries. These a r t i f a c t s  

were no t  used in the injury scaling where possible. B u t  in most cases, 

instrumentation in jur ies  were in the scaling.  

A1 1 of the possible errors were minimized as much as possible, 

and i t  i s  believed t h a t  the resul ts  of these t e s t s  are meaningful 

for  most analytical work i f  the user understands the possible 

errors and the i r  origins.  

4 . 3  Conclusions and - Recomniendations --- 

This project has shown tha t : '  

1. Epidural pressure during impact can be measured. 

2. Rigid-body head motion can be obtained using s ix  accel erol:icters. 

: 3 .  The skull can be s t ra in  gaged for 1 ive head impacts and 
principal s t ra ins  obtained during impact. 



4. The skull of most primates i s  n o t  synmetrical. 

Based on the results  of  this  project,  the following recomrnenda- 

tions are made: 

1 .  Plore development i s  needed on techniques for  measurement 

of impact parameters without causing sku1 1 or brain damage. 

2. liine head accelerometers instead of s ix for rigid-body 

analysis i s  desirable. 

3. ilore impacts with more epidural pressure measurenient points 

are needed t o  obtain a  better  understanding of the pressure f ie ld  

in the skull during impact. 

4.  Yore detailed medical data before and a f te r  impact 

(blood chemistry, EEG's, EKG's, e t c . )  would be desirable. 
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APPENDIX  A-1  

THREE D I M E N S I O N A L  l ? O T I O N  MEASUREFblENT 



G . l  VALIDATIOII OF MIr4IMUY-INPUT 3-D t>IOTION FIEASUREMENT 

The s  ix-accel erometer method for  measuring a general three-dimen- 

sional motion i s  v a l  idated usi ng hypothetical and experimental accel era- 

t ion readings. Resul t s  show t h a t  the 2-2-2  cocibi nation of accel ero- 

rieters prove to be s table  for  the durations of the tested motions. 

Small deviations resul t from truncation and round-off e r ro r s ,  b u t  

considerably larqer  errors  r e su l t  from the cal ibrat ion of accelero- 

pieters a n d  from the uncertainties in nieasurins other physical 

ouanti t ies  required for  the analysis.  The ef fec t  of both types of 

errors  i s  cumulative, increasi n q  the instabi 1 i ty of integration. 

The use of additional (redundant) measures i s  therefore recommended. 

J,. 1 .1  ---A 3-3 D,i qid God;/ - 'lotion '4easurement 

A . 1 . 1  . I  Kinenatic Equations -- - The general 3-9 motion o f  the 
r iqid body, shown in Figure 1 ,  can be described with kinematic 

equations which determine i t s  s ix degrees of freedom a t  any instant  

of time. 
A A * 

Let P be the origin of an instrumentation frame ( e l , e 2 , e 3 )  which 

i s  enbedded in the r igid body. Let O be a fixed point in space and 
* A ,. 

the origin of an iner t ia l '  reference frame ( I , J ,K) .  

Consider a  body-point Q 1 ,  embedded in the rigid body such t h a t  
+ .- -+ 4 

P I  = PQ1 and l e t  R = OP be the position vector 3 f  the moving origin 
P .  The position vector of point Q1 with respect to  the ine r t i a l  

space i s  then: 
-+ - - +  
r l  = OQ1 = R + p 1  

the velocity and acceleration vectors of Q1 a re  

and 
+ - C ?  j r = R + p 1  + : x  (:x;~) 

Eouation ( 3 )  may be rewritten as 3 sca lar  equations by expressing 

each vector in any desired cartesian frame. The most convenient one 

i s  the r i ov i  ng reference frame (e l  ,e2 , e 3 ) .  Thus, 



Two additional points Q2 and Q3 such t h z t :  

and 

may be added t o  the r igid body so t h a t  equation (3 )  ma,y be written 

for Q2 and Q3  a s :  

Using equations ( 4 )  through ( 1 2 ) ,  equations ( 3 ) ,  (13) and ( I n )  may 
be broken down i n t o  9 scalar  equations which contain 9 accelerations 

(which can be measured with 1:'war accelerometers) and 3 unknown components 
4 * o f  each of R ,  u and ; .  

These equations are genet.- ; l y  simplified i f  the 3 points ,  Q 1 ,  Q2, 
A A A  

Q3 are chosen on the instrumentation axes e l ,  e 2 ,  e 3 ,  respectively. 

Thus the expressions fo r  z I ,  z2 and d3 become: 

and the 9 scalar  equations become: 



A 1 1 2  ---- Minimum-Input :,lethod - There are several methods which 

have been suggested t o  deal with the 9 equations (18) through (26).  

A method which has been adopted a t  HSRI requires a minimum number of 

input acceleration readings. A 1  t h o u g h  a1 1 the minimum-input methods 

are proven t o  be mathenatically unstable, the HSRI method presented 

here has shown a 1 imi ted successful appl icab.i.1 i  ty ,  

To simplify the problem, equations ( I & ) ,  ( 2 2 )  and ( 2 6 )  are d i s -  

regarded because they are redundant, and because they do  n o t  contain 

components of the angular acceleration vector. This resu l t  in 6 equa- 
t 

tions and 6 u n k n o w n s  which are the components of R and U ,  ( s not an 
u n k n o w n  since i t  i s  the integral of 2 . )  The required acceleration 

readings become w h a t  i s  termed the 2-2-2 combination of uniaxial 

accelerometers . 
After some 1 engthy manipulations , the remaining s ix  equations 

( I n ,  23, 21, 23, 2 4 ,  25) are pa r t i a l ly  uncoupled t o  yield the two 
se ts  of equations. The f i r s t  i s  a s e t  of 3 coupled, nonlinear, 

simultaneous, f i r s t  order d i f ferent ia l  equations in h l ,  i2 and h3: 



where I 

and 

The other i s  a s e t  o f  3 uncoupled algebraic equations in the 

3 components o f  R :  

[ S ]  = 

where -7 

1 - - 
P 3 

1 - -  
P 2 



The forms of equations ( 2 7 )  and (30) are readily programmable 

since the matrices IS], [TI, [ F ] ,  and  [GI are constant throughout 

the integration period. I t  can be shown mathematically that  equztions 

( 2 7 )  are unstable. However, 1 imi ted success was encountered where 

the integration i s  carried o u t  u p  t o  a  certain point, a f t e r  which errors 

grow exponentially causing the integration to "blow u p .  " 

The inteoration i s  the f i r s t  step toward a complete solution, 

a f t e r  which equations ( 3 Q )  may be solved , then subsequent integrations 

and transformations lead t o  the final step of obtaining the three 

rotations- and three translations- time histories in iner t ia l  space. 

A . 1 . 1  . 3  Yotion in Inert ial  Space 

The angular acceleration and velocity vectors expressed in the 

anatomical frame are: 

Since the acceleration readings were directly employed in the 
4 -+ 

solution, u and u are expressed in the instrumentation frame 
A A A  A A A  

(e ,  , e2 , e3 ) ,  and must be transformed t o  anatomical frame ( i  , j , k ) .  

where [El i s  defined by 



The constant transformation matrix [ E l  must be known.  A 
technique was developed t o  obtain [ E l  using two orthogonal x-rays 

of the head and  i s  described in detai l  in Appendix A 2 .  

The next step in obtaining a complete solution i s  t o  determine 

the orientation of the rigid body in ine r t i a l  frame. This i s  defined 

by the Euler matrix ID]: 
1 

cosJl case sin$ cose - sine 

sine sin$ [Dl - COSJl COS$ cose sin+ 
-sin$ cos$ +sin$ sine sin$ 

sin+ sin$ -cos$ sin$ cose cos$ 
+cos$ sin8 cos$ +sin$ sine cos$ 

The three Euler angles, yaw ($ )  , pitch ( 8 )  and rol l  ( 4 )  are de- 

fined as follows. Assume that  i n i t i a l l y ,  the r igid body's anatomical 
A h h  A n h  

axes ( i  , j , k )  coincides with the ine r t i a l  frame ( I , J , K ) .  Then, yaw 

i s  defined as a positive rotat ion of magnitude $ about the k-axis, 

resulting in an intermediate frame (;*,;*,[*). Next i s  pitch which 

i s  defineed as a positive rotation of niaqnitude 8 about the new j*- 

axis ,  result ing in a second intermediate frame (i**,j**,i**). 
Finally, the roll  i s  defined as a positive rotation $ about the 

h A n n  

newest i**-axis, resulting in the desired frarne ( i  , j ,  k )  . Therefore, 

the orientation of the anatomical frame in ine r t i a l  space can completely 

be defined by specifyin? 3 ordered independent rotations called the 

Euler angles. 

I t  can be shown from the defini t ion of the Euler angles t h a t  the 

angular velocity vector i s  the sum of three angular ra tes :  

This i s  true even t h o u q h  the 3 vectors 4, 6 ,  and & are not, in 

general, niutually orthogonal. Equation 39 may be projected on each 

o f  the anatomical axes so that  



w 3  = 4 cose cos4 - 6 sin4 ( 4 5 )  

Since u , ,  u2 and w 3  are known a t  this  stage, equations (43)  , ( 4 4 ) ,  and 

( 4 5 )  may be solved for the Euler angular ra tes :  

sin4 

cose -s i  n$ 

sin4 sine cos4 sine 

The  Euler angular rates are therefore defined except when e = +90°. 

This case, known as the "Giribal lock," can be avoided by switching t o  
another s e t  of Euler angles. However, a numerical procedure was impro- 

vised for th is  case t o  deal with th i s  problem without switching Euler 

s e t ,  and has been sat isfactory.  

Equation ( 4 6 )  can be integrated t o  obtain the Euler angles as 

functions of time, which are used in determining tile transformation 

matrix [ D l  a t  each instant  of time. 

After determining the 3 rotational deqrees of freedom, the 3 

translational degrees of freedom are t o  be computed. These are 

defined as the acceleration, velocity and position vectors of  a 
body-point in iner t ia l  frame. To th is  end, the motion of a convenient 

reference point must be known.  Depending on the method used, th is  

point may the the origin C of the anatomical frame, or the centroid 

Q o  of Q 1 ,  Q 2 ,  Q 3 ,  whose location in the anatomical frame i s  known.  
Also, the location of the body-point in the body-frame i s  assumed t o  
be k n o w n .  This may be the center of mass of the head, or any other 

point of in teres t .  Then, 



-b 

where pB  . . i s  the position vector of B (body-point) in the anatomical 

frame, R i s  the acceleration vector of the reference point obtained 

as the algebraic average of the 3 t r i ax ia l  readings ' ( i f  Q o  i s  used) 

or obtained w i t h  equation (30) i f  the origin C i s  used. 
A A A  

Now given the acceleration of B in anatomical ( i  , j ,k) , and given 

the Euler transformation matrix, the absolute acceleration vector of 

B may be expressed in the ine r t i a l  frame: 

Finally, i ( t ) ,  f ( t ) ,  f ( t )  are integrated independently t o  yield 

the velocit ies i ( t ) ,  f ( t )  and i ( t ) ,  then integrated again t o  obtain 

the three translat ional  degrees of freedom X( t ) ,  Y(t), Z ( t ) .  

A computer program was written to  analyze the 3-D motion under 

these conditions. I t  requires the knowledge of the following: 

1 ,  three distances p l y  p 2  and p 3 ,  

2 .  s ix  acceleration readings a 2 ~ ,  a 3 ~ ,  a32 ,  a 1 2 ,  a 1 3 ,  a23, 
A A A  A A A  

3 .  the Euler matrix of ( e l , e2 , e3 )  re la t ive  to ( i  , j , k ) ,  
A A A  

4. the location of P in the ( i  , j , k )  frame, 

5. the location of a body point ( e .g . ,  center of mass) in 
A A A  

the ( i , j , k )  frame, 

6, four se t s  of i n i t i a l  conditions: i n i t i a l  angular veloci t ies  
A  A  

along 2,e 3) , i n i t i a l  Euler angles, i n i t i a l  velocity,  
i n i t i a l  position of the body point. 

The program produces then the fol 1 owing outputs : 
A A A  

1. Angular accelerations and velocity in the ( i , j , k ) ,  

2. the Euler angular ra tes  and Euler angles re la t ive  t o  the 
A A A  

ine r t i a l  frame ( I , J ,K) ,  

3 .  the translat ional  acceleration vector, of the given body- 
A h . .  

point expressed in the anatomical ( i  , j  ,k)  and the ine r t i a l  
A A A  

(I ,J ,K) frames, 

4 .  the velocity and  position vectors of the given body point 

i n  the ine r t i a l  frame. 



A .  1 .2  t iypothetical  ---- Motion 

The s i x  degrees of freedorn of motion a r e  prescr ibed with the  

niatheniatical func t ion :  

S ( t )  = S [ s i n 2 ~ f , t  - s i n z ~ f ~ t ]  m 

~ ! h i c h  has a  v e l o c i t y  ( 1 s t  t ime-der iva t ive ) :  

~ ( t )  = 2nSm[flcos2vflt  - f 2 c o s 2 ~ r f 2 t ]  

and an a c c e l e r a t i o n  (2nd' t ime-der iva t ive )  

by s e l e c t i n g  (S,. f l  , f 2 )  f o r  each of t h e  degrees of free do^, and by 

spec i fy ing  t h e  loca t ion  of Q 1 ,  (I2, Q 3 ,  t h e  a c c e l e r a t i o n  "readings"  

a t  these  points  may be computed, along with the  in termediate  motion 

v a r i a b l e s  which w i l l  l a t e r  be compared t o  t h e  various output  of the 
3-3 a n a l y s i s  program. 

Several t e s t s  \\rere conducted successful  l y  , b u t  on1 y t e s t  HYP-81 

\!;-ill be presented.  The dura t ion  of t h e  t e s t  was 11.56 mi l l i seconds ,  

and da ta  was sampled a t  t h e  r a t e  of 25 KHz r e s u l t i n q  i n  288 reading 

s m n l  e s  . 
The s i x  degrees of freedom f o r  t h e  motion were s p e c i f i e d  according 

t o  t h e  following t a b l e :  

0.5 inches 250. 20. 

Q.1 inches 10n. 300. 

1.25 inches 0 .  150. 

2.0 degrees 80. 100. 

40.0 degrees 40. 5.  

5 .0  degrees 50. 150. 

In a d d i t i o n ,  

PO,= 0, = 2.Q inches 



Po2 = p 2  = 1 .6  inches 

PQ3 = p 3  = 2 . 5  inches 
,. A * 

and without l o s s  of g e n e r a l i t y ,  the  ins t rumentat ion frame ( e l  , e2 ,e3)  
, . A h  

was se lec ted  t o  coincide with the  "anatomical " frame ( i  , j , k )  , and 

the  body po in t  f o r  which the  t r a n s l a t i o n a l  vec tors  w i l l  be computed, 

was se lec ted  t o  be t he  o r i g in  of t he  anatomical frame. 

A .  1 . 3  Comparison of Theoret ical  and Computed Motion 

The 6 4acce l e r a t i on  "readings"  shown in Figure 3 were analyzed. 

The resul  t s  , shown in f i gu re s  4 ,  6 ,  3 ,  and 10, were compared t o  t he  

t heo re t i c a l  values and the  dev ia t ions  p lo t ted  i n  f i g u r e s  5 ,  7 , 9 ,  and 

11.  

The dev ia t ions  of the  angular a cce l e r a t i ons  were of the  o rder  of 

5.0 rad/sec2 over magnitudes of the  o rder  of 5.0 x 1 O 4  rad / sec2 .  

Therefore ,  t he  accuracy of angular  a cce l e r a t i ons  i s  of  t he  o rder  of  

0.01%. S imi la r  reasoning leads  t o  determine an accuracy of 0.01% 

f o r  angular v e l o c i t i e s .  

The Euler angles  and r a t e s  had a r e l a t i v e  e r r o r ,  o r  accuracy of 

0.001% f o r  r a t e s  and 0.01% f o r  angles .  

The t r a n s l a t i o n a l  accel e r a t i ons  had an accuracy of 0.091 %, where- 
a s  both ve loc i t y  and pos i t ions  were accu ra t e  t o  within 0.1%. 

From a q u a l i t a t i v e  point  of view, i t  may be observed t h a t  the  

e r r o r  on most of t he  va r i ab l e s  inc rease  a s  t he  i n t e g r a t i o n  i s  

prolonged. This may be a t t r i b u t e d  t o  t runca t ion  e r r o r s  i n  t he  readings 

t h a t  were input ted and t o  t h e  round-off e r r o r s  of t he  eva lua t ion  of 

natural  funct ions  and t he  i n t e g r a l s .  This aggrevates the  inherent  i n s t ab i  1 i t y  

o f  t h e  system of equations being i n t eg ra t ed .  

A.1.4 Experimental Motion 

The motion was experimentally generated w i t h  an e l  ectromagnetic 
shaker .  A monkey's sku l l  ( f i g u r e  12 and 13) was instruniented with 

6 accelerometers (2 -2 -2 )  combination a t  3 po in t s .  



The relat ionship between the instrumentation origin P and 
& * . -  

reference f r a w  ( e l  ,e , ,e ,)  on one hand and the anatomical center C 
A .. .- 

and reference fratue ( i  , j , k )  on the other hand, as well as the i n i t i ~ l  

orientat ion of the anatoniical frame. re1 at ive t o  the ine r t i a l  (shaker) 

reference frame, were a11 determined with an x-ray technique developed 

for th i s  purpose, and described in section A.2. 

The fo l l  owi n a  measurements were found: 

and  the i n i t i a l  orientat ion of the anatomical frame with respect to  

ine r t i a l  [shaker] frame: 

~(0) = 2.  o(0 )  -12. + = -25. degrees 

The s ix  accelerometers were a l l  EPIDEVCO uniaxial ones, and the i r  

siqnals were calibrated and amplified properly then recorded on a 

Honeywell 7600 FP4 tape recorder. The only motion variable which 

was d i rec t ly  recorded was the vertical ( i ne r t i a l  K )  acceleration o f  

the sku l l .  This signal was to be compared to the computed component 

of the ine r t i a l  trans1 ational acceleration of the anatomical center. 

The unfiltered data,  shown in Figure 1 4 ,  was digit ized then 

d ig i t i a l l y  f i l t e r ed  using a low-pass f i l t e r .  The digi ta l  f i l t e r  had 

a pass-band from 0 t o  200 Hz (gain r ipple under 0.50 d B ) ,  a gain 

drop of -6  dB a t  275 Hz, and  a stop-band from 500 Hz and up, with a 
gain of -120 dB. The f i 1  tered data i s  shown in figures 15, and 16.  

The rigid-body motion analysis was carried ou t  for  the 6- 

acceleration input and resul ts  are shown in figures 1 7 ,  18, 19 

and 20, 



A .  1 .5 Comparison of Experimental and Computed Plotions 

The only d i r e c t  measurement which was made was the accelerat ion 

along the shaker vert ical  axis ( i n e r t i a l  k ) ,  shown in Figure 10. 

This should be identical to  the t o p  graph of f igure 19. Results 

show t h a t  the er ror  in th i s  computation was about 1.5%. I t  i s  
h 

worth noting t h a t  although no motion in the l a t e ra l  ( i n e r t i a l  I  and 
A 

J )  direct ions was supposed to  be taking place, the computed non-zero 

accelerations in these direct ions may be a t t r ibuted  t o  small l a t e ra l  

vibrations of the shaker in these d i rec t ions ,  and to  unequal accuracies 

of cal ibrat ions of each pair  of accelerometers pointing in the  same 

direct ion.  This e r ro r  in ca l ibra t ion  resu l t s  in s l i g h t l y  d i f fe ren t  

readings of the same accelerat ion,  which leads t o  an apparent 

ro ta t ion .  This,  in turn, adds a " ro ta t ional"  component to  the 

various quant i t ies  during the computational procedure. 

A.  1.6 Conclusions 

I t  was shown tha t  in many cases,  two of which were presented 

in t h i s  paper, t h a t  a 6-accelerometer techniaue would be useful and 

accurate and could be successfully used when physical l imitat ions 

are  imposed on the experimental set-up. 

The'method i s  accurate enough f o r  many short- and long-duration 

appl icat ions b u t  the success of the method depends 1 argely on the 

accuracy of the ~leasurements made and the duration and type of 

motion being analyzed. 

The truncation er rors  due to  the f i n i t e  length of a computer 

word and the round-off e r rors  in eval uati  ng numerical i  ntearal s 

and natural functions, were found to  be negligible compared t o  other 

er rors .  

Other s ign i f i can t  sources of er rors  were found t o .  be experi- 

mental uncertaint ies  such as the resolution of accelerometers, t h e i r  

cross-axis s e n s i t i v i t i e s ,  mounting and orientat ion e r ro r s .  

Additional (redundant) measurement i s  reconimended to  minimize 

the er rors  of computation and measurement, and t o  circumvent the 
i n s t a b i l i t y  of the integrat ion.  
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T H R E E  DIMEPIS IOMAL X - R A Y  T E C H ; I I O U E  



A-2 T H R E E  DIIlENSIOFJAL X-RAY TECHNIQUE 

A . 2 . 1  Introduction --- 

In measuring accelerat ions of points on the head, i t  i s  d i f f i c u l t  
to  locate  and o r i en t  the accelerometers in  standard anatomical locations 
and d i rec t ions  . I t  i s  therefore more convenient to  resolve quant i t ies  

nieasured in  an a rb i t r a ry  coordinate system in to  components in  the stan- 
dard anatomical d i r ec t ions .  All t ha t  i s  needed i s  an accurate descrip- 

t ion of the ~iathematical transformations between the two coordinate 

s;ls terns. 
A h  A  

Let ( e l  , e 2 ,  e 3 )  be an a rb i t r a ry  coordinate systern used i ?  
h h h  

instrumenting the head, and l e t  ( i  ,j ,k) be the standard anatomical 
coordinate system, commonly referred t o  as the ( A - P ) ,  ( L - R )  and (S-I) 

axes. Both systems nlay be termed body-axes t r i a d s ,  which a re  fixed 

one r e l a t i v e  to  the o ther ,  b u t  moving with the head. An i n e r t i a l  
* , , A  

frame ( I , J ,K)  i s  used as a  reference to  both moving .frames, Then 

and 

where [ E l  and [ A ]  a r e  the d i rec t ion  cosines matrix r e l a t i v e  t o  the 
i n e r t i a l  frame of the instrumentation and the anatomical coordinate 

systems, respect ively.  

The object ive i s  to  obtain a  transformation matrix,  [R], between 



* * A  

From ( Z ) ,  an expression for ( I , J , K )  i s  obtained: 

Equation ( 4 )  i s  then substituted into equation ( 1 )  

By comparing equations ( 3 )  a n d  (5)  

A.2.2 Method 

To obtain [ R ] ,  one must obtain [ E l  and [A] which involve the 

fol 1 owi ng steps : 
A A A  

a .  define (e1,e2,e3) .  
A A A  

b. define ( i , j , k ) .  

c.  devise a method,to compute the direction cosine matrix [ E l  
, . A h  

of ( e l , e 2 , e 3 )  re la t ive  t o  an arbitrary ine r t i a l  frame. 

d .  devise a  method to compute the direction cosine matrix [ A ]  
A A A  

of ( i  , j  , k )  re la t ive  t o  the same arbitrary iner t ia l  frame. - 
e .  compute the matrix product [El [A]-1 t o  obtain the direction 

A A A  A A A  

cosines matrix [R ]  of (e l  ,e2 , e3)  re la t ive  t o  ( i  ,j , k ) .  

A.2.3 Instrumentation Definitions 

The configuration of the 6 accelerometers necessary t o  measure 

the head motion was chosen so t h a t  they l i e  o n  the 3 axes of the 

instrumentation coordinate systeni. Each pair i s  located a t  a  known 
distance from the origin P of th i s  system (see Figure 1 ) .  



FIGURE 1 . IIlSTP,Ut!EIiT4TIOPI COORDINATE SYSTEM FOR THE HEAD 



A.2.4 --- Anatomical 3ef in i t ions  

The standard def in i t ion  of the (A-P), ( L - R )  and (S-I )  axes, 
A A A 

or a l ternate ly  the ( i  , j , k )  system i s  based o n  the Frankfort plane. 

T h i s  plane i s  defined by the four points (Figure 2 ) .  

P1 : superior edge of the r igh t  auditory meatus, 

P2 : 
superior edge of the l e f t  auditory meatus, 

P3 : r igh t  inf ra-orbi ta l  notch, and 

P4 : l e f t  inf ra-orbi ta l  notch. 

Let C be the midpoint between P1 and P 2 ,  and 1.1 the aiid-point 

between P3 a n d  P4 ,  then 

a .  the anatomical center  i s  defined as point C .  

b ,  the A-P axis  i s  defined as :  

c .  the L - R  axis  i s  defined as :  

d .  the S-I axis i s  defined by the cross product 

A.  2 . 5  Two-Dimensional Coordinates 

The x-ray photograph of an object i s  simply the shadow of tha t  

object captured on a photo-sensitive film and generated by a near-point 

source of x-rays. 

I t  i s  proposed to  obtain the ce coordinates ( x , z )  of an object 

(see Figure 3)  given the x-ray phreh1 i t s e l f ,  and relevant cha rac te r i s t i c s  

of the x-ray set-up which produced i t .  

A typical x-ray set-up i s  simplified in the diagrarir of Figure 3.  

The x-ray table  i s  ver t ica l  in t h i s  case,  and the filrn casse t te  
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FIGURE 3. S I M P L I F I E D  X-RAY SET-UP FOR A S I N G L E  POIIIT 



i s  located behind the table a t  a distance 13. The distance between 

the table and the x-ray source i s  A, a n d  between the table and the ob- 

ject i s  D .  After the film has been developed, the trace 0 of the 

optical axis i s  physically located on the film and the distances X 

and 2 are measured. 

Given the measured X and Z ,  the radial distance R and the angle 

e niay be computed: 

-1 z 0 = t a n  -jr 

Now the true radial distance r may be obtained from the geometri- 

cal property: 

so that  the true coordinates are:  

y = r sine (18) 

The constants a and B depend solely on the x-ray set-up and are 

the same for any object a t  any distance D from the x-ray table. 

The re1 ationship of the equation ( 1  6 )  rvas experimentally determined 

and i s  shown in Figure 4. Note that  th is  parametric calibration curve 

i s  valid for  the x-ray set-up a t  HSRI and will vary depending on the 

A and B distances. 

A.2 .6  Three-Dimensional Coordinates 

To obtain complete 3-D coordinates of an object,  the procedure 

followed in the previous section may be repeated for the (Y-2)  

plane. This can be done simultaneously with the ( X - Z )  measurement 

which requires two separate x-ray sources and two separate, mutually 

perpendicular film planes. A simpler method i s  t o  x-ray the ( X - Z )  

plane f i r s t ,  then rota te  the object 90' and obtain a new x-ray of the 



r = [ a - B D ]  I? 

AVERAGES : 

R: P,IEASURED RADIAL DISTANCE (INCHES) 

FIGURE 4. CALIBRATION OF X-RAY SET-UP 



( Y - Z )  plane. The analysis  of the two x-rays would yield t rue  (x ,z )  

and ( y , z )  coordinates. The z-coordinate would be the average of the 

two val ues obtained , since experimental e r rors  would normal 1 y  resul t 

in s l i g h t l y  d i f fe ren t  values. 

The i  nert i  a1 coordinate reference sys ten.1 is.  foi-med by the optical  

axis  qoinq once throuqh the ( x , z )  plane, then going again through the 

( y , z )  plane of the head. Therefore, care must be taken t o  keep the 

head a t  the same elevation with respect to  the optical axis when i t  

i s  being rotated.  This elevation may, ho\\rever, be a rb i t r a ry .  

A .  2 . 7  Experimental X-Ray Procedure 

The experimental procedure in x-raying the head must be oriented 

toward an accurate measurement of the transformation matrix between 

the instrumentation and the anatomical coordinate system. 

On each x-ray, the optical ( i n e r t i a l )  reference frame must be 

defined. For t h i s  purpose, a special lead p la te ,  Figure 5 ,  was 
machined to  f i t  precisely over the window of the x-ray source. This 

p la te  will  a1 low a thin c i r cu la r  ring of x-rays t o  pass th rough  
and be recorded on the f i lm,  prior  t o  taking the x-ray of the head. 

Careful machining ensures t h a t  the optical center  i s  the same as 

the center of the r ing.  P, ver t ica l  axis  was obtained on the f i lm 

by hanaing a  weight from a long lead wire and taping the t o p  end 

of the wire on to  the  x-ray t ab le .  Thus, the optical  center  as well 

as the ver t ica l  and  horizontal optical  axes may be accurately drawn 

on the film and used t o  measure the ( X ,  Y ,  Z )  coordinates of any 

given point ,  

In order to  ident i fy  the 4 anatomical points of the Frankfort 

plane, lead pe l l e t s  with d i s t inc t ive  tabs a re  used as follows: 

The lowest points on the two orbi ta l  cav i t i e s  a re  exposed by small 

incisions and, using Eastman-910 cement, two pel l e t s  are cemented 

d i r e c t l y  on the bone a t  the lowest point of each orbi ta l  cavity.  

This i s  the c loses t  approximation t o  the two inf raorbi ta l  notches 

P3 and P4 used in defining the Frankfort plane. To approximate 

the other two points of t h i s  plane, P1 and P2, two wooden plugs 

(shor t  cyl inders)  a re  used to  carry lead pe l l e t s  so t h a t ,  when 





these plugs are inserted in the auditory meati, the lead pel le ts  would 

approximate the superior edges of the two meati. 

Finally, to identify tlie 3 points Q 1 ,  Q 2 ,  Q3 wiiich represent the 

centers o f  mass of the 3 pairs of accelerometers, 3 aluminum dummy blocks 

are machined to rep1 ace the 3 pairs of accelerometers during the x-raying. 

Each dummy block contains a pe l l e t ,  so located as t o  precisely fa11 on 
the c.m. of the accelerorrieter-oair which i s  being replaced. 

Once the seven pel le ts  are properly mounted on the head, the 

subject whose head i s  being x-rayed i s  then placed (or  seated) on a 
rol l ing chair or platform and the following steps are taken: 

Step 1 .  lhlith the subject outside the x-ray f i e l d ,  expose the 

film with the c i rcular  ring. 

Step 2 .  Place the subject in the x-ray f i e l d ,  expose the film 

with the c i rcu la r  ring. 

Step 3. Expose the film t o  obtain the x-ray of the head struc- 
A A 

ture and vert ical  lead wire. This gives the x-ray of the (J-K) 

plane. 

Step 4.  Remove the subject from the x-ray f i e l d , ,  and change 

the film casset te .  

Step 5. Expose the 'film t o  obtain the c i rcular  ring. 

Step 6 .  Replace the subject t o  exactly the same previous eleva- 

tion and in tlie x-ray f i e l d .  

Step 7 .  Rotate the platform carrying the subject through +90° 
about the k-axis. 

Step 8. Obtain and record the seven distances between the x-ray 

table and the individual pe l l e t s .  

Step 9 .  Expose the head and  the vert ical  lead wire to obtain an  
x-ray of the (X,K) plane. 

Once the two orthogonal x-rays have been developed, the optical 

center and axes ace drawn and the seven pel le ts  labeled on each x-ray, 

then for  each pe l l e t ,  (X ,Z )  a n d  (Y ,Z )  pairs are measured di rect ly  on 

the x-ray films. These readings are supplemented with the corresponding 

distances from the x-ray table obtained ea r l i e r  during steps 2 and 8 

of the x-raying procedure. Each pel l e t  will then have ( X ,  Z ,  D x z )  



and ( Y  ,Z,D ) which can be used t o  obtain t rue  ( x , y , z )  coordinates 
YZ 

with respect to  an a rb i t r a ry  reference frame, qiven the ca l ibra t ion  

constants a and B of the x-ray set-up. 

A.2.3 m u t a t i o n  of the Instrumentation Frame 

Given 

X2 5 Y2 3 Z2 of Q2 and PQ2 = p 2  

and assuming t h a t  Q 1 ,  Q 2 ,  and Q3 a re  located on the respect ive 

axes of an instrumentation right-handed t r i a d ,  i t  i s  required t o  
* A .-. 

find xD,  z of the or ig in  P of ( e l  ,e2 , e 3 ) ,  then to  compute the 
Y ~ '  P . . A , .  

di rec t ion  cosines o f  e l ,  e 2 ,  e3 .  

Consider spheres ('21 , p l )  and ( Q 2 , p 2 ) .  In order f o r  P t o  e x i s t ,  
they must in t e r sec t  along a c i r c l e  with center  a t  H 1  which must be 

located on 1 ine Q l Q 2  connectinq the centers .  Further~llore, t h i s  c i r c l e  

i s  the locus of or ig in  F ,  thus i t  has a radius H I P .  The th i rd  sphere 

(Q3,P3)  which i s  orthogonal to  each of the f i r s t  two, must i n t e r sec t  

the c i r c l e  (H1,HIP) a t  r i g h t  angles,  i . e . ,  S13P riust be in  the plane 

of t ha t  .c i rcle  tangent to  i t .  Therefore, the plane q 3 P H 1  i s  normal 

t o  l i n e  Q 1 Q 2 ,  or  l i n e  Q l Q 2  must be normal t o  a l l  l i ne s  contained in  

plane 03PH1 ; in  par t icu lar  Q1Q2 i s  perpendicular to  l i n e  ?3H1. 

Thus Q 3 H 1  i s  the height of t r i ang le  Q 1 Q 2 Q 3  a t  the base of 

Similar reasoning may be follo\ved f o r  each of the other two heights 

()2 t{3  and Q 1 H 2 .  Since a l l  three heights in any t r i ang le  i n t e r sec t  a t  

a ,  common point ,  t h i s  in te rsec t ion  i s  cal led point G .  

Next, consider plane Q 3 H l P  which i s  perpendicular to  Q , Q 2 .  

Since point G i s  in t h i s  plane, l i n e  GP lmust be percrendicular t o  

Q 1 Q 2 .  Similar ly,  GP must be perpendicular t o  ??q3 and to  Q 3 Q 1 .  I t  

may be concluded t h a t  l i n e  GP i s  perpendicular t o  the plane of the 

t r i ang le  Q l Q 2 Q 3 ,  or  t h a t  G i s  the orthoqonal projection o f  a s inqle  

point P on the plane Q 1 q 2 Q 3 .  

Armed with these proper t ies ,  the solut ion of the problem may be 



F igu re  6. 



broken in to  smaller problems of 1 ine-alane in te rsec t ions .  

Given a  plane defined by a point ( x l  ,yl , z l )  and the d i rec t ion  

cosines of a  normal vector ( a l , b l , c l ) ,  and given a  l i n e  defined by 

a point (x2 ,y2 ,z2)  and  i t s  d i rec t ion  cosines ( a 2 , b 2 , c 2 ) ,  solve fo r  the 

t r ace  (x ,y , z )  of the l i n e  of the plane. 

The normal form of the equation of the plane i s :  

and the parametric form of the equation of the l i ne :  

Z = Z2 + c 2 t  

At the in te rsec t ion ,  (x ,y , z )  must s a t i s f y  both equation (19) and (20): 

alC(x2 + a 2 t )  - X I ]  + b 1 [ ( ~ 2  + b 2 t )  - y l I  + c1[(z2 + c 2 t )  - z l ]  = O (21) 

which y i e lds :  

The parameter t i s  precisely the dis tance along ( a 2 , b 2 , c 2 )  

of the l i n e  between the piercing point and the l i n e ' s  par t icu lar  point.  

Once i t  i s  computed from equation (22 ) ,  i t  i s  subs t i tu ted  in  equation 

(20)  t o  y ie ld  the coordinate (x ,y , z )  of the in te rsec t ion .  

The f i r s t  s tep  towards a  solut ion i s  t o  compute the locat ion of 

H1 as the in te rsec t ion  of Q l Q 2  whose d i rec t ion  cosines and par t icu lar  
points a r e  known, and the plane C13HIP which has the same d i rec t ion  

cosines as Q1Q2 and a  pa r t i cu l a r  point Q3. This i s  repeated fo r  It2 

and 113. 

The second s tep  i s  t o  locate  G as the in te rsec t ion  of 1 ine 

Q 3 H 1  and plane Q l H 2 P  whose d i rec t ion  cosines and pa r t i cu l a r  points 
a r e  known. The locat ion of G may be obtained with t\vo other  methods: 



intersection of l ine  Q 1 H 2  with plane Q2H3P, or intersection of l ine  

Q 2 H 3  with plane Q3H1P.  One method i s  su f f i c ien t ,  b u t  the average of 

the three nlethods reduces the experimental reading errors .  

The direction cosines of l ine  GP are obtained as the normal 

vector t o  any two vectors connecting 3 points ( Q 1 , Q 2 , Q 3 ) .  The 

proper order i s  important so t h a t  point P would be on the correct 

side of  the plane (Q1  , q 2 , Q 3 ) .  The direction cosines ( u l  ,u2,u3) of 

th i s  vector u are: 

To complete the required information, the magnitude of l ine  GP 

must be computed. Again there are three methods which would yield 

that  length. The average i s  taken t o  minimize experimental er ror .  

The length G P  i s  obtained by solving the right-angle tr iangle Q 3 G P ,  

given Q 3 ,  G and p 3 .  The procedure i s  repeated using tr iangle Q I G P  

(Q1  ,G,ol) and tr iangle Q2GP (Q2,G,P2) ,  and the average GP i s  retained. 

Finally, the parametric equations of l ine  GP are used to compute 

the location of P :  

x = xC + 16PI U, 
P 

- + l G P l u 2  yp - Yc 

z = z + [ G P I  u 3  
P c 

A h 

Once P i s  located, the components of e l ,  e 2 ,  and e3  may be 

determined via equations ( 7 ) ,  (8), and ( 9 ) .  

A .  2 . 9  Com~utations of Anatomical Frame 

Using the same notation for the anatomical pe l l e t s ,  the iner t ia l  

position vectors of the four anatomical pellets  are: 



A 

Fi rs t  define the direction cosines of j-axis or the L - R  axis .  

This may be done by one of two methods: 
_3 

The two methods are equivalent within some experimental er ror .  

To minimize th i s  e r ro r ,  the average i s  taken as the f inal  direction 
h 

cosines of uni t  vector j ,  i . e . :  

A 

Next, define the S-I  or k axis .  This axis i s  perpendicular 

to  the Frankfort plane defined by the 4 anatomical pe l l e t s .  The unit  
A A 

vector k must be along the cross product of the vector j and any vector 

P lying in the Frankfort plane. Thus: 

The average i s  then: 

Finally,  the direction cosines of the A-P or i axis are obtained 
,. 

by the cross product: 



Equations ( 2 6 ) ,  ( 2 7 ) ,  and (22) may be wri t ten compactly as: 

A .  2.10 Transforrnation !4atrix [ R l  
---A- 

Since the transfortnation matrix [R], defined by 

i s  the desired r e s u l t ,  i t ' i s  simply obtained by: 

The niatrix [ P , ]  i s  an orthogonal transformation, therefore ,  i t s  

inverse i s  equal t o  i t s  transpose. 

Thus, 

[ R ]  = [ E l  [ A ] ~  

However, the transformation matrix [ R ]  i s  computed using experi- 
mental readings , i t s  elements wi 11 carry some e r ro r .  Fortunately, 

t h i s  matrix must be orthogonal, a property which can be used t o  
determine the amount of e r ro r  and to  perturbate i t s  elements so tha t  
i t  becomes as close to  being orthogonal as desired. 

Given the uncorrected matrix: 

h A  h 

the maani tudes of ' e l ,  e2 and e3 must be unity;  however, the computed 
* * A  

values ( e l  ,e2 , e 3 )  a re  assumed t o  deviate s l i g h t l y  from (e l  ,e2 , e3 ) .  
I f  the deviations are not acceptable, a new unit  vector i s  computed 
using normal ized versions of the other two: 



then the old components are replaced by: 

If the new values of el , e 2 ,  e3  are n o t  acceptabl e ,  another 

i tera t ion i s  performed. A check on the orthogonality of the matrix 

i s :  

This equation will be true only i f :  

[ R ] ~  = [R]' 

i . e . ,  when [R]  i s  orthogonal. I t  was found that  5 i tera t ions  were 

required for the worst case, a case in which the off-diaqonal tertns 

of equation (33) s tar ted  with as high as 0.18 and ended with 0.00001. 

I n  a l l  the cases computed, none of the 3 unit vectors were perturbed 

more than four degrees i n  space, an amount which can conceivably be 
produced by measurerlent errors.  I t  should be noted f ina l ly  that  

the exact orthogonality of [R]  does n o t  imply that  i t  i s  the true 

transformation matrix, instead, th i s  matrix i s  only a measured 
one and will carry some experimental e r ro r ,  be i t  orthogonal or n o t .  

A.2.11 --- Translation of the - Tvro Origins 

In addition t o  the transformation matrix between the instrumenta- 

tion and tne anatomical coordinate systems, the location of the instru-  
mentation origin P must be known re la t ive  t o  the anatoriiical coordinate 

system, i . e . ,  

This vector can be computed from 



then expressed in the anatomical system. F i r s t ,  the vector OC i s  by 
def in i t ion 

and O P = x  I t y  J t z  K 
P P P 

therefore 

- 
1 o obtain ( d l  ,d2 , d 3 ) ,  the anatomical components of CP, we express 
CP in the anatomical system: 

Using equation ( 2 ) ,  ( I , J , E )  i s  substituted to obtain: 

A .  2 . 1 2  Summary 

The x-ray technique described above resul ts  i n  a complete descrip- 
tion of an arbi t rary  i nstrunentation frame in a standard anatomical 
frame. The procedure was described for  the head, b u t  could eas i ly  
be extended to  any body segment. 



APPENDIX A - 3  

DIGITAL SIGNAL PROCESSING 



A .  3.1 S I G N A L  PROCESSING A N D  DATA A N A L Y S I S  

The complexity of experimental measurements of head impact 

s i tuat ions  has become so g rea t ,  tha t  an equal ly sophisticated 

system i s  required t o  handle and process the result ing data. 

!jlith the ava i l ab i l i ty  of d igi ta l  computers, th i s  task i s  

preatly sinipl i f i ed .  F i r s t ,  analog sicnals  are converted to digi-  

tal  s ignals which are then cleaned u p  and prepared for subsequent 

analyses and presentation. The cleaning process consists of 

truncating undesired portions of the s ignals ,  and f i l t e r i ng  out f re-  

auencies , i rrelevant  t o  the anticipated analysis ,  using high-per- 

formance d ig i t a l  f i  1 t e r s .  The mathematical analyses are more com- 
pl icated b u t ,  with d igi ta l  computers, can be done with 1 i  t t l e  

e f fo r t .  Final l y ,  resul ts  are usually presented in graphical and/ 

or tabular forms fo r  easier  interpretat ion a n d  evaluation of the 

exoeriment. 

The HSRI signal processing package, developed in the past year 

i s  only one phase of the total  d a t a  handling system, which i s  dia- 

grammed in f igure 1.  

A.3.2 Analog-to-Digital Conversion 

A general-purpose PDP-11/45 computer, with a  16-channel ,4/D 

unit i s  currently used a t  iiSRI t o  convert a l l  analog signals into 

d ig i t a l  form. Since th i s  corn~uter i s  n o t  dedicated t o  A / D  conver- 

sion,  i t s  real-tirne saeipling ra te  i s  about 130 Hz, which i s  much 

lower t h a n  the requirements of biomechanical measurements, where 

events can be as brief  as a  few mil 1 iseconds. 

Sampl ing ra te  may be increased by playing back the analog 

tape a t  a s9eed lower than the one a t  which i t  was recorded. 

Thus, i f  a  tape was recorded a t  120 ips during the experiment, and  

played back a t  1 7/3 ips during d ig i t i z ing ,  the sampling ra te  i s  

multiplied 64  times, result ing in a sampling ra te  of about 8.3 kHz. 

Holv~ever, in most applicat ions,  th is  sarnpling ra te  may n o t  be 

su f f i c ien t .  In th i s  case, e i the r  a  f a s t e r  d iqi t iz inq hardware i s  

required, or a  fur ther  expansion of time i s  necessary. The l a t t e r  

can simply be accomplished by re-recording the analog signal a t  





a higher speed than the speed intended fo r  playback. Thus, an 
analog tape,  or ig inal ly  recorded a t  120 i p s ,  can be played back 

a t  1 7/8 ips into another recorder, which will re-record the expanded 

siynal a t  30 ips.  This l a s t  recording i s  played back a t  1 7/6 ips 

during d ig i t i z ing ,  resul t in?  in a sampling ra te  of 133 k H z ,  which 

i s  16 times high'er than previously obtained. 

The user has the option of reducing the sampling r a t e  by as 

much as he des i res .  This i s  done by se lec t ing ,  say every 5th point,  

to be saved, thus reducing the maxinlum r a t e  of 133 kHz by a factor  

of 5 result ing in a f ina l  sampling ra te  of about 2.7 kHz.  

The selected samples of data are  converted into physical 

un i t s ,  and saved on a d ig i ta l  magnetic tape, each channel in a separats 

f i l e ,  along with a unique run ident i f ica t ion ,  a description of the 

contents and the un i t s ,  the sampling r a t e  and the number of result ing 

points . 
A.3.2.1 The Sampling Process - The operation of sampling can 

be viewed as a form of impulse modulation. Accordingly, i f  an analog 

signal i s  sampled a t  the r a t e  of fS(Hz) ,  i  . e . ,  a t  intervals  of 

T = l / f s  seconds, then the sampled signal x * ( t )  may be represented 

as a t r a i n  of impulses given by: 
m 

x*( t )  = T x(nt )a( t -nT)  

n=O 

where 

x ( t )  = O f o r  t < 0 

6 ( t )  = 1 f o r t  = nT 

6 ( t )  = O  f o r t f n T  

The d ig i t a l  signal x*( t )  i s  n o t  a continuous function of time, 

b u t  a sequence of numbers, taken as the values of x ( t )  a t  t = nT. 

The z-transform of equation (1)  i s  
CP 



The criginal signal x ( t )  can be recovered by passing x*( t )  

through an ideal low-pass f i l t e r  of bandwidth 2fs/2. The recovery 

i s  exact only i f  the Fourier transform of x ( t )  i s  ident ica l ly  zero 

outside the central s t r i p  5fS/2.  This band i s  called the llyquist 

band, a n d  f s /2  i s  called the Nyquist r a t e ,  which i s  half the sampling 

ra te .  

A.3.2.2 The Sampling Theorem 

" I f  a signal x ( t )  has a  Fourier transform that  i s  ident ica l ly  

zero for  If1 - > B ,  i t  can be completely reconstructed from samples 

taken a t  the r a t e  of f S  - > 28." 

The imp1 ications of th i s  theorem i s  tha t  i f  we sample a t  a  

r a t e  f, = 1/T, with f S  suff ic ient ly  f a s t e r  than the llyquist r a t e ,  

then we can retr ieve the original x ( t )  by the use of the ideal 

interpolation operator,  which has an impulse' response: 

s in  [ T ( t - n ~ ) ]  
p ( t ,n )  = Y 

then the recovered signal x o ( t )  i s  given by 
m 

Again, x o ( t )  will be identical t o  x ( t ) ' o n l y  i f  the analog x ( t )  
i s  band-limited to the Nyquist band, i . e . ,  i f  x ( t )  contained no f re-  

quencies higher than half the sampling ra te .  

To guarantee t h i s ,  the analog signals  may be electronical ly 

f i l t e r e d  prior  t o  the A I D  conversion process, thus eliminating a l l  

frequencies above the Nyquist frequency. If analog f i l t e r s  are to 

be avoided al together ,  then the sanipling ra t e  niust be suff ic ient ly  

f a s t e r  than any suspected frequency co~iponent in the analog signal .  

In measurements of head impacts, frequencies above 10 kHz are not 

present, therefore the sampling of 27 kHz i s  adequate for  use without 

analog pre-f i  1 te rs  . 



A . 3 . 3  Siqnal Fil tering --- 
The presence of high-frequency components in the digi ta l  signals 

i s  undesirable. These components are ~ ~ s u a l l y  noises or l?iechanical 

resonances of transducers which are n o t  relevant t o  the physical 

auanti ty bei ng nieasured. To el imi nate these components, analog 

f i  1 tering may be ei?iploycd. However, the cut-off frequencies must 

change depending on the signal bein4 measured. Sophisticated analog 

f i  1 te rs  are expensive and usually have a fixed cut-off frequency. 

Variable f i l t e r s  of equal sophistication are large and bulky, so 

that  the only a l ternat ive  i s  d igi ta l  f i l t e r i ng .  

A.3.3.1 Digital Fi l ters  - Just  l ike  analog f i l t e r s ,  d igi ta l  

f i  1 t e r s  have i n p u t - o u t p u t  response, b u t  they can be "constructed" 

a t  a m u c h  lower cos t ,  a n d  are jus t  as easy t o  use. 

The output/input transfer  function of a general l inear  system 

may be transformed t o  a d igi ta l  t ransfer  function of the form: 

j=1 

Equation (5 )  i s  used t o  compute the current value of the o u t p u t  
y(nT), given current value of the input x ( n T )  a n d  previous values of 

1 

the input and o u t p u t :  
N- 1 N 

y(kT) = 2 a . x ( k T - j T )  - 2 b.y(kT-jT) 
J J 

j =O j=l  

The order N of the f i l t e r  must be f i n i t e  in order t o  reconstruct 

the signal .  Furthermore, the data i s  reconstructed using a f i n i t e  

number of impulse responses, hence the term f i n i t e  duration impulse 

response ( F I R )  f i  1 t e r .  

The case where a l l  the b-coefficients in equation (5 )  are  

zero reduce the transfer  function to:  



The f i l t e r  i s  then classif ied as a non-recursive digital  f i l t e r ,  

since i t  does n o t  use previous values of the output, as can be seen 

from equation ( 6 )  with only the a-coefficien't. 

A.3.3.2 FIR F i l t e r  Design - Any f i n i  te-duration sequence 

i s  completely specified by N samples of i t s  Fourier transform, so 

t h a t  the design of an  F I R  f i l t e r  may be accomplished by finding 

N coefficients of i t s  impulse response. The truncation of the 

in f in i t e  duration impulse response of the f i r s t  M terms means 

t h a t  discontinuities a t  the corner-frequencies are rep1 aced by 

smoother transi t ions.  Accompanying th is  transi t ion i s  some under- 

and  over-s hoots which are general 1 y described as the Gi bbs phenomenon, 

The frequency response of an FIR f i l t e r  i s  no longer f l a t  in 

i t s  pass- and stop-bands, b u t  contains some ripples which vary in 

magnitudes depending on the design characterist ics of the f i l t e r .  

These ripples may be spread uniformly over the frequency spectrum, 

resulting in an equiripple design. For a given f i l t e r  length / I ,  

and a given s e t  of corner (edge) frequencies and band gains, an 
optimum f i l t e r  becomes one which has the minimum peak-to-~eak 

ripple. 

The A1 ternation theorem (Parks & McClel lan, 1970) i s  the basis 

for  finding such optimum f i l t e r s .  Essentially, th i s  theorem imp1 ies 

t h a t  there i s  a precise number of frequencies corresponding t o  peaks 

in the error function describing the ripples in the magnitude 

frequency response. Armed with th is  theorem, an optimunl f i l t e r  riay 

be found by searching (on the frequency axis)  for  the "best" ex- 

tremal frequencies, i . e . ,  those for  which the ripples sa t i s fy  a 
specified tolerance. 

Subsequently, 1,lcClellan 4 Parks (1973) pub1  ished a paper in 
which  they present a general purpose computer program ~vhich i s  

capable of designing a large class of optimum non-recursive l inear-  

phase F I R  digital  f i l t e r s .  The search algorithm i s  based on the 

Reniez exchanpe method, which i s  a f a s t  method t o  approxiniate an 

ideal freq~rency response usin? the minimuoi weighted Chebychev 

error .  The program replaces the specified design by an equivalent 

problem, then solves the approximation o f  the equivalent problem 



usinq the Reniez exchanqe method, then produces, among others ,  the 

f i  1 t e r  inp~rl se response. 

The orogram now used a t  ttSRI t o  design diqi  t a l  f i1, ters  i s  based 

on the i4cClellan desicrn proqram. Iiov~ever, i t  i s  an in terac t ive  pro- 

liram, where a  user can use a terminal to  design, t e s t ,  check fr.equency 

response and save, i f  Ile so des i res ,  the impulse resvonse of an 
acceptable f i l t e r  on a ltiaster f i l e  containing a l l  the f i l t e r s  designed 

U P  to da te .  This master f i l e  i s  e f fec t ive ly  a  "storage shel f"  

fo r  a l l  the d ig i t a l  f i l t e r s ,  and when a f i l t e r  i s  needed, i t  i s  

e i the r  pulled o u t  of the " s h e l f , "  or  a  new f i l t e r  i s  designed and 

saved i f  none of the available f i l t e r s  f i t s  the reauirements. 

A.3 .3 .3  The F i l t e r in?  Operation - An F I R  d ig i t a l  f i l t e r  of 

Length I ,  i s  specif ied by "1 terms of i t s  impulse response: 

h ( m ) ;  m = 1 ,  2 ,  . .. M .  

The i m ~ u l s e  response i s  symmetric, i . e . ,  

Given then a  f i n i t e  number terms of i t s  impulse response, and 

given a  d i g i t a l  signal specif ied as a  sequence of N values: 

the f i l t e r e d  signal i s  given by: 

Note t h a t  the fu r thes t  point of the unf i l te red  signal which can 

be used i s  x ( n - l l )  which cannot be smaller t h a n  x ( 1 ) ;  therefore,  the 

f i r s t  f i l t e r e d  point i s  y(l4t l) .  This a lso  implies t h a t  the d ig i t a l  

signal must have a t  l e a s t  M points to  produce a t  l e a s t  1 f i l t e r e d  

point. Furthermore, the l a s t  f i l t e r e d  point which may be produced 

i s  y ( n + l ) ,  by using the l a s t  M points of the unfi l tered s ignal .  

This r e su l t s  in an output signal which i s  shorter  than the input 

s igna l ,  and which i s  phase shi f ted  with respect to  the input siqnal . 



The f i r s t  problem may be solved b y  extending the input signal 

below the f i r s t  point. This i s  done b,y rotatinq ths siqnal 180 deqrees 

abou t  the f i r s t  point. Thus: 

The extension i s  carried out until  enough points are generated 

t o  produce y ( l  ) ,  i . e . ,  k = 1 ,2 ,  . . . ( Y - 1 ) .  

The time delay problem i s  inherent in non-recursive f i l t e r s .  

However, th i s  problem can be solved e i ther  by making a correction 

in the phase when the phase frequency-res~onse i s  known, or by using 

the f i l t e r  i t s e l f  t o  s h i f t  back the signal by  the same amount. 

The l a t t e r  method of f i  1 tering forward, then f i  1 terinq backwards 

i s  an outstanding method, since in general, each com~onent i s  shifted 

by an amount depending on i t s  frequency. Because the frequency 

content of a given signal i s  n o t  known a p r io r i ,  each component ~vhich 

the f i l t e r  passes i s  phase-shifted during the forward operation, b u t  

i t  i s  shif ted back by exactly the same amount during the backward opera- 

t ion.  

However, for  the backward f i  1 tering operation, the f i r s t  point 

generated i s  the ( N - M ) t h  point,  leavino the l a s t  ?l noints unprocessed. 

In order t o  be able t o  obtain the N t h  point of the signal in a 

f i l t e red  form, the input signal must be extended ('4-1) noints 

beyond the l a s t  point, much the same way the extension was done for 

the beginning of the siqnal . Thus: 

with k = I , ? ,  . . .  (:!-I).  

In th is  forward/backward operation, the qains o f  the various 

bands are cloubled. For example, a low-pass f i l t e r  \vi t h  a pass-band 



r i pp le  of k q . 1  dB ant1 a  stop-band gain of -65 dB and a  considerable 

nhase-sh i f t ,  e f f ec t ive ly  becor!ies a  f i  1 t e r  \ ~ i  t h  a  pass-band r ipp le  

of tC.2 dB which i s  s t i l l  exce l l en t ,  a  stop-band g i n  of -130 dB, 

which surpasses any s t r i ngen t  desigh spec i f i ca t ion ,  and best  of a l l ,  

i t  becor;ies phase t ransparent .  

Therefore,  the method of applying a  given f i l t e r  should be taken 

in to  consideration during i t s  design. Thus, i f  a  low-pass f i l t e r  must 

have  a  gain of -60 dB in  the stop-band and ?0.1 dB r i pp le  in  the 

pass-band, and i s  to  be applied twice to  a  s i g n a l ,  i t  i s  s u f f i c i e n t  

t o  loosen the s top gain t o  -30 dB,  and t o  t ighten the pass r i pp le  t o  

20.35 dB. This should decrease the length of the f i l t e r ,  and possibly 

shorten the t r ans i t i on  band. 

A . 3 . 4  F i l t e r  S ~ e c i f i c a t i o n s  

During a  head impact t e s t ,  f o rces ,  acce lera t ions ,  s t r a i n s  and/or 

Dressures a r e  recorded. For each of these q u a n t i t i e s ,  low-pass f i l t e r  

c h a r a c t e r i s t i c s  a re  nominal ly  s ~ e c i f i e d  by t h e i r  corner f reauencies:  

a .  impact force ( l b s )  f  = 590 Hz 
C 

b .  accelerat ions ( g ' s )  f c  = 1000 Hz 

c .  s t r a i n s  (p i n / i n )  f, = 1500 Hz 

d .  pressures ( p s i )  f c  = 1500 Hz. 

For a qiven low-pass f i l t e r ,  the corner freauency i s  spec i f ied  

in  normalized form, I 

where: f c  i s  the corner frequency in HZ, 

f s  i s  the sampling r a t e  in  Hz, 
f t  i s  the normalized corner frequency of f i l t e r .  

Most of the data was d ig i t i zed  a t  the r a t e  of f  = 27000 Hz, 
S 

and the l a t e r  data a t  the r a t e  of 16000 H z .  I t  bas therefore necessary 
t o  employ two d i f f e r e n t  f i l t e r s  f o r  each sampling r a t e ,  t o  achieve 

a  f i l t e r i n g  a t  the given corner freauency. 

F ina l ly ,  i t  should be real ized t h a t  the  d i g i t a l  f i l t e r s  used 

a re  l i n e a r  phase, with the knee a t  the corner frequency round and not 

as sharp as the Butterworth f i l t e r s  more commonly used. Typically 



t h e r e f o r e ,  a corner frequency of 1000 Hz means t h a t  t h e  f i l t e r  would 

have - 3  dB qain a t  anproxinlately 1500 Hz and -7.5 dB a t  approximately 

2000 Hz. Consequently, t h e  f i l t e r s  used were t o l e r a t e d  i f  t h e  - 3  

dB point  was between 1000 and 1500 Hz. 

The following f i l t e r s  were used i n  processing the  head impact 

d a t a ;  t h e  s e l e c t i o n  of t h e  appropr ia te  f i l t e r  depended on t h e  sampl in? 

r a t e  and t h e  a v a i l a b i l i t y  of the  f i l t e r  a t  t h e  time t h e  da ta  was 

processed : 

FORCE ACCELERATIONS STRAINS/PRESSURES 

LP -100/27100 LP-1000/271 OCI LP-2000/27100 

LP .04*bIS L P .  05*PIS LP.  09*WS 

The frequency response of these  f i l t e r s  a r e  shown in 

Figures 2 ,  3 ,  4 ,  5 and 6 .  



Figure 2, 

D I G I T A L  FILTER 

NO. COEFS. = 50 

G A I N  = -176 .7  DB 

NORMALIZED FREQUENCY 



Figure 3 

LP. 040MWS 

.8488 ' knS?BAND CUTOFF, 

A 2 0 0  = STOP FREQUENCY, 

DIGITRL FILTER 

NO. COEFS. =50 

RIPPLE = *. 0736 DB 

GAIN = - 174.0 DB 

0.1 0 . 2  0 . 3  0 . 4  
NORMRLIZED FREOUENCY 



F igure  4 .  

LP. 05BXWS 

.0500 = PRSSBRND CUTOFF,  

.I300 ; STOP FREQUENCY, 

DIGITAL FILTER 

NO. COEFS. =50 

R I P P L E  =*.0767 DB 

GAIN = -  173.5 DB 

NORMRLIZED FREQUENCY 



F i g u r e  5 .  

.0738 = PASSBAND CUTOFF, 

,2220 = STOP FREQUENCY, 

DIGITAL FILTER 

NO. COEFS.=50 

RIPPLE =1.0006 DB 

GAIN = -  183.0 DB 

0.1 0.2 0 . 3  0.4 0 . 5  
NORMALIZED FREQUENCY 



F i g u r e  6. 

LP. 09@I8WS D I G I T A L  F I L T E R  

NO. COEFS. =50 

.0900 = PASSBflND CUTOFF, R I P P L E  =+.0709 DB 

.I700 = STOP FREOUENCY, G A I N  = -  174.8 DB 

0 .1  0 .2  0.3 0.4 0.5 
NORMALIZED FREOUENCY 
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METHODOLOGY FOR RHESUS PIONKEY STATIC SKULL COrlPRESSION TESTS 

Four  r o s e t t e  s t r a i n  gages were mounted on t h e  s k u l l  as shown i n  F i gu res  1,  3 .  

The s k u l l  was l o a d e d  a l o n g  t h e  L-R, A-P, and S - I  d i r e c t i o n s ,  and LVDT's 

measured t h e  r e s u l t i n g  d i sp l acemen ts  (e.g. ,  see F i g u r e  2 ) .  The speed o f  

t h e  I n s t r o n  c rosshead  was s e t  a t  0.1 i n c h e s  p e r  second, and a V i s i c o r d e r  

r e c o r d e d  t h e  o u t p u t  o f  t h e  s t r a i n  r o s e t t e s ,  l o a d  c e l l  and LVDT's. 

P r i n c i p a l  s t r a i n s  and p r i n c i p a l  s t r e s s e s  f o r  d e l t a  r o s e t t e s  were c a l -  

c u l a t e d  f r o m  t h e  f o l  l o w i n g  e q u a t i o n s :  

E +€ +€ 
€1, 2 A  B c & -fA+;B+Ec / +(Ec-EB)2  - 

3 3 

where 

€1  2 a r e  t h e  maximum and minimum p r i n c i p a l  s t r a i n s ,  r e s p e c t i v e l y  
9 

E ~ , E ~ , E ~  a r e  t h e  s t r a i n s  a t  gages A,  B, and C 

a l ,  
a r e  t h e  maximum and n~ in imum p r i n c i p a l  s t r e s s e s ,  r e s p e c t i v e l y  

$1  i s  t h e  ang le  between t h e  a x i s  o f  gage A  and t h e  d i r e c t i o n  o f  max im~~m 

p r i n c i p a l  s t r a i n ,  E 1 

$ 2  i s  t h e  ang le  between t h e  a x i s  o f  gage A and t h e  d i r e c t i o n  o f  minimum 

p r i n c i p a l  s t r a i n  E: . A l l  ang les  - a r e  measured c o u n t e r c l o c k w i s e  f r o m  

gdge A. 

5 
E = 1.78 x 10  p s i  f o r  compact t a b l e  i n  t e n s i o n  

P = 0.19 i n  r a d i a l  compress ion  



Rig hf l-a%rcl 

r.6.5-2 c * M  I 

- 5 7  kg.  

69 k d 
' 1 ,  S I J ~ ~ : I - ; C , ~  lJ~t: t : i  MONKEY WT. 7 . 6  kg 

8- 5 
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F i g  2: Loading and Ceflact iol l  h l~asur ing   scati ions - 
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sku l l  1 
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, ,  . 

LOAD 

J Righi Lateral \/iew 
---.. .,,... . 

Posterior View 

LOAD I NG 

L O C A T I O N  
t 

! I kferior View 



FIGURE 3: ORIENTATION O F  ROSETTE AXES 
SKULL 1 

I 

SUPERIOR VIEW 

B-7  





HSRI - BIOMECHANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 1 RUN NO. 

LOADING L-R HORIZONTAL LVDT A'P 

TIME BETIcIEEN READINGS 4 sec. 

1 I NO. 
I 

LOD 1 -26.25 

i 2 
1 
I 3 

VERT LOAD 
(113s 1 

I 
! 1 

17 

3 8 

i 

6 

7 

LOD - Loss o f  Data 

HORIZ. DISPL. 
(IN) x 10-3 

I 4 1 65 

8 

ALL STRAINS IN MICRO- IIICHES/INC~ 

RIGHT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

0 

VERTICAL COF1P. 
(IN) 10-3 

1 

LOD 1 -19.75 

LOD 

LOD 

128 

163 

-6.25 

-13.50 

I L 
198 

LOD 

LOD 

LOD 

RDG 
1 

0 

-32.25 

-37.75 

LOD -43.75 I 

E l  1 E2 
I 0 . 0  1 - 0 .0  

PHI 
- - 



SKULL 1 ,  RUN 4 ( C o n t i n u e d )  

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

FRONT ROSETTE 
L 

PHI 

- - 
38.9 
-34.5 
-29.6 
-27.2 
-23.8 
-22.0 
-24.3 

REAR ROSETTE 

E2 

-0.0 
-33.0 
-59.1 
-99.2 
-145.5 
-203.5 
-256.6 
-307.8 

L 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

PRINCIPAL STRAINS (El ,E2) 

PRINCIPAL STRAINS (El ,E2) 

El 

0.0 
4.9 
0.4 
0.0 
0.3 
2.4 
5.1 
3.0 

t 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

E 1 

0.0 
0.1 
-4.9 
-6.1 
-4.4 
3.6 
13.6 
10.7 

E 2 

-0.0 
-19.8 
-28.3 
-42.4 
-55.2 
-74.5 
-95.9 
-119.6 

PHI 

- - 
-34.3 
-13.7 
-22.4 
-17.6 
-12.6 
-6.8 
-6.5 

PHI 

- - 
-25.5 
-17.7 
-11  .O 
-21.5 
-24.7 
-20.3 
-13.6 

E2 

-0.0 
-4.2 
-4.0 
4.4 
19.8 
27.1 

. 46.0 
50.5 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

E 1 

0.0 
18.5 
38.7 
61.2 
87.3 

111 .O 
143.7 
182.1 



HSRI  - BIOMECIiANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 1 . RUN NO. 6 

LOADING S- I HORIZONTAL LVDT 

T I M E  BETCIEEN READINGS 2 sec. 

DNA = D a t a  N o t  Available 
> 

A L L  STRAINS I N  MICRO-INCHES/ INCH 

- 

FRONT ROSETTE 

9 

VERTICAL COMP. 
(IN) x 10-3 

-10.75 

-11  .OO 

-14.50 

-17.25 

-19.50 

-23.25 

-26.75 

-29.75 

-32.75 

- - P R I N C I P A L  STRAINS ( E l  ,E2) 
, 

HORIZ .  D I S P L .  
(IN) x 

DNA 

DNA 

DNA 

DNA 

DNA 

DNA 

DNA 

DNA 

DNA 

VERT LOAD 
No .  I (I-&) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

2 * 

3 

11 

2 1 

3 1 

4 1 

5 4 

6 4 

75 

I RDG I E l  

1 I 2.2 ' 2 3.7 
3 15.6 
4 27.8 
5 32.5 
6 37.2 
7 34.6 
8 33.7 
9 30.7 

E 2 

-6.7 
-8.1 
-15.6 
-12.2 
-10.4 
-1.9 
3.0 
19.4 
26.8 

PHI 1 
- - 

-10.1 
-15.0 
-8.3 
-13.1 
-17.4 
-9.9 
2.6 

-12.6 

. 



SKULL 1, RUN 6 (Cont inued)  

REAR 'ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

RIGHT ROSETTE 
c 

PRINCIPAL STRAINS ( E l  ,E2) 

PHI 

- - 
39.6 

-38.3 
-43.1 
-37.8 

E 2 

-2.0 
-4.4 

-18.9 
-39.3 
-62.6 
-77.1 
-98.5 

RDG 

1 
2 
3 
4 
5 
6 
7 

LEFT ROSETTE 

r 

El  

6.1 
6.4 
6.6 

10.3 
6.8 

-5.5 
-10.9 

, , 

PRINCIPAL STRAINS ( E l  ,E2) 

-34.9 1 
-34.1 

8 
9 

PHI 

- - 

RDG 1 E 1 1 E2 I PHI 

43.8 
57.3 

-141.7 / 41.3 I 

E 2 

-0.0 

RDG 

1 

-1 67.7 

E 1 

0.0 

41.1 

-17.2 -20.4 i 
I -55.3 ! -19.1 i 

2 
3 

6.0 
13.2 

4 
5 
6 
7 
8 
9 

13.9 -117.6 1 -26.6 
13.7 ' -185.5 1 -28.0 1 

0.1 
-5.4 

-10.8 
-16.2 

-244.5 -30.9 
-305.8 -30.6 1 
-353.7 
-388.6 

-30.3 
-30.5 



H S R I  - B IOMECt lAN ICS  DEPARTMENT 

RHESUS !?IONKEY SKULL COMPRESSION TEST  

SKULL  NO. 1 R U N N O .  7 

LOAD1  NG S-  I HORIZONTAL LVDT  L - R  

T I M E  BETWEEN READINGS 2  sec 

"preload 

I VERT LOAD 
NO. j (LBS) 

H O R I Z .  D I S P L .  V E R T I C A L  COb1P. 1 ( I N )  x l o s 3  

A L L  S T R A I N S  I N  MICRO-  INCHES/  I N C H  

REAR ROSETTE 

P R I N C I P A L  S T R A I N S  (El ,E2 )  

RDG 1 E l  P H I  I 



SKULL 1, Run 7 (Cont inued)  

RIGHT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

t LEFT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

1 

- - i 
-30.1 
-29.4 
-31.3 
-34.5 
-32.8 1 
-32.7 
-32.0 
-31.0 

FRONT ROSETTE 

E2 

-o.o 
-45.8 
-98.0 

-137.2 
-179.1 
-229.1 
-264.9 
-305.4 
-350.6 

E 1 

o.o 
2.7 
0.0 

-2.6 
-9.7 

-13.0 
-15.6 
-13.1 
-16.1 

4 

PHI 
i -- I 
i 38.1 , 

39.9 ; 
39.8 , 

38.3 
38.4 , 
39.1 
39.6 
40.4 

RDG 

I 
2 
3 
4 
5 
6 
7 
8 
9 

4 

E 2 

-0.0 
-34.8 
-70.7 

-113.9 
-154.1 
-191.9 
-226.8 
-266.4 
-304.3 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 .  
9 

4 

PRINCIPAL STRAINS ( E l  ,E2) 

E 1 

0.0 
-2.6 

-14.4 
-6.5 

-13.1 
-18.7 
-33.7 
-41.8 
-56.1 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

E 2 

-0.0 
-3.6 
-0.3 

3.3 
9.8 

10.1 
9 .2  

11.5 
7.3 

E l  

0.0 
16.8 
20.1 
23.0 
16.7 
27.4 
32.7 
34.9 
37.1 

PHI 

- - 
-23.7 
-23.4 
-34.0 
-42.8 

-2.1 
-11.3 
-16.8 
-27.2 



H S R I  - B IOMECI IAN ICS  DCPARTEIENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL  NO. 1 R U N N O .  11 

LOADING I - R  HORIZONTAL L V D T  S- T 

T I M E  BETFEEN READINGS 4 sec.  

ALL S T R A I N S  I N  M I C R O - I N C H E S / I N C H  

*preload 

R I G H T  ROSETTE 

P R I N C I P A L  S T R A I N S  ( E l  ,E2) 

VERTICAL C O F ~ P .  
(IN) x 10-3 

-1.25 

-7.75 

-13.75 

-20.00 

-26.25 

-33.50 

-39.75 

-46.00 

NO.  

1 

I 

I 3 

4 

5 

I 6 

7 

V E R T L O A D  j HORIZ.DISPL. 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 

(LBS 

4 * 

23 

4 7 

70 

100 

130 

161 

8 I 190 
1 

(IN) x 10-3 

.526 

1.737 

2.579 

3.631 

4.263 

5.105 

5.972 

6.731 

E 1 
0.0 

10.9 
15.1 
45.0 
60.8 
70.1 
73.1 
92.5 

E2 

-0.0 
-45.9 

-103.1 
-137.9 
-176.9 
-225.4 
-300.2 
-359.3 

- -- 

P H I  

- - 
24.7 
18.5 
14.0 
17 .3  
15.6 
16.2 
13.1 



SKULL 1, RUN 11 (Cont inued)  

LEFT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

PRINCIPAL STRAINS ( E l  , ~ 2 )  

L 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

REAR ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

E2 

-0.0 
-26.8 
-57.9 
-67.5 

-109.7 
-163.7 
-219.2 
-282.4 

E 1 

0 .0  
-9.5 

-16.6 
-22.0 
-24.2 
-19.7 
-23.8 
-20.4 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

I 
I 

PHI I 

't 

- - 
-18.8 / 
-25.9 
-19.3 : 
-19.6 
-14.3 , 
-17.0 
-1 7.0 

E 1 

0.0 
15.9 
15.5 

5.8 
6.3 

17.5 
25.0 
28.5 

RDG 

1 
2 

3 
4 
5 
6 
7 
8 

E 2 

-0.0 
-18.5 
-38.4 
-53.0 
-64.5 
-91.6 

-114.6 
-135.5 

PHI 

- - 
12.8  
17.2 
11.7 

4.9 
4.2 
0.1 

-3 .9  

PHI 

- - 
-19.5 
-1 7.0 
-16.4 
-22.2 
-27.1 , 

-24.7 
-22.7 

E 1 

9.2 
35.0 
67.6 
95.6 

127.1 
~ 162.6 

200.2 
238.3 

E 2 

-3.1 
-4.4 

4.2 
30.1 
46.2 
65.7 
74.4 
94.1 



HSRI - BIOMECIIANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL N O .  1 RUNNO. 15 

LOAD I NG A -  P HORIZONTAL LVDT S-I 

TIME BETWEEN READINGS 2 s e c .  

*pre load  

1 

ALL STRAINS IN MICRO- INCHES/INCH 

RIGHT ROSETTE 

VERT LOAD 
No. 1 (LBs) 

HORIZ. DISPL. 
(IN) x 

0 

. l o 5  

,474 

-789  

1 ,368 

1 .895  

2.631 

3.105 

1 

2 

3 

4 

PRINCIPAL STRAINS (El ,E2) 

VERTICAL COMP . 
(IN) 10-3 

- .  50 

-3.00 

-6 .00  

-8.75 

-12.00 

' -15.25 

. -18.00 

-20.50 

1 * 

2 1 

4 6 

76 

RDG 

I 113 

E 1 

6 

7 

8 

151 

183 

236 

E 2 
1 
2 
3 
4 
5 
6 
7 
8 

* 

P H I  

-0 .0  
-18.0 
-29 .8  
-40.5 
-64 .0  

-106.2 
-140.2 
-177.5 

0 .0  
31.9 
59.7 
88 .2  

140.6 
180.5 
217.9 
261.5 

- - 
6 . 9  
8 . 8  

10 .4  
11 .8  
10.8 
11.4 
11 .3  

J 



SKULL 1 , RUN 15 (Continued) 

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

1. FRONT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

REAR ROSETTE 

PRINCIPAL STRAINS (El , E 2 )  

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

E 1 

0.0 
21.1 
37.2 
57.4 
77.5 
104.6 
135.5 
169.2 

E2 

-0.0 
-23.1 
-45.4 
-78.3 
-113.5 
-153.2 
-198.7 
-247.1 

PHI 

- - 
-7.9 
-1.8 
1.9 
0.6 
1.1 
2.7 
2.3 

E 1 

0.0 
160.6 
333.7 
565.5 
871.8 
1072.0 
1334.7 
1611.9 

E 2 

-0.0 
60.5 
154.0 
239.5 
322.2 
486.9 
61 6.0 
751 . O  

PHI 

- - 
14.8 
15.4 
14.3 
12.2 
16.1 
15.4 
16.7 



HSRI - BIOMECt1ANICS DEPARTMENT 
RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 1 RUNNO. 16 

LOAD I NG A-  P HORIZONTAL LVDT I - R  

TIME BETWEEN READINGS Set. 

*preload 

VERT LOAD 
! 140. 

HORIZ. DISPL. VERTICAL COFIP . / (IN) x 

ALL STRAINS IN MICRO-INCHES/INCH 

RIGHT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 
T 

RDG 
- . - ~  

El 1 E2 
? - - - - - T I  

I 



SKULL NO. 1,  RUN NO. 16 (Cont inued)  

LEFT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

FRONT ROSETTE 

RDG 

1 
2 
3 
4 
5 
6 
7 

1 

PRINCIPAL STRAINS ( E l  ,E2) 

E 1 

0.0 
31.2 
62.3 

103.8 
141 .O 
187.6 
216.0 

REAR ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

RDG 

1 
2 
3 
4 
5 
6 
7 

E 2 
-- 

-0 .0 
-20.2 
-44.7 
-70.0 
-93.7 

-119.6 
-154.3 

PHI - -  1 
- - 

1 -8.8 1 

-8.5 1 
-8.5 
-9.2 
-7.4 I 

-5 .6 j 

E 1 

0.0 
13.5 
37.3 
64.1 
94.7 

131.9 
162.5 

RDG 

1 
2 
3 
4 
5 
6 
7 

r 

E2 

-0 .0  
-26.4 
-71.6 

-109.0 
-154.3 
-201.7 
-244.9 

E2 

-0 .0  
61.4 

162.6 
285.4 
401 .7  
545.7 
655.9 

E 1 

0 .0  
176.5 
417.2 
673.6 
953.3 

1225.7 
1461.3 

PHI 

- - 
-0.7 

2.3 
0.6 
2.0 
2.0 
2.4 

9 

PI11 

- - 
16.8 
15.9 
16.6 
17.2 
17.8 
17.7 

____-a 



A P P E N D I X  B-1  b 

MONKEY SKULL I I 



METtlOClOLOSY FOR RHESUS ilOEl,:EY S T A T I C  SKULL COI.1PRESSIOl;I T E S T S  

Four  r o s e t t e  s t r a i n  gages were mounted on t h e  s k u l l  as shown i n  F igu res  1 ,  3.  

The s k u l l  was loaded a l o n g  the  L-R, A-P, and S-I d i r e c t i o n s ,  and LVDT1s 

measured the  r e s u l t i n g  d isplacemeAts (e. g., see F i g u r e  2 ). The speed o f  

t he  I n s t r o n  crosshead was s e t  a t  0.1 i nches  p e r  second, and a  V i s i c o r d e r  

recorded t h e  o u t p u t  o f  t h e  s t r a i n  r o s e t t e s ,  l o a d  c e l l  and LVDT1s. 

P r i n c i p a l  s t r a i n s  a n d ' p r i n c i p a l  s t r e s s e s  f o r  d e l t a  r o s e t t e s  were c a l -  

c u l a t e d  f rom t h e  f o l l o w i n g  equat ions :  

where , 

c1  2 a r e  the  maximum and minimum p r i n c i p a l  s t r a i n s ,  r e s p e c t i v e l y  
I 

€As eB , E~ a r e  t h e  s t r a i n s  a t  gages A, B, and C 

a l ,  
are  t h e  maximum and minimum p r i n c i p a l  s t r e s s e s ,  r e s p e c t i v e l y  

Q~ i s  the  ang le  between t h e  a x i s  o f  gage A and t h e  d i r e c t i o n  o f  maxim~rm 

p r i n c i p a l  s t r a i n ,  

$ 2  i s  t h e  ang le  between t h e  a x i s  o f  gage A and t h e  d i r e c t i o n  o f  minimum 

p r i n c i p a l  s t r a i n  E . A l l  angles a r e  measured counterc1ockwise f rom 

gage A. 

5 E = 1.78 x 10 p s i  f o r  compact t a b l e  i n  t e n s i o n  

cl = 0.19 i n  r a d i a l  conlpression 



.L WT. 

WT. ~ 

MONKEY WT. 5 . 4  kg. :; ; , !.> t; j ,,! , ! ,.!-! 
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i Left Lo feral V i a r  
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LVDT 

i Right Lateral View 
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I inferior View 
B- 24 



FIGURE 3: ORIENTATION OF ROSETTE AXES SKULL 2 

SUPERIOR VIEW 

8-25 
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HSRI - BIOMECHANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. Z RUN NO. 2 

LOADING L-R HORIZONTAL LVDT A-P  

TIME BETWEEN READINGS 4 sec 

* = Preload 

A L L  STRAINS IN MICRO-INCHES/ INCH 

RIGHT ROSETTE 

VERTICAL COFlP. 
(IN) x i o - 3  

-7 .5  

-11.25 

-17.8 

-25.0 

-32.0 

-38.75 

-46.0 

NO. 

1 
L 

j 2 
? 

! 
1 3 
+ 

4 

1 I 5 
t 

6 

7 

PRINCIPAL STRAINS (El ,E2) 

/ RDG 1 El 1 E2 1 PHI 1 

VERT LOAD 
(LBS 

1 0* 

20 

40 

6 0 

8 2 I 

109 

130 

HORIZ. DISPL. 
(IN) x 10-3 

.25 

.25 

.25 

.75 

1.95 

2.95 

2.8 



SKULL NO. 2, RUN 2 ( c o n t i n u e d )  

LEFT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

I RDG I E l  / E2 1 PHI I 

I I -1-- i 

I 

FRONT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

REAR ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

RDG 

1 
2 
3 
4 
5 
6 
7 

E2 

-0 .0  
-24.0 
-53.3 
-77.0 

-105.8 
-1 28.5 
-144.5 

E 1 

0.0 
12.8 
20.8 
39.9 
44.1 
55.4 
53.7 

.. 
PHI 

- - 
-83.9 
-73.4 
-76.6 
-79.8 
-81.7 
-82.9 

RDG 

1 
2 
3 
4 
5 
6 
7 

E 1 

0.0 
32.8 
98.1 

171.5 
244.8 
312.2 
367.4 

E 2 

-0 .0  
4.5 

20.5 
24.1 
47.8 
74.3 
90.2 

PHI 

- - 
-16.2 

-2 .8  
1.5 
0.3 
1.1 
1 .4  



HSRI - BIOMECHANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 2 RUN NO. 4 

LOAD I NG L-R , HORIZONTAL LVDT S - I  

TIME BETWEEN READINGS 4 sec 

1 VE!?:B:~AD ! NO. I 

HORIZ. DISPL. I VERTICAL COMP. 1 ( I N )  x 10-3 j I N j  x l o - '  

ALL STRAINS I N  MICRO-INCHES/INCH 

FRONT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

RDG 

1 
1 2  
1 3  

4 
5 
6 

E 1 

0 . 0  
12.8 
30.4 
51.8 
66.2 
8 1 . 6  

-92.0 1 !!/ 1 
7 
8 
9 

E 2 1 P H I  

-0 .0  
I 
I - - 

-24.0 ' 6.1 
-44.3 1 4.8 

I . 

90.7 
93.7 

104.0 

-68.3 

-116.3 
-136.6 
-166.4 4.0 
-194.3 -- 



Skull 2, R u n  4 

REAR ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

d 

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

E2 

-0.0 
12.5 
22.5 
37.4 
43.9 
69.7 
82.3 
113.1 
128.6 

E 1 

0.0 
30.9 
76.6 
125.5 
180.9 
238.7 
293.9 
352.0 
404.4 

1 

RIGHT ROSETTE 

PHI 

- - 
-7.2 
-2.9 
1.3 
3.0 
0.5 
1.7 
1.3 
2.5 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

PRINCIPAL STRAINS (El ,E2) 

PHI 

- - 
-42.6 
43.6 
43.6 
40.6 
42.3 
44.3 
-44.3 
-43.9 

E 2 

-0.0 
-37.8 
-99.0 
-168.0 
-260.4 
-344.0 
-450.1 
-570.0 
-664.9 

r 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

E 1 

0.0 
7.8 
14.7 
23.7 
45.0 
53.6 
66.0 
79.2 
91.6 

PHI 

- - 
28.5 
32.4 
33.6 
31.3 
29.7 
30.7 
31.2 
30.4 

E2 

-0.0 
-34.0 
-97.4 
-173.4 
-216.8 
-334.8 
-440.3 
-537.3 
-642.9 

i 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

h 

E 1 

0.0 
53.4 
84.6 
99.4 
95.7 
123.6 
126.5 
146.4 
168.6 



HSRI - BIOMECHANICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 2 RUN NO. 10 

LOAD1 NG S- I HORIZONTAL LVDT I -R 

TIME BETlIEEN READINGS 4 sec 

t 

ALL STRAINS IN MICRO-INCHES/INCH 

I I VERTLOAD I HORIZ.DISPL. VERTICAL COMP. 
I NO, j ' (LBS) I I I 

(IN) 10-3 (IN) x 10m3 
I 

REAR ROSETTE 

1 
I 

PRINCIPAL STRAINS (El ,E2) 

I 

1 RDG I El I E2 1 1 

I 0 0.0 0.0 
f 

I 
2 I 1 I I 0.0 -4.25 

3 I 
9 

I 1 
I 

1 0.3 I -8.75 

4 1 2 1 I 
I I 0.35 -15.5 
I I I 

5 1 3 6 i 0.15 I -20.75 I 

-26.75 

-32.0 - 

6 50 I 
I -0.05 

I 7 
I 

62 -0.35 I 



SKULL NO. 2 RUN 10 (Con t inued )  

FRONT ROSETTE 

PRINCIPAL STRAINS (E l  ,E2) 

LEFT ROSETTE 

PRINCIPAL STRAINS (E l  ,E2) 

PHI 

- - 
39.9 
16.0 

5.7 
5.7 
2.6 
1 .O 

RDG 

1 
2 
3 
4 
5 
6 
7 

RIGHT ROSETTE 

PRINCIPAL STRAINS (E l  ,E2) 

E 1 

0.0 
15.8 
27.5 
44.7 
68.7 
91.3 

104.5 

--_. 
E2 

-0.0 
-14.4 
-23.2 
-41.6 
-58.6 
-58.8 
-54.3 

r 

RDG 

1 
2 
3 
4 
5 
6 
7 .  

-- 
E l  

0.0 
0.0 
6.2 

14.4 
31.9 
39.8 
32.3 

E2 

-0 .0  
-0.0 

-34.3 
-109.9 
-174.3 
-253.4 
-300.2 

RDG 

1 
2 
3 1 4 

5 

PHI 

- - 
- - 

-83.1 ' 
-87.0 
-83.2 
-83.9 
-85.2 

E l  

0.0 
-2.5 
-9.7 

-20;6 
-44.0 
-83.6 

-104.1 

E 2 

-0 .0  
-42.1 

-114.0 * 

-178.3 
-230.0 
-277.2 
-133.9 

PHI 

- - 
-15.3 

-7,2 
-5.2 
-6.4 
-5 .5  

-30.0 



HSRI - BIOI4CCliANICS DEPARTMENT 

RIIESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 2 RUN NO. 11 

LOAD1 NG S- I HORIZONTAL LVDT A-p 

TIME BETIhIEEN READINGS 4 Sec 

ALL STRAINS I N  M I C R O -  INCHES/INCH 

*pre load  

RIGHT ROSETTE 

, VERTICAL COblP. 
(IN) x 10-3 

HORIZ. DISPL. 
(IN) x NO. 

PRINCIPAL STRAINS (El , ~ 2 )  

1 1 5 * 
I 

VERT LOAD 
(LBS) 

i 2 
1 3  

4 
5 
6 
7 

2.0 1 0 ,  

2 1 l8 I 2.15 I 
1 -2 .5  

E 1 

0.0 
0.0 
3.2 - 

-8.6 -96.6 

E2 

-0.0 
-0.0 

-29.4 
-6.2 

PHI 
- 

- - 
- - 

-11.7 

- 9 . 8  -156.5 I 
I 

-6.6 
-9 .4  -184.6 1 -6.1 
-6.6 -245.1 I -6 .9  

* 



SKULL 2, RUN 11 (Cont inued) 

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

RDG PHI 

1 -0 .0  - - 
2 -30 .3  -15.0 
3 -93.2 -4.1 
4 -6.8 -154.4 -7 .6  
5 -10.6 -208.6 -3 .3  
6 6.6 -261.3 -0.3 
7 11.2 -309.1 - - - 0.3 

FRONT ROSETTE 
L 

PRINCIPAL STRAINS ( E l  ,E2) 

REAR ROSETTE 

i 

PRINCIPAL STRAINS ( E l  ,E2) 

RDG 

1 
2 
3 
4 
5 
6 
7 

-10.7 1 8.1 
-29.5 0 .6  

57.7 -26.2 
85.7 -58.1 

107.8 -57.4 
121.7 , -62.7 - -- 

7 

RDG 

1 

2 3 
4 
5 
6 
7 

- - 

E 1  
-- - 

0.0 

16.0 24.5 
19.9 
-2.0 

-32.7 
-69.8 

- 

- -. . . . - it.'- -19.5 -53.0 ' 0 .0  
-79.3 1 -7.1 
-97.4 -16.0 

-125.6 
-153.4 

-19.3 
-25.8 



t t S R I  - B IOMECHANICS  DEPARTMENT 

RHESUS C1ONKEY SKULL  CObIPRESSION T E S T  

SKULL  NO. 2 RUN NO. 15  

LOAD1  NG A- P HORIZONTAL  L V D T  S-  I 

T I M E  BETPIEEN READINGS 4 S P ~  

A L L  S T R A I N S  I N  M I C R O - I N C H E S / I N C H  

I VERT LOAD H O R I Z .  D I S P L .  
NO. I (LBS) (IN) x 10-3 

1 I 0 I 2 . 5  

2 1 3  I 2 .7  

3 3 6 3 .0  

REAR ROSETTE 

1 

V E R T I C A L  COMP. 
(IN) x 10-3  

0 

-3 .75  

-10 .25  

P R I N C I P A L  S T R A I N S  ( E l  ,E2)  
f 

RDG 
- -- - -- 

El E 2 
-- _ _  _ 

0.0 
2 

t 

28.5 
3 ! 76.2 

P H I  

- - 
- 1 1 . 3  
-22 .2  

.__ _ - 
- 0 . 0  

3 .6  
1 4 . 2  - 

4 131 .3  
5 202.1 
6 268.9  
7 344.2  

25.5  I -22.1  
34.9  - 2 4 . 0  
55.2  1 -23.2 
71.2  I - 22 .0  

8 416.9 1 89.9 -23.0  
9 I 4 87 .7  1 98.2 -23 .0  

.I 



SKULL 2, RUN 15 ( C o n t i n u e d )  

1 RDG 

I 
I 

3 
4 
5 
i 6 
i 7 
: 8 
1 9  

FRONT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

PHI 

i 

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

I RDG El I E2 1 PHI 
I 

RIGHT ROSETTE 

PRINCIPAL STRAINS ( E l  ,E2) 

RDG PHI 



HSRI - BIOMECt1APIICS DEPARTMENT 

RHESUS MONKEY SKULL COMPRESSION TEST 

SKULL NO. 2 R U N N O .  17 

LOADING A- P HORIZONTAL LVDT L-R 

TIME BETWEEN READINGS 4 sec 

*preload 

ALL STRAINS IN MICRO-INCHESJINCH 
RIGHT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

HORIZ. DISPL. i VERTICAL COMP. 
(IN) x 10-3 / (IN) x 10-3 

I VERT LOAD 

I 4 

NO. (LBS) 

RDG 

1 
1 2  
1 3  

4 
5 
6 
7 

i ; 
1 

PHI 
- - 
- - 
33.9 
31.6 
29.1 
28.3 
26.5 
26.6 
26.1 

E 1 

0.0 
0.0 
60.3 
110.9 
176.5 
243.3 
319.7 
382.8 
458.1 

E 2 
-0.0 
-0.0 
1 1  .O 
14.0 
-11.3 
-39.6 
-71.7 
-125.4 
-165.8 



SKULL 2, RUN 17 ( C o n t i n u e d )  

LEFT ROSETTE 

PRINCIPAL STRAINS (El ,E2) 

t 

FRONT ROSETTE 

PRINCIPAL STRAINS (El, E2) 

PHI i 

- - 
0.0 

-16.2 
-17.2 
-18.4 
-18.6 
-18.9 
-20.5 
-20.8 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

REAR ROSETTE 
PRINCIPAL STRAIIS (El ,E2) 

El 

0.0 
8.4 
71.7 , 
135.9 
193.9 
254.1 
344.4 
412.6 
493.2 

E2 

-0.0 
-2.8 

-1 9.2 
-36.6 
-60.0 
-89.3 
-127.1 
-156.0 
-185.9 

PHI 

- - 
43.3 
22.1 
15.4 
14.2 
14.1 
15.0 
14.7 
13.8 

E2 

-0.0 
-0.4 
-17.8 
-32.2 
-75.6 
-103.7 
-140.7 
-183.9 
-219.1 

RDG 

1 
2 
3 
4 
5 
6 ~ 

7 
8 
9 

E 1 

0.0 
6.7 
30.4 
49.5 
80.1 
110.4 
147.2 
181.9 
213.2 

PHI 

- - 
-24.1 
-31.3 
-29.9 
-29.1 
-28.6 
-27.8 
-27.8 
-28.0 

- 

E 2 

-0.0 
-0.1 
6.1 
12.2 
21.4 
30.5 
51.6 
69.9 

- 
85.2 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 - 

E 1 

0.0 
7.4 
60.7 
118.0, 
18.1.8 
252.8 
322.0 
395.3 

-- 454.9 



APPENDIX  B-1 c 

HUMAN SKULL 



Mett lodology f o r  r~umarl Sku1 1  S t a t i c  T e s t  

A l o a d  was a p p l i e d  t o  t11e sku1 1  i n  t i l e  A-P, S - I  and L-R d i r e c -  

t i 0 1 1  wit11 d e f l e c t i o r i  measured i n  t f l e  o r t r ~ o g o r ~ a l  d i r e c t i o n .  Four  d e l t a  

r o s e t ~ s  were used t o  r e c o r d  s t r a i n .  

Trle s t r a i t 1  gages were p o s i t i o r l e d  as snow11 i n  F i g u r e  1  and p r o -  

duced 12 s t r a i n  gage r e a d i n g s .  Gage A  was p o s i t i o n e d  i n  a l l  cases t o  

l i e  p a r a l l e l  t o  t n e  m i d - s a g i t t a l  p l a n e .  Load  was a p p l i e d  t h r o u g h  two 

l o a d i n g  d e v i c e s  eactl measu r i ng  1 ,125  i nc i i e s  i n  d i a m e t e r .  The h o r i z o n -  

t a l  DVDT was p o s i t i o n e d  o r t r ~ o g o n a l  t o  t r i e  l o a d i n g  d i r e c t i o n  and 

measured o u t w a r d  d e f l e c t i o n  ( o u t w a r d  d e f l e c t i o n  o f  t i l e  s k u l l  p roduced  

p o s i  ti ve d i  s p l  acement) . Tile v e r t i c a l  DVDT r e g i s t e r e d  t h e  d e f l e c t i o n  

o f  t t l e  s k u l l  i t 1  t n e  l o a d i n g  d i r e c t i o n .  T e s t  se t - ups  i n  t h e  L-R and 

A-P d i r e c t i o n  r e q u i r e d  a  t w e n t y  f i v e  pound p r e l o a d  t o  r l o l d  t h e  

s k u l l  i n  t r ~ e  d e s i r e d  p o s i t i o n .  A1 1  ze ros  were t h e n  s e t .  

T t ~ e  s e t u p s  f o r  each o f  t i l e  l o a d i n g  d i r e c t i o n s  a r e  showr~ i r i  

F i g u r e  2-6.  

P r i n c i p a l  s t r a i r i s  f o r  d e l  t a  r o s e t t e s  were c a l c u l a t e d  f r o m  

t r ~ e  f o l  l o w i r l g  e q u a t i o n s  : 

,2 a r e  t l ~ e  maximum and minimum p r i n c i p a l  s t r a i n s  , r e s p e c t i v e l y .  

g i s  t r l e  a n g l e  between t t ~ e  a x i s  o f  gage A and t h e  d i r e c t i o r i  o f  

maxi mum p r i n c i p a l  s t r a i n  E I  m e a s u k d  c o u n t e r c l o z k w i s e  f r o m  gage A. 

Time vetwee11 r e a d i n g s  on t i l e  d a t a  shee t s  i s  orle second.  



Load i  rig and d e f l  e c t i o r i  n ieasur ing 1 o c a t i o n  f o r  each t e s t  se t - up  

a r e  sriot+w i n  F i gu res  7 -12 .  Iileasurenients a r e  r e f e r e n c e d  t o  t h e  i n t e r -  

s e c t i o n  o f  t h e  f r o n t a l  and two p a r i e t a l  l o b e s .  F i g u r e  1 3  i s  a  mid- 

sag i  ttal view i n d i c a t i n g  t ~ ~ e  t n i  ckness o f  t i l e  s k u l l .  



ROSETTE O R 1  EliTAiIG:l DET.:i i l S  - 

on r o s e t t e .  

d.  All d i s tances  a r e  mgasured along the  surface '  of  the  s k u l l .  

a,  -- Location o f  s t r a i n  r o s e t t e s .  +Y 

b. R -- Right L --  eft. T -- Top B --  Bottom 

c. o is  tile a ~ i g l e  (neasured ant i -c loc: : \~r ise)  arm ' A '  of  

the r o s e t t e  makes with tile p o s i t i v e  d i r e c t i o n  of  t he  

X-ax is ,  

idote: Arm ' A '  cc;*r?spot~ds t o  arm ' 1 '  as p r i n t ed  

LEFT ROSETTE ( i n )  RIGtiT ROSCTTL ( i n )  TOP ROSETTE ( i n )  BOTTOM ROSETTE i n  

X - x1 = -1 .4  X2 = - 1 . 4  X3 = 2 .1  4  - -5.85 

+x 



FIGURE 1 

B-43 













L O A D I N G  AND DVDT P O S I T I O N S  

1 A :  L O A D I N G  = SUPERIOR - I N F E R I O R  

DVDT = ANTERIOR - POSTERIOR 

1 B L O A D I N G  = S - I  

DVDT = L E F T  - R I G H T  

2 A :  L O A D I N G  = L - R  

DVDT = A - P  

2B L O A D I N G  = L - R  

DVDT = S - I  

3 A :  L O A D I N G  = A - P  

DVDT = L - R  

3 B :  L O A D I N G  = A-P 

D V D T  = S - I  

EACH T E S T  klAS REPEATED ONCE, THEREFORE T E S T  NO. ' s  1 - A 1  and 1 - A 2  e t c .  



loading - Deflection Measuring location; 

Anterior \Jietrr 

L O A D I N G :  S - I  

DVDT:  A-P 

Posterior '/i21:1 

loading I 
dcf lcc t io n 

Iocat ion 

Superior View F IG 7 infer ior View 
l3- 50 



w 

LOADING: S-I  

Left Lo tcrol \ / ' i c - \ ~  Right Lo t'2rcI \/i:-n 

Anterior \Jiesci Posterior ' l iel,v 

Superior View F I G  8 Infer ior Vicllv 
8-51 



Left Lotcrol \/'i?w Right L a f ~ r c l  \ / i : ~  

loclding I 
def lcc t ion 

Ioca t ion 

Posterior '/ie1,1/ 

Superior View FIG 9 lnfcrior View 



t ion; . 

Left Lo tcrol  'r'ieilr 

Antericr \Jie'rr 

Right La:?rcl \/ia-;l 

Posterior View 

Superior View FIG 10 Inferior View 



3 A  Loading - -  Dcflcction Measuring Location; . IOADING: A - P  

L - R  

Left Lo terol \ I ' i e jc r  

Anterior \Jielri 

Rig hf Lot'? rc 1 \ / i  zl:i 

Posterior \lie!,v 

Superior Vi e:v F I G  11 lnfcrior View 
B- 54 

- - . -- 



Loading Dc(lcction Mcclsuring location; a I 
30 

. 
NG: 

Left Lo tcrol \r'ievr Right Lakrc I \/i:9:/ 

Antcricr 'J!eSrr 

loading I 
-deflect ion 

Iocat ion 

Posterior 'Jieltli 

Supcrior View F I G  12 Infer ior View 

B-55 





HSRI - BIOC1ECtlANICS DEPARTPIENT 
HUMAN SKULL COMPRESSION TEST 

RUN NO. LOADING S- I (Vertical ) 

RIGHT ROSETTE . 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

VERTICAL 
(INCH x 10-3) 

-2.5 

-5. 

-7.5 

-10. 

-11.5 

-12.5 

-1 3.5 

-16.25 

-17.5 

- 20. 
-22.5 

-25. 

-27.5 

HORIZONTAL 
(INCH x 10-3) RDG. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

LOAD 
(LBS 

30 

6 0 

90 

120 

150 . 

180 

21 0 

240 

270 

300 

330 

360 

390 

a 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 

E2 

0.0 
-0.1 
-4.0 
-6.0 
-5.8 
-5.8 
-3.5 
-1.6 
0.2 
0.9 
1.8 
2.7 
3.7 

E 1 
0.0 
6.7 
18.4 
21.8 
26.8 
32.0 
32.5 
35.1 
40.2 
45.4 
50.6 
53.3 
58.7 

PHI 

0 
-4.8 
-3.1 
-3.6 
-2.5 
-2.4 
-1.8 
-1.3 
-1 .O 
0.2 
1.1 
1 .7 
2.5 



RUN 1 A 1 ( C o n t i n u e d )  

LEFT ROSETTE 

FRONT ROSETTE 

PRINCIPAL STRAINS El , E2 (MICRO- IN/IN) 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

, 

PRINCIPAL STRAiNS El ,E2 (MICRO-INIIN) 
- 

El 

0.0 
7.6 
15.4 
26.4 
33.4 
40.7 
48.1 
49.7 
41.2 
38.2 
36.0 
27.9 
24.2 

PHI 

0 
0 
-6.7 
-9.4 
-1.4 
1.8 
6.0 
7.5 
7.0 
6;3 
4.9 
2.4 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 

-.- ---- 

E2 

0.0 
0.9 
1.1 
2.0 
0.2 
-2.2 
-3.0 
-4.7 
-3.8 
-5.2 
-6.6 
-6.4 
-7.2 

E 1 

0.0 
0.9 

-1 .O 
-2.0 
-0.6 
-0.8 
1.8 
0.4 
4.6 
2.1 
1.9 
-2.2 

RDG 
1 
2 
3 
4 

1 

PHI 

0 
-4.6 
-6.0 
-4.2 
-1.5 
-0.6 
-0.6 
1.1 
3.1 
4.9 
7.3 
12.0 
16.6 1 

E2 

0.0 
-2.6 
-5.8 
-8.8 
-12.9 
-12.9 
-17.3 
-15.8 
-21.7 
-21.3 
-24.6 
-25.9 

E 2 

0.0 
-0.1 
1.6 
2.5 

E 1 
0.0 
8.2 
15.8 
25.4 

PHI 
0 
-2.6 
-3.0 
-0.8 ----.-- 



R U N  1 A 1 (Continued) 

RE A R  ROSETTE (Continued) 

PRINCIPAL STRAINS tl ,E2 (MICRO-IN/IN) 
---.- 

:F 47.5 
57.1 

8 I 59.5 

-- 

E ;! :3 1.6 . 3 
3.6 
3.5 

-1.3 
-0.1 
-3.1 
-4.5 
-5.3 
-7.0 

9 
10 
1 1  
12 

PHI 2.8 1.7 

0 
-1 .O 
-4.1 
-4.8 
-5.9 
-6.8 
-7.2 
8.0 

62.7 
69.0 
71.2 
77.2 

l 3  1 80.2 
14 I 86.3 



HSRI - BIOMECHANICS DEPARTMENT 
HUMAN SKULL COMPRESSION TEST 

RUN NO. 1 A2 LOADING S- I (Vertical ) 

LVDT DIRECTION: A-P (Horizontal ) 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

RDG . 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1'0 
11 
12 
13 
14 

PHI 
0.0 
-5.2 
-6.3 
-3.0 

. -2.5 
0.0 
2.7 
2.4 
2.1 
4.8 
5.7 
5.8 
5.8 
5.8 

LOAD 
(LBS) 

30 

60 

85 

110 

140 

160 

190 

220 

240 

260 

280 

31 0 

340 

370 

RIGHT ROSETTE - 

HORIZONTAL 
(INCH x 

VERTICAL 
(INCH x lo-3] 
-2.5 

-3.75 

-6.25 

-7.5 

-10. 

-11.25 

-12.5 

-16.25 

-18.75 

-21.25 

-25. 

-27.5 

-30. 

-33.75 



RUN NO. 1A2 (Cont inued) 

LEFT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

FRONT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

PHI 

0.0 
-2.2 
-3.8 
-5.1 
-4.7 
-6.4 
-14.7 
-11.7 
-17.0 
-12.4 
-13.8 
-11.6 
-3.5 
-15.4 
-15.0 

REAR ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

E2 

0.0 
-1.7 
-4.0 
-4.8 
-7.9 
-7.0 
-4.6 
-5.6 
-5.8 
-6.2 
-6.4 
-6.9 
-8.5 
-7.5 
-2.5 

---- --- 

RDG 1 I:, . -- - 

I 2 I 3.7 
3 i 11.4 
4 1 15.4 
5 26.8 
6 23.7 
7 16.1 
8 1 14.2 
9 
10 
1 1  
12 
13 
14 
15 

PHI 

0.0 
3.4 

-22.1 
14.3 
16.1 
14.9 
16.2 
13.5 
8.1 
6.0 
4.4 
2.7 
2.4 
2.7 
2.2 

8.0 
5.8 
4.6 
3.9 
0.1 
-2.3 
7.5 

E2 

0.0 
-5.6 
-24.5 
-7.1 
-7.3 
-8.9 
-10.7 
-10.8 
-16. 3 
-17.3 
-22.6 
-25.9 
-29.6 
-25.9 
-22.1 

I 

1 RDG 2 i- Eb.O 
1 .O  

3 8.9 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

1 

PHI 

0.0 
-3.6 
-2.6 

1 .O 

1 RDG 

1 
2 
3 
4 

7.8 
5.5 
4.8 
7.5 
5.9 
4.4 
1.8 
3.4 
1.5 
1.5 
-0.4 
-2.9 

E 1 

0.0 
7.6 
16.4 
28.1 

E2 

0.0 
1.7 
-0.1 
-0.0 



RUN NO. 1A2 (Continued) 

REAR ROSETTE (Continued) 

PRINCIPAL STRAINS El, E2 (MICRO-IN/IN) 
I- 

RDG 

5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

E 1 
-.-- 

33.3 
41.8 
45.9 
43.8 
48.1 
54.2 
60.7 
53.9 
54.4 
54.4 
57.5 

E2 
, 

-0.3 
3 . 6  
5.1 
7.3 
5.1 
5.8 
6.3 
9.1 
9.2 
9.2 
7.1 

PHI 

2.6 
0.5 
-2.3 
-6.1 
-10.7 
-12.4 
-13.5 
-15.9 
-18.2 
-18.2 
-17.3 



HSRI - BIOI*IECtIANICS DEPARTMENT 

HUMAN SKULL COI.1PRESSION TEST 

LOADING S - I  ( V e r t i c a l )  

LVDT DIRECTION: L-R ( H o r i z o n t a l  ) 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

RDG . 
1 

2 

3 

4 

5 

6 
7 

7 

8 

9 

10  

11 

12 

13  

14 
C 

RIGHT ROSETTE 

HORIZONTAL 
(INCH 10-3)  

LOAD 
(LBS) 

20 

4 0 

5 5 

7 5 

9 0 

108 

130 

165 

190 

205 

230 

260 

280 

300 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 

1 

VERTICAL 
(INCH x 10-3)  

I -0.50 

I -1 .25 
I 

-1.75 

1 -2 .50 
1 
I -3.25 

1 -3.75 
I 

-5 .50 

-7.00 

-8.75 

-10.50 

-12.5 

-13.75 

-15.50 

-17.00 

E 1 
0 .0  
4.2 
4.7 
9 .1  . 

13.0 
20.6 
23.5 
29.0 
37.5 
40.6 
44.2 
48.6 
51.8 
58,3 
65.0 

E2 
0.0 
0 .9  

-0 .0  
-4 .4  
-4.6 
-9.2 
-8 .4  
-7.8 
-9.5 
-8.7 
-7 .3  
-6.3 
-4.2 
-4.4 
-4.1 

PHI 
0.0 

-8 .5  
-16.9 
-13.1 

-8.1 
-5.7 
-6.2 
-5 .2  
-3.1 
-2.6 
-1.3 
-0.8 

0.2 

1 .5  
- O a l  I 



RUN NO. 1 B 1 (Cont inued)  

FRONT ROSETTE 

LEFT ROSETTE 

PRINCIPAL STRAINS E l  , E2 (MICRO- I N / I N )  

PRINCIPAL 
-- 

RDG E 1 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 - 

STRAINS E l ,  E2 (FIICRO-IN/IN) 

E Z  PHI j 

REAR ROSETTE - 

E 1 
---.- 

0.0 
8.3 

15.6 
17.5 
21.1 
27.4 
30.7 
23.8 
10.8 
8.6 

10.2 
15.7 
17.6 
16.2 
14.6 

PRINCIPAL STRAINS E l  , E2 (MICRO-INIIN) 

E2 
---.-.---- 

0.0 
-6.5 
-9.0 
-7.3 

-10.8 
-13.6 
-13.0 
-1 0 .4  
- 7.3 
-11.4 
-15.0 
-14.3 
-16.2 
-12.2 
-1 5.1 -- 

PHI 

0 .0  
7.1 
4.9 
3.6 
5.1 
5.2 
4.3 
6.1 

12.8 
20.5 
19.8 
15.8 
16.6 
18.5 
22.3 

RDG 

1 
2 
3 

4 
5 
6 
7 
8 

E 1 

0.0 
8.0 

15.2 
20.0 
26.8 
31.3 
49.6 
56.4 

P - 
E2 - 

0 .0  
0.6 
0.7 
1.3 

-1 - 8  
-0.1 

0.6 
-4.8 

PHI 

0.0 
-2 .8  
-4.8 
-2.8 
-0.6 
-1.6 
-1.2 
-1.5 



RUN NO. 1 B 1 (Continued) 

REAR ROSETTE (Cont inued) - 

PRINCIPAL STRAINS E l  ,E2  (MICRO-IN/IN) 

---- - --- - 

RDG 
- . - - - -- - 

9 
10 
11 
12 
13 

-------- - 
E 1 

. . - - 

60.6 
70.6 
81.1 
86.4 
96.3 

- 

E2 

-0.1 
-0.0 
-1.8 
-0.0 

1.4 

P H I  

-0.9 
-0.5 
-0.1 
0.4 

-0.5 



HSRI - BIOMECIIANICS DEPARTMENT 
HUMAN SKULL COMPRESSION TEST 

RUNNO. 1 B 2  

LYDT DIRECTION: L-R (Horizontal ) 

LOADING S-I (Vertical ) 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

RDG . 
1 

2 

1 
3 

4 

1 5 

PHI 
0.0 
4.0 
4.1 
4.9 
5.0 
8.0 
10.5 
8.5 
10.0 
9.2 
8.6 
8.6 
7.6 
7.3 

LOAD 
(LBS) 

17 

3 4 

50 

a 

RIGHT ROSETTE 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

HORI ZONTAL 
(INCH x lo-3] 

VERTICAL 
(INCH x lo-3] 
-0.75 

-1.75 
4 

-2.5 

70 1 

8 5 

-3.0 

-3.5 
1 

105 1 -4.0 
I 

130 

160 

180 

21 0 

230 

I -6.25 
1 

-7.5 
1 

-9.5 

-11.25 

-13.25 

260 I 

290 

320 

-14.0 

-16.25 

-1 7.5 
A 



RUN NO. 1 B 2 (Continued) 

LEFT ROSETTE 

FRONT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

/ RDG 1 El I E2 I PHI 

REAR ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-INIIN) 

---- - 

-- 

1 

E2 
- - - - - - - - 

0.0 
-3.8 
-14.9 
-3.9 
-7.5 
0.0 
1.5 
-2.2 
-4.7 
-3.0 
-5.1 
-5.6 
-4.6 
-4.8 
-9.3 

2 
3 
4 
5 
6 

PHI 
. - - -- 

0.0 
2.7 
0.6 
4.2 

0.0 
-18.5 ' 
-17.7 i 
-9.0 

-22.5 
-16.9 
-8.7 -------- 

3.0 
6.9 
4.8 
6.1 
3.8 

i-- 
RDG 

---- 

1 
2 
3 
4 

7 I 3.6 
8 I 4.3 
9 I 5.8 
10 I 8.9 
1 1  I 7.5 
12 10.5 

10.6 1 10.8 14 
+ 
15 1 1  .O 

P H I  

0.0 
-2.6 
-0.6 
2.5 

---- 
E 1 

-- .. ---- - -.- .. -. .. . 

0.0 
8.2 
14.7 
20.1 

E 2 
. . -. ... -. - -. . 

0.0 
-0.1 
0.7 
-0.1 



RUN NO. 1 B 2 (Cont inued)  

REAR ROSETTE (Cont inued)  

PRINCIPAL STRAINS E l  , E2 (MICRO-INIIN) 
-, 

RDG 

5 
6 
7 
8 
9 .  

10  
11 
12 
13 
14 
15 

E 1 

26.1 
34.9 
42.5 
53.9 
61.3 
74.2 
82.0 
81.8 

100.4 
109.3 
112.0 

E 2 

-3.6 
-2.6 
-3.7 
-5.5 
-4.0 
-0.4 

0.2 
0.9 

-0 .0  
-0.8 
- 2 . 0 .  

PHI 

0.6 
1.7 
1.4 
1 .I 
2.3 
2.2 
3.0 
3.0 
0.4 

-0.7 
-1.2 



11SRI - CIOMECHANICS DEPARTMENT 

IIUMAN SKULL COMPRESSION TEST 

RUN NO. 2 A  1 LOADING L-R (vertical) 

LVDT D I R E C T I O N  A-P  (horizontal) 

RDG . 
1 

2 

3 

LOAD 
( L B S )  

12 

2 0 

3 0 

HORIZONTAL 
( I N C H  x 1 0 ' 3 )  

. I  

. I 5  

, 0 2 5  

VERTICAL 
(INCH x 10'3 ) 

- 2 . 5  

- 6 . 2 5  

- 8 . 7 5  



RUN 2A 1 (Cont inued) 

RIGHT ROSETTE 

PRINCIPPtL STRAINS E l  .E2 (MICRO-INIIN) 

RDG I I E2 1 PHI 

LEFT ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (MICRO- IN / IN )  

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

18  
19 

E2 

0.0 
0.7 

-0.G 
-0.1 

0.6 
-1 .8  
0.8 
1.3 
0.2 
0.2 

-1 . O  
-1 .4  

0.5 
2.6 
3.5 
0.5 

-3.8 
-3 .6  
-3 .6  

E 1 

0.0 
2.5 
3.8 
6 .0  
7.7 

12.6 
9.7 

15.3 
22.8 
22.8 
30.3 
32.5 
30.5 
27.4 
27.9 
30.1 
33.5 
37.2 
37.2 

1 

PHI 

0.0 
-10.9 

4.1 
-2.0 
-5.4 

0 .0  
-2 .0  
-5.2 
-4 .3  
-4 .3  
-3.8 
-3.4 
-4 .6  
-6 .7  
-8.0 
-3.0 

0 .2  
-0 .5  
-0.5 



RUN 2A 1 (Con t i nued )  

LEFT ROSETTE (Cont inued)  

PRINCIPAL STRAINS E l  ,E2 (MICRO- IN/IN) 

FRONT ROSETTE 

E 1 E2 

20 37.4 -1.1 
2 1 39.4 1.9 
22 41.8 2 .6  
2 3 46.1 3.5 

1 _-..____j 

PRINCIPAL STRAINS E l  ,E2 (MICRO-IN/IN) 

PHI 
- 
-1.9 
-4.0 
-4.3 
-5.3 

REAR ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (MICRO-IN/IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 

E 1 

0 .0  
7.8 
7.5 

10.7 
5.3 
3.9 
5.1 
3.9 

- 
RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

E2 

0.0 
-0.7 
-0.1 
-0.9 
-0.9 
-1.5 
-1.4 
-1.5 

-- 
E 1 

0.0 
4.0 
3.4 
3.6 
4 .4  
5.1 
0.1 
3.0 
4.8 

PHI 

0.0 
-6.5 

-12 .0  
-9 .1  

-15.6 
-19.3 
-'13.9 

'-19.3 

E 2 

0 . 0  
-2.0 
-1 .1 
-4.6 
-5 .8  
-1 .4  
-1.9 
-2.0 
-2.8 

-, 

PHI 

0.0 
-5.7 

-15.0 
-10.5 
- 5 .6  

14.4 
-5 .0  

4.6 
-3 .7 ,  

2 



RUN 2A 1 (Continued) 

REAR ROSETTE (Continued) 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

R DG 

10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
22 

E2 

-2.8 

E 1 

3.6 
5.5 
7.3 
7.3 
3.6 
7.2 
7.2 
13.0 
3.6 
3.7 
3.0 
2.9 
5.3 

PHI 
-- 

1 . O  
-1.0 1 -3.6 
-1.6 -2.6 

-2.6 
-3.2 
-6.5 -0.8 
-8.5 -1 .O 

18.9 
0.4 1.3 

-21.7 
-22.5 

, -26.5 
-30.0 

-2.2 
-6.2 
-5.7 
-6.4 



HSRI - BIOMECtIANICS DEPARTMENT 

HUMAN SKULL COMPRESSION TEST 

RUN NO, 2 A 2 LOADING L-R ( V e r t i c a l  ) 

LVDT DIRECTION A - P  ( t f o r i z o n t a l )  

VERTICAL 
(INCH x 1 0 ' ~ )  

-1.25 

-3. 

-5. 
i 

-6.25 

-8.  

-10. 

-11.25 I ' 
i 

-13. 

-15. 

-16.75 

-18.25 

-20.25 

-21.75 

-23.75 

-25.5 

-27 .5  

-28.75 

- 30. 

-31.25 

-32.75 

-36.25 

-37.5 

-40. 

HORIZONTAL 
(INCH x 

B-73 

I 

i 1 RDG. 
C 

1 

2 

1 3  

4 

5 

6 

7 

LOAD 
(LBS) 

15 

30 

42 

5 5 

6 8 

8 0 

9 3 

i 8  106 i 
9 

1 0  i 

11 

12 

13 

14 

15 

16  

17 

18 

19 

20 

2 1 

2 2 

2 3 . 

I 120 

' 130 

143 

157 

165 

180 

190 

202 

21 3 

225 

2 38 

250 

260 

270 

280 



RUN NO. 2 A 2 (Continued) 

RIGHT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

LEFT ROSETTE 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
2 2 

E 1 
-- - - 
0.0 
5.7 -21 .o 
9.1 1.3 -21.4 

PRINCIPAL STRAINS El ,E2 (P1ICRO-IM/IN) 

12.0 
18.1 
23.5 
30.9 
38.0 
41.6 
47.1 
47.2 
50.8 
51.2 
55.4 
57.6 
58.3 
62.5 
64.7 
68.8 
71.3 
76.3 
78.3 

2 3 I I 84.5 

i RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

2.3 j -20.6 
0.3 , -15.3 
0.8 -15.0 
-1.9 -13.5 
-2.7 1 -14.2 I 

-2.4 -14.6 
-2.6 

I 

-15.0 
2.4 I 1 -16.9 
3.6 -16.7 
7.3 , -18.2 
6.8 -19.4 
8.8 -20.1 
10.8 1 -21.2 
14.0 ' -22.0 
16.4 1 -22.5 
16.1 -22.4 
14.4 -22.1 
15.4 1 , -22.3 
16.1 -22.4 
17.6 I 22.2 

-- 

E 1 

0.0 
5.9 
7.9 
13.0 
33.4 
27.1 
30.7 
52.5 
56 .'I 
78.4 
74.5 
85.8 
89.6 
97.1) 
111.8 
119.3 
119.2 
134.0 

-- 

-20.6 
2.8 -18.9 
4.6 -14.1 
7.3 
3.9 
4.8 
0.5 
0.4 
-0.9 
-3.4 
-0.9 
-0.0 
-0.4 
-3.4 
-4.3 
-1.7 
-4.3 

2.3 
-6.1 
-5.6 
-2.7 
-2.0 
-1.7 
-0.8 
-1.6 
-1.6 
-1.5 
-1.2 
-1.5 
-1 .O 
-0.9 



RUN 2 A 2 (Cont inued)  

LEFT ROSETTE (Cont inued)  

PRINCIPAL STRAINS E l ,  E2 (MICRO-IN/IN) 
- .  

RDG ----I E 1 1 - -  PHI i 

FRONT ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (MICRO-IN/IN) 

1 RDG 

REAR ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (b1ICRO-INIIN) 

E 1 

0 .0  
0.9 
1.2 
3.2 
4.5 
2.6 
8 .2  
8.8 

10.8 
8.8 

10.8 
15.5 
14.4 
16.8 
16.1 
21.6 
22.7 
22.7 
23.3 
25.0 
23.2 
23.2 

E2 

0 .0  
-1 .8  
-1.7 
-1.6 
-2.4 
-1.5 
-3.8 
-2.6 
-0.5 
-2.6 
-0.5 

2.6 
-1.4 

0.3 
0.6  
1 .O 
0.7 
0 .7  

-0.5 
-2.1 
-1.5 
-2 .6  

PHI 

0.0 
-2 .8  

-20.2 
16.6 
10.7 
21.4 

8.7 
6.5 
2.3 
6.5 
2.3 

-9.0 
2.1 

-0.8 
-0.9 
-2.9 
-2.7 
-2.7 
-1.4 
-0.2 
-0.3 

0 .8  

RDG 
-- 

1 
2 
3 
4 

PHI 

0.0 
-2.6 
- 5 . 2  
-3.5 

E 1 

0.0 
2.9 
4.7 
3.8 

4 

E 2 

0 .0  
-1 . 4  
-8.2 
-8.6 



RUN NO. 2 A 2 (continued) 

R E A R  ROSETTE (Conti nued) 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 

5 
6 
7 
8 
9 

i :! 
I l 2  
1 13 

14 
15 
16 

1 17 
18 1 19 
20 
2 1 
22 
23 
24 

i 

E 1 

3.2 
4.0 
3.1 
2.4 
1.5 
3.1 
4.0 
1.5 
4.2 
5.3 
9.3 
6.1 
10.1 
12.8 
11.5 
10.1 
12.8 
12.9 
10.6 
11.5 

E2 

-11.2 
-14.1 
-14.5 
-14.3 
-14.1 
-14.5 
-17.2 
-14.1 
-13.8 
-17.1 
-18.4 
-17.7 
-18.8 
-23.2 
-20.6 
-20.4 
-27.1 
-25.8 
-27.7 
-28.3 

-- . 
I 

P H I  
-. 

-4.6 
-4.6 
-7.9 
-8.8 
-9.0 
-7.9 
-10.9 
-9.0 

-1 0.8 
-11.6 
-8.0 
-9.5 
-11.9 
-9.5 
-11.6 
-12.5 
-12.8 
-11.3 
-10.9 
-9.6 



t lSRI - BIOll l tCtiANICS DLPARTMENT 

HUIIAN SKULL COMPRESSION TEST 

RUNNO. 2 R 1  LOADING L-R ( V e r t i c a l  ) 

LVDT DIRECTION: S - I  ( H o r i z o n t a l  ) 

REAR ROSETTE 

PRINCIPAL STRAINS E l  ,E2, (MICRO-IN/ IN)  

I R D G  I E l  / E2 1 P H I  I 

VERTICAL 
(INCH x 1 0 - 3 )  

-2 .5  

- 3 . 7 5  

- 5 . 5  

-7 .5  

-8 .75  

-11 .25  

- 1 2 . 5  

-13 .75 

- 1 6 . 2 5  

-18.75 

-20 .  

-21 .25  

-23 .75  

HORIZONTAL 
(INCH x l o - j )  RDG . 

1 

2 

3 

4  

5 

6 

7 

8 

9 

10 

11  

1 2  

1 3  

LOAD 
(LBS) 

15  

2  5  

4 0 

5 0  

6 0  

7 0  

8 5  

9 5 

1 1 0  

120  

1 3 5  

1 4 5  

1 6 0  



RUN NO. 2 B 1 (Cont inued)  

FRONT ROSETTE - 

LEFT ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (FIICRO-IN/IN) 

PRINCIPAL STRAINS E l  ,E2 (MICRO- I N /  I N )  

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 

E 1 
-- 

0 .0  
0.8 
1 . 8  
2 .8  
2 .8  
0.9 
0.9 
1.3 
3.8 
1.9 
4.2 
8.3 

13.5 
17.4 
21.8 
-- 

RDG 

E 2 

0.0 
-3.7 
-7.4 
-7.3 
-7.3 
-0.3 
-3.0 
-1.9 
-0.5 

0.9 
1.3 
1.2 
0.2 

-0.1 
0.1 

I PHI 1 E 1 

PHI 

0 
-2 .4  
-1.8 
-0 .8  
-0 .8  

-15.0 
-16.8 

-4 .7  
5.4 
6.5 

-1 2.5 
-10.6 

-6.6 
-6 .6  
-8 .0  

E 2 
-- 



RUN NO. 2 B 1 (Continued) 

RIGHT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

E 1 

0.0 
. 1.5 
2: 7 
9.7 
10.2 
12.7 
12.7 
15.8 
21.2 
23.1 
26.6 
30.5 
31.7 
37.8 
41.4 

E2 

0.0 
-1.8 
1.4 
3.0 
4.9 
6.5 
6.5 
8.0 
7.5 
9.2 
10.4 
12.0 
16.1 
14.7 
16.0 

P H I  

0.0 
-1 5.6 
12.5 
-5.7 
-1 .I 
1.3 
1.3 
-2.7 
-6.0 
-5.8 
-6.9 
-6.5 
-2.7 
-7.3 
-7.9 



HSRI - BIOMECIIANICS DEPARTMENT 

HUMAN SKULL COMPRESSION TEST 

RUN NO. 7 B ? LOADING L-R ( V e r t i c a l  ) 

LVDT DIRECTION S - I  ( H o r i z o n t a l  ) 

i 

LOAD 
(LBS 

15 

25 

3 5 

45 

60 

70 

8 5 

9 5 

115 

125 

135 

145 

160 

170 

180 

195 

21 0 

225 

235 

245 

255 

270 

RDG . 
1 

2 

3 

4 

5 

6 

7 

8 

9 

I 0  

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

22 

HORIZONTAL 
(INCH x 

.05 

.2 

- 3 5  

- 4 5  

- 5 5  

.6 

.65 

.7 

.75 

.8  

.85 

,875 

.775 

.725 , 

,725 

- 6 5  

. 6  

.55 

. 5  

,475 

- 4 5  

,425 

VERTICAL 
(INCH x 1 0 ' ~  ) 

-2.5 

-3.75 

-5. 

-7.5 

-8.75 

-11.25 

-1 2.5 

-15. 

-16.25 

-17.5 
-- 

-20. 

-21.25 

-23.75 

-25.  

-26.25 

-28.75 

-30. 

-32. 

-33.75 

-35.  

-37.5 

-40. 



RUN NO. 2 B 2 ( con t i nued )  

RIGHT ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (MICRO-IN/IN) 

LEFT ROSETTE 

PHI 

0 
-10.6 
-14.0 
-12.4 
-11.1 
-1 1.8 
-12.4 
-12.2 
-11.8 
-11.7 
-1 1 .O 
-1 0.4 
-10.8 

-9.5 
-7.6 
-9.8 

-14.7 
-17.6 

, -16.0 
-22.3 

18.9 
16.9 
14.3 

E 2 

0.0 
-0.6 

0.9 
-0.7 
-0.9 
-0.3 
-1.5 

1.9 
5.3 
8.2 

11 .O 
13.2 
12.7 
17.1 
21.5 
29.6 
32.6 
36.6 
39.5 

1;: 8 
49.1 
51 ,O 

.- 
RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 

E l  

0.0 
3.7 
7.2 

12.8 
16.6 
22.0 
25.6 
29.3 
32.9 
38.4 
36.7 
36.8 
38.6 
38.8 
39.2 
40.2 
45.3 
43.5 
48.9 
51.2 
55.8 
60.1 
60.5 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 I 1: 
16 
17 
18 
19 
20 
2 1 

E 2 

0.0 
1.8 
1.3 
1 .O 
0.7 

-0.2 
1.6 
3.7 
2.7 
3.7 
6.0 

E 1 

0.0 
7.0 

15.3 
22.7 
30.0 
41.1 
41.2 
45.1 
52.3 
59.8 
59.8 
67.2 
74.5 
74.5 
89.4 

100.5 
111.7 
119.1 
126.5 
134*0  
137.7 

PHI 

0 
-13.1 

-5.2 
-3.6 
-2.8 
-1.8 
-2.3 
-2.9 
-1.8 
-2.1 
-2.2 

5.5 
4.8 
7.2 
4.6 
2.9 
2.0 
2 . 4  
2.5 -0.6 
2.9 
4.1 -0.5 



LEFT ROSETTE (Continued) 

PRINCIPAL SI'RAINS El ,E2 (MICRO- IN/IN) 

FRONT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 

2 2 
23 

t 

REAR ROSETTE 

PRINCIPAL STRAINS E l  ,E2 (MICRO- IN/ IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17' 
18 
19 
20 
21 
2 2 
2 3 

J 

PHI 

-0.4 
-0.5 

El 

145.1 
145.1 

E2 

4.0 
6.3 

E 1 

0.0 
0.9 
3.3 
4.3 
5.5 
5.5 
7.5 
11.4 
11.7 
11.3 
9.2 
9.3 
9.3 
11.6 
9.6 
13.0 
11 , 2  
16.5 
18.4 
20.2 
22.0 
23.9 
23.9 

RDG 

1 
2 
3 
4 
5 

E 2 

0.0 
-0.3 
0.6 
0.9 
-0.2 
-0.2 
0.4 
0.1 
1 .I 
0.5 
-0.8 
-1.7 
-1.7 
-5.0 
-3.0 
-2.9 
-2.1 
-2.6 
-2.2 
-2.5 
-3.1 
-3.4 
-2.3 

E 1 

0.0 
2.5 
0.0 
0.0 
-0.7 

PHI 

0 
-15.0 
20.9 
-12.9 
-2.1 
-2.1 
-4.5 
-5.3 
-7.6 
-4.8 
.3 
3.4 
3.4 
5.6 
5.2 
2.4 
3.4 
1 .O 
-0.5 
-0.1 
-0.1 
0.2 
-0.8 

4 

E 2 

0.0 
-4.0 
-2.3 
-2.1 
-5.3 

PHI 

0 
21.1 
14.2 
-11.8 
-8.9 

. 

& 



RUN No; 2 B 2 (Continued) 

REAR ROSETTE (Continued) 

PRINCIPAL STRAINS E l  ,E2 (MICRO-IN/IN) 

PHI 

-12.4 
-15.0 

-2.5 
-16.5 
-12.8 

-8.1 
-7.7 
-8.1 

-11.2 
-8.1 
-8.7 
-7.0 
-7.3 
-8.7 
-8.7 
-5.7 
22.4 
-7.0 

.-4.7 
-7.4 

E2 

-6.8 
-5.0 
-8.2 

-10.1 
-6.7 

-12.5 
-10.7 
-12.5 
-15.4 
-12.5 
-16.1 
-1 4.9 

RDG 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

5.1 -18.5 
7.7 -18.0 
7.7 -18.0 
6.4 -19.5 

20.6 -10.2 
2 3 7.1 -22.4 
2 4 4.3 -23.6 

5.8 -27.5 

E 1 

-0.7 
1.7 
0.1 

-0.8 
-2.9 

1 .O 
-0.3 

1 .O 
2.6 
1 . O  
3.5 
4.7 



HSRI - BIOMECHANICS DEPARTMENT 
HUMAN SKULL COi4PRESSION TEST 

RUN NO. 3 A 1  LOADING A-P (Vertical ) 

LVDT DIRECTION S-I (Horizontal ) - 

VERTICAL 
(INCH x lo4) 
-0.5 

-0.75 

-1.75 

-2.0 

-2.75 

-3.25 

-3.75 

-4.5 

-5.0 

-5.75 

-6.25 

RDG . 
1 
--- --- 

2 

3 

4 

5 

6 

7 

8 

9 

& 

LOAD 
(LBs 

15 

30 

45 

55 

7 0 

85 

100 

115. 

130 

HORIZONTAL 
(INCH x 10" ) 

-.05 

-.05 

-. 04 
-.01 

.04 

.09 

.I25 

.16 

.2 

.225 

.265 I 

10 / 145 

11 

12 

13 

14 

15 

16 

17 

160 

175 

190 

200 

220 

235 

240 

-31 

.34 

.365 

.385 

,425 

.475 

-6.75 

-7.5 

-8. 

-8.5 

-9. 

-9.25 



RUN NO. 3 A 1 

REAR ROSETTE 

FRONT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

PHI 1 RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

E 2 

0.0 
-1 7.3 
-42.0 
-71 -4 
-88.3 
-105.9 
-125.9 
-144.4 
-162.9 
-181.8 
-201.7 
-221.1 
-241.6 
-261 .O 
-280.1 
-301.2 
-322.3 
-341.3 

PHI 

0.0 
-10.4 * 

-9.7 
-8.6 
-9.1 
-9.1 
-8.0 
-7.9 
-7.8 
-7.6 
-7.3 
-7.1 
-6.7 
-6.6 
-6.5 
-6.2 
-5.9 
-6.0 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

J 

r 

- 

E 1 

0.0 
.2.5 
7.2 
10.7 
11.5 
11 $3 
12.1 
19.3 
22.3 
26.9 
30.7 
37.0 
38.3 
44.7 
45.2 
48.4 
51.6 
56.3 

El 

0.0 
3.7 
0.9 
0.9 
3.9 
3.0 
1 .O 
1.6 
2.1 
3.2 
3.6 
11.6 
4.7 
5.0 
5.1 
5.5 
6.1 
6.3 

E2 

0.0 
-0.9 
-1.6 
-1 -6 
-2.2 
-0.7 
-6.0 
-5.6 
-7.6 
-9.3 
-9.2 
-5.3 
-8.5 
-9.6 
-13.1 
-13.3 
-11.4 
-15.9 



RUN NO. 3 A 1 (Continued) 

RIGHT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

LEFT ROSETTE 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

El 

0.0 
4.5 
2.3 
4.0 
4.1 
4.9 
5.8 
2.8 
3.5 
0.0 
-0.8 
-0.3 
-1.8 
-1.9 
-0.3 
-0.3 
3.2 
5.4 
5.6 

E 2 

0.0 
-1.1 
-0.0 
1.9 
1.5 
-0.7 
0.4 
0.7 
-4.5 
-2.5 
-4.9 
-6.5 
-7.4 
-4.0 
-9.8 
-9.8 
-13.0 
-16.2 
-13.0 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

PHI 

0.0 
14.0 
16.4 
18.0 
17.5 
-20.0 
22.0 
8.7 
-5.3 
0.6 
-0.4 
-0.2 
11.9 
18.0 
3.1 
3.1 
1.9 
0.0 
-1.6 

E2 

0.0 
-2.2 
-1.7 
-4.1 
-2.8 
-5.5 
-10.8 
-4.4 
-12.8 
-14.3 
-1 4.8 
-10.0 
-11.2 
-13.1 
-14.9 
-13.1 
-1 1.9 
-13.2 

E 1 

0.0 
2.0 
3.8 
2.2 
1.9 
0.8 
0.0 
1.2 
2.0 
0.4 
-1.9 
-3.3 
-1 .O 
-1.8 
-0.5 
-1.3 
-5.1 
-4.9 

PHI 

0.0 
5.7 
-2.2 
6.9 
1.3 
10.2 
18.0 
10.3 
19.2 
16.0 
20.6 
-9.5 
0.0 
-2.1 
2.3 
2.0 
-9.4 
-21.7 



HSRI - BIOMECHANICS DEPARTMENT 

HUMAN SKULL COMPRESSION TEST 

RUN NO. 3 A 2 LOADING A-P (vertical \ 

LVDT DIRECTION L-R (Horizontal )  

RDG. 

1 

2 

3 

4 

5 

LOAD 
(LBS 

15 

3 0 

4 0 

55 

I 70 

6 8 2 

7 95 

8 110 

9 125 

10 140 

11 155 

12 170 

13 185 

14 200 

15 21 5 

16 230 

17 
I 

250 

HORIZONTAL 
(INCH x 10-3) 

+ 
VERTICAL 
(INCH x 103 ) 

-0.5 

-1 .o 

-1.5 

-2. 

I 

-2.5 

-3. 

-3.5 

-4.25 

-4.75 

-5.25 

-5.75 

-6.25 

-6.75 

-7.25 

-7.75 

-8.25 

-8.75 



RUN NO. 3 A 2 (Continued) 

RIGHT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

LEFT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

r 
RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

El 

0.0 
3.7 
7.3 
7.5 
9.1 
14.6 
12.8 
5.7 
4.4 
3.3 
3.7 
5.2 
5.9 
10.4 
11.8 
15.2 
15.3 
12.3 

E 2 

0.0 
-0.7 
0.9 
2.6 
1.7 
-1.3 
1.5 
3.1 
1.6 
-0.2 
0.6 
-4.3 
-6.6 
-10.0 
-13.1 
-15.1 
-16.8 
-18.1 

PHI 
2 

0 
-12.2 
-18.5 
-21.5 
-13.8 
-12.8 
-11.4 
-6.0 
1 .O 

-21.9 
-10.0 
-3.1 
-2.3 
-3.5 
-2.3 
-3.9 
-4.1 
-2.9 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

El 

0.0 
4.7 
6.6 
7.5 
9.5 
7.5 
10.0 
5.1 
4.9 
0.6 

-1 -7 
0.8 
-1.7 
-2.8. 
1.8 
3.2 
0.9 
0.4 

E 2 

0.0 
-0.8 
-1.2 
-3.5 
-8.1 
-6.3 

-11 $4 
-11.6 
-8.8 
-7.7 
-5.7 
-4.4 
-5.0 
-6.1 
-5.4 
-5.8 
-6.2 
-7.0 

PHI 

, o  
-12.4 
-10.2 
-2.2 
3.4 
1.7 
5.1 

. 8.3 
4.9 
7.5 
6.0 

-18.7 
-5.6 
12.1 
-15.0 
-18.3 
-19.4 
-6.6 

C 

r 



RUN NO. 3 A 2 (Continued) 

FRONT ROSETTE 

PRINCIPAL STRAINS EI ,E2, (MICRO-IN/IN) 

REAR ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

E 1 
0.0 
0.5 
1.4 
0.9 
1.4 
2.2 
1.8 
1.8 
2.0 
2.6 
4.3 
3.7 
4.7 
5.5 
6.4 
5.9 
5.5 
7.1 

, 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

* 

E2 

0.0 
-2.5 
-3.4 
-7.2 
-13.8 
-12.5 
-12.7 
-10.9 
-8.9 
-7.4 
-5.8 
-2.4 
-1.8 
-1.5 
-2.7 
-2.1 
-0.9 
-3.8 

El 

0.0 
-3.4 
2.6 
-5.2 
-7.3 
-6.5 
2.3 
6.3 
12.4 
15.4 
22.5 
30.3 
35.6 
39.3 
38.9 
43.4 
44.8 
41.3 

J 

PHI 
0 

-13.8 
20.8 
-13.7 
-14.4 
-21.8 
-16.4 
-16.0 
-11.2 
- 9.9 
- 5.3 
-19.4 
-19.5 
-6.6 
-3.2 
-5.0 
-11.8 
-3.3 

E 2 

0.0 
-19.4 
-54.9 
-70.6 
-95.7 
-112.6 
-141.2 
-158.9 
-178.1 
-196.5 
-214.9 
-244.4 
-258.9 
-284.4 
-304.3 
-331.3 
-351.8 
-373.5 

3 

PHI 

0 
-3.3 
-6.9 
-8.5 
-8.2 
-8.8 
-8.8 
-8.9 
-8.5 
-8.3 
-8.2 
-8.1 
-7.5 
-7.5 
-7.2 
-7.0 
-6.7 
-6.3 

* 



HSRI - BIOMECHANICS DEPARTMENT 

HUMAN SKULL COMPRESSiON TEST 

RUN NO. 3 B I LOADING A-P (Vertical) 

LVDT DIRECTION: S-I (Horizontal ) 

RIGHT ROSETTE 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

RDG . 
1 

2 

3 

4 

5 

1 

VERTICAL 
(INCH x 10-3) 

-1.25 

-2.5 

-3.75 

-5.0 

-6.75 

-8.75 

-10.00 

-12.50 

-14.50 

-16.25 

LOAD 
(LBS) 

15 

37 

55 

7 8 

9 8 I 

1 

I 

HORIZONTAL 
(INCH x 10-3) 

,075 

.2 

.35 

.35 

.35 

r 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

.375 

.525 

1.000 

1.35 

1.625 

I 

E 2 
0.0 
-3.6 
-8.3 
-9.8 
-13.1 
-16.3 
-17.1 
-20.2 
-22.3 
-23.3 
-22.9 

El 
0.0 
4.4 
5.8 
3.1 
1 .O 
4.5 
-2.7 
-4.3 
-4.1 
-2.6 
0.3 

6 

7 

8 

9 

10 
i 

- 
PHI 
0.0 
-6.2 
-3.4 
-2.4 
2.5 
-2.4 
7.2 
6.4 
3.8 
-0.9 
-2.8 

118 

139 

155 

175 

193 



RUN NO. 3 B 1 (continued) 

FRONT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-INIIN) 

REAR ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

+ 

LEFT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  

4 

E2 

0.0 
-0.0 
-3.7 
-5.5 
-0.0 
1.4 
4.0 
4.8 
3.9 
4.0 
-0.6 

El 

'0.0 
2.2 
3.8 
6.1 
5.5 
8.6 
13.1 
13.5 
16.5 
9.7 
10.6 

E 1 

0.0 
7.3 
14.7 
22.0 
28.9 
34.0 
49.2 
50.7 
50.4 
47.1 
41.9 

R DG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

PHI 

0.0 . 
11.3 
-1.4 
0.1 
0.5 
7.5 
18.6 
-22.5 
20.1 
15.3 
6.6 

E2 

0.0 
-38.1 
-76.2 
-114.3 
-155.9 
-199.0 
-221.8 
-263.2 
-306.0 
-349.9 
-403.1 

PHI 

0.0 
20.9 
20.9 
20.9 
20.1 
19.4 
22.1 
21.4 
20.6 
19.9 
20.2 

El 

0.0 
0.4 
10.9 
-0.4 
-1.5 
0.7 
0.5 
0.9 
-1.8 
-0.9 
-4.1 

E2 

0.0 
-5.5 
-6.7 
-13.6 
-17.8 
-18.0 
-16.1 
-17.9 
-14.3 
-12.5 
-20.6 

PHI 

0.0 
19.3 
12.2 
-21.6 
-18.6 
14.8 
15.2 
14.8 
16.7 
14.7 
-18.0 

* 



HSRI - BIOMECHANICS DEPARTMENT 
HUMAN SKULL COMPRESSION TEST 

RUN NO. 3 B 2 LOADING A-P (Vertical ) 

LVDT DIRECTION: S-I (Horizontal ) 

RIGHT ROSETTE 

RDG . 
1 

2- - - 

3 

4 

5 

6 

7 

8 

9 

I 0  
# 

PRINCIPAL STRAINS El ,E2, (MICRO-IN/IN) 

LOAD I HORIZONTAL 
j 
I VERTICAL 

(LBS) 

15 

3 0 

45 

6 0 

PHI 
0 
0 
22.3 
-15.3 
-15.5 
- 4.1 
- 3.2 
-21.5 
-18.0 
9.5 
7.8 

RDG 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  - 

(INCH x 

.200 

,300 

,350 

.525 

1 (INCH x 10'~) 

-1.25 

-2.5 

-5.0 

-6.25 

E 1 j E2 

-8.25 

-10.0 

-1 2.5 

-14.25 

-15.75 

-1 7.5 

75 i ,750 

9 0 ! 1 .OOO I 

0.0 
0.0 . 
1.3 
1.7 
2.0 
2.6 
2.9 
4.5 
4.4 
7.3 
7.9 

105 

0.0 
0.0 
-1.3 
-0.7 
-0.0 
0.8 
0.7 
0.8 
0.5 
0.5 
-0.1 

1 .I75 

125 / 1.300 

140 

160 

1.350 

1.350 



RUN NO. 3 B 2 (Continued) 

LEFT ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

FRONT ROSETTE 

RDG 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

i 

REAR ROSETTE 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 

E 1 

0.0 
1.8 
4.2 
7.0 
7.0 

11.1 
9.0 
10.0 
10.0 
8.7 
9.9 
9.4 

PRINCIPAL STRAINS El ,E2 (MICRO-IN/IN) 
! 

RDG i El 

E 2 

0.0 
-1.1 
-1 .I 
-2.1 
-2.1 
-1.8 
-1.5 
-2.0 
-3.5 
-2.0 
-2.1 
-3.4 

4 

PHI 
- 

0 
19.1 
-14.7 
-5.9 
-5.9 
-8.3 
-17.5 
-21.4 
19.6 
-18.6 
-15.6 
-8.9 

E 2 PHI 

PHI 

0 
21.1 
21 .O 
21.2 
20.4 
21.9 
20.0 
19.6 
18.9 
18.9 
18.7 
18.7 

I 

E2 

0.0 
-37.7 
-75.8 
-94.6 
-123.5 
-152.1 
-187.5 
-205.8 
-242.6 
-242.6 
-284.1 
-324.8 
- 

RDG I I E 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I0 
11 
12 

0.0 
6.0 
13.4 
18.8 
22.8 
28.1 
32.4 
39.0 
40.6 
40.6 
46.5 
49.8 



APPENDIX 8-2 

PIONKEY TYPE I 



HEAD IEiPACT TEST SUMMARY 

TEST NO. 002 TEST DATE 12/12/74 ' 

TEST SUdJECT 

! SPECIES Rhesus Bodyweight 11.44 1 b e  

S i t t i n g  Height (Top of  Head t o  bottom 

of  ~ u t t o c k s )  19.00 in. 

Head Weignt 1.14. 1 bs 

bra io  Weight 0.225 1 bs 

Brain Volume 6.35 i n  3 

Sku11 ins ide  Leng~h A 3.02 i n  

Skull Ins ide  Nidtn 8 2.49 i n  
e 

Skull  Thickness a t  F t .  C 0.096 i n  

Skull T ~ ~ i c k n s s s  a t  P t .  D 0.084 i n  

Skull Thickness a t  P t .  E 0.124 i n  

Skuyl Thickness a t  P t .  F 0.094 i n  

IMPACT COiIDITIONS 

Location of Impact Back of Head 

Type of Impact One and one qua r t e r  inches diameter,  0.25' inch wall 

th ickness ,  round cap 

Impact Vel oci ty , 31 -28 f t / s e c  



TEST NO. 002 

DATA MEASURED 

Accelerations i n  Direction 
o f  Impact: 

Epidural Pressures in 
Direction o f  Impact: 

A t  Impact S i t e  '--- 

Opposite to Impact S i t e  GOOD 

A t  Impact S i t e  -- 
Opposite to Impact S i t e  Good 

Strain Gage Rosettes: 

Right Parietal Gage Good 
---- 

L e f t  Parietal Gage 

Frontal Gage ---- 

Force: Good 

High  Speed Motion Pi crures : 

Side Camera Good 

. Frame Rate 3000 f p s  

Type I1 

Accelerations i n  Direction 
of Impact: . . 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Rigid Body Head Motion Analysis: 

EEG DATA: Pre-Impact 

Post Impact 

- NOT AHALYZED - 
Force: 



TEST NO. 002 
I 

High Speed Motion Pictures 

Framing Rate - 

Front Camera 
! 

Framing Rate 

INJURY: 

Condition Prior t o  Impact Slight muscle tone, s l igh t  eye reflex,  and some 

shivering. 

Time After Impact Condition 

Consciousness 1 .  0 min - Unconscious 

2 ,  20' mi n Unconscious 



TEST 140. 002 

AUTOPSY SIJEIMARY : 

1. Compound and sinlple fractures of occipital bone 

2. Simple fractures of Lt. parietal bone 

3. Simple fractures of Rt. parietal bone 

4 -  Simple fractures of Rt. temporal bone 

5. Simple fractures of Lt. temporal bone 

6, Subdural hemorrhage (massive) 

7, Tear of major vessels 

8. Focussed injury under f ront  pressure gage 

9. Focussed injury under rear  pressure gage 

Injuries Due t o  Impact only ( n o t  instrumentation) 
A1 S 

1. Compound and simple fractures of occipital 4 

2. Simple fractures of L t .  parietal bone 3 

3. Simple fractures of Rt. parietal bone 2 

4. Simple fractures of Lt. temporal bone 2 

5. Simple fractures of Rt. temporal bone 2 

6, Subdural hemorrhaqe (massive) 5 

7. Tear of major vessels 5 

AIS Overall 



Run Number Oo2 

Le f t  Loteral View Right Lateral View 

Anterior View 
Distances 

location'of 

measured a1 

location o 
transducer 

Posterior View 
ong surface of skull 

f pressure 

Superior View lnferior View 



LEFT ROSETTE 

a. -- Location of s t r a i n  rose t t zs .  . +Y 

b. R -- R i g h t  L -- Left  T -- Top 

c. e is the aligle (ceasured azti-c1oc::::ise)' a r a  ' A '  o f  

the rose t t e  mai;es w i t h  t ; i 2  ~ o s i t i v e  directiorr of the  

X-axis. 
Note: Arm ' A t  c c r r ~ s ~ o ! i d s  t o  arm '1 ' as pr inted 

TOP ROSETTE 

i-x 

on rose t t e .  
d. A71 distances are  measured along the  surface  o f  the  skull. . , 











DELTR ROSETTE STRRIN GAGE 



H E A D  IMPACT TEST SUNMARY 

TEST NO. 003 TEST DATE 12-17-74 ' 

TEST SUdJECT 

SPEC1 ES R h e s ~ s  Body Weight 11 .70 1 b. 

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  Buttocks) 20.00 i n .  

Head Weiaht 1 -17  1 bs 

brain  Weicjht 0.188 I bs 

Brain Volume 6.16 i n  3 

Skull  Ins ide  Length A 3.35 in 

Skull  Ins ide  !didth 5 2.47 i n  

Skull  Thickness a t  F t .  C 0.104 i n  

Skull  T l i i c k n ? ~ ~  a t  P t .  O 0.069 i n  

Skull Thickness a t  P t .  E 0.150 i n  

Skull Thickness a t  P t .  F 0.065 i n  

IMPACT COi4ilITIONS 

Location of Impact Back o f  Head 

Type of Impact One and one-quarter inches diameter ,  0.25 inch wall 

th ickness ,  round cap 

Impact Vel oci t y  21,12 f t / s e c  



TEST NO. 003 

DATA MEASURED 

Accelerations i n  Direction 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  Good 

Opposite t o  Impact Si te ---- 

A t  Impact Si te  ---- 
Opposite t o  Impact Si te  Good 

Strain Gage Rosettes: 

Right Parietal Gage coed 

Left Parietal Gage ,,, 

Frontal Gage --- 

Force: Good 

H i g h  Speed Motion Pictures: 

Side Camera Good 

Frame Rate 3000 f p s  

Type I 1  

Accelerations in Direction 
o f  Impact: , . ,  , 

A t  Impact S i t e  

Opposite to Impact S i t e  

R i g i d  Body Head Motion Analysis: 

EEG DATA: Pre-Impact 

Post Impact 

- NOT AliALYZED - 0 

Force : 



TEST NO. 003 

High Speed Motion Pictures 

Framing Rate 

Front Camera 

Framing Rate 

INJURY: 

Condition Pr ior  t o  Irnpact Slight  muscle tone, s l igh t  eye ref lex ,  and 

some shivering 

Consciousness 

Time After Inpact 

1 .  0 min 

2. 60 min 

Condition 
Unconscious - 
Unconscious 



TEST NO. 0 0 3  

Autopsy Summary 

1. Simple f r a c t u r e  of o c c i p i t a l  bone , 

2. Simple f r a c t u r e  of Lt. Pa r i e t a l  bone 

3.  Simp1 e f r a c t u r e  of ,Lt. Tenlporal bone 

4. Focussed i n ju ry  under f r o n t  pressure  gage 

5 ,  Focussed i n ju ry  under r e a r  pressure  gage 

6. Subdural hemorrhage Rt. t i p  of f r on t a l  lobe 

7, Highly l oca l i z ed  contre-coup i n ju ry  t i p  of Rt. f ron t a l  lobe 

I n j u r i e s  Due t o  Impact only ( n o t  ins t rumenta t ion)  

1 .  Simple f r a c t u r e  of o c c i p i t a l  bone 

2. Simple f r a c t u r e  of Lt. Pa r i e t a l  bone 

3. Simple f r a c t u r e  of L t .  Temporal bone 

Subdural hemorrhage Rt. t i p  of f r o n t a l  lobe 

5. Highly l oca l i z ed  con t re  coup i n ju ry  t i p  of Rt. Frontal Lobe 3 

6. Unconscious f o r  more than 15 minutes 

A I S  OVERALL 6 - .  - -  



Run Number 003 
I 

Left Loferol View Right Lateral View 

location of 

Anterior View 
Distances measured 
surface o f  sku1 1 

accel e 

Posterior View 
a1 ong 

1 ocation of pressure 
transducer 

Superior View Inferior View 
B-110 



0 

a. A -- Location o f  s t r a i n  rose t t2s . .  +Y 

b. R - -  Right L -- Left T -- Top 

c. 0 is  the a ~ ~ g l e  ( xa su r2d  a:l;i-cloc.l;\.lise)' arn ' A '  of 

the roset ie  mai;es with t;ie posit ive di rect ion of the 
X-axis,  
Note: Arm ' A '  cccr~sconds  t o  arm '1 '  as printed i-X 

on roset te .  I 

d. All distances are masured along the 'surface o f  the  sku l l .  

LEFT ROSETTE RIGl1T ROSETTE TOP ROSETTE 









DELTR ROSETTE S T R R I N  GRGE 



H E A D  IMPACT TEST SlibUilARY 

TEST NO. 010 TEST DATE 1 /14/75 

TEST SUGJECT 

SPEC I ES Rhesus B o d y w e i g h t  11.44  1 b. 

S i t t i n g  He igh t  (Top o f  Head t o  bot tom 

o f  Buttocks) 20.00 in .  

Head Weight 1 - 1 5  1 bs 

B r a i n  Wei sht 0.256 1 bs 

B r a i n  Volume 6.77 i n  3 

S k u l l  I n s i d e  Length A 3.08 i n  

S k u l l  I n s i d e  Widtn fi 2.37 i n  

Skul l  Thickness ac F t .  C 0 0 ~ 0 5  i n  

' s k u l l  T~ i i ckness  a t  P t .  D 0.091 i n  

Sku l l  Thickness a t  P t .  E 0.112 i n  

Sku l l  Tnickness a t  P t .  F 0.088 i n  

IMPACT COi\lDITIO:.IS 

L o c a t i o n  o f  I m p a c t  Back o f  head 

Type o f  ~ ' i p a c t  One and one q u a r t e r  inas diameter 75 i n c h  

th ickness,  round cap 

Impact  Vel  o c i  t y  14.52 f t / s e c  



TEST NO. 010 

DATA M E A S U R E D  

Accelerations in Direction 
of Impact: 

I 

Epidural Pressures i n  
Di recticn of Impact: 

A t  Impact Si te  Good 

Opposite t o  Impact S i t e  ---- 

At Impact Si te  Good 

Opposite t o  Impact S i t e  Good 

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage - - - - 

Force : Good 

High Speed Motion Pi ccures: 

Side Camera Good 

Frame Rate 3000 fps 

Type I1 

Accelerations i n  Ui rection 
of Impact: 

A t  Impact S i t e  

Opposite to Impact Si te  

R i g i d  Body Head blotion Analysis: 

E E G  DATA: Pre-Impact 
, 

Post Impact 

- NOT ANALYZED - 
Force : 



TEST NO. 01 0 

High Speed Mot ion P i c t u r e s  

INJURY: 

Condi P r i o r  

S i u e  Camera 

Framing Rate 

F r o n t  Camera 

Framing Rate 

Impact S l i s h t  muscle tone, s l i g h t  eye r e f l e x ,  

and some s h i v e r i n g  

Consciousness 

Time A f t e r  Impact 

1. 0 min 

C o n d i t i o n  
conscious 



TEST NO. 010 

Autopsy Summary 

1. Epidural heniorrhaqe under front ~ re s su re  aase d 

2. Epidural hemorrhage under rear pressure aaqe 

3.  Focussed injury under front pressure qaqe 

0 

Injuries Due t o  Impact only ( n o t  instrumentation) 
A1 S 

1. 

AIS Overall 



Run Number 010 

Left  Lateral View Right Lateral View 

4 0 . 1 5 ' L  

A - location of accelerometer 

Distances measured a1 ong 
surface of sku1 1 

Anterior View Posterior View 
RP - rear pressure gage 
FP - front pressure 

Superior View Inferior View 



"='?TI < ROSETTE C", IE::TATI3:: - -  , . .. --. - 

d. All distances are  n?asured along the  su r face  of the s k u l l .  

a, -- Location o f  s t r z i n  r o s e t t ~ s .  . +Y 

b, R -- R i g h t  L -- Lef t  T -- Top 

c. 0 i s  the a!!gle !cp?sured a~ti-cloc::i . : iss)* arm ' A '  of  

the r o s e t t e  c2i;rs ;.rith t;ie pos i t ive  d i r e c t i o n  of t h 2  

X-axis.  
Ijote: Arm ' A '  c o ~ ~ r ~ s p o n d s  t o  arm '1  ' as p r in ted  

LEFT ROSETTE 

cx 

RIGIIT ROSETTE TOP ROSETTE 

on rose t t e .  











LEFT ROSETTE 

ARM-A ARM - B ARM-C 
READING READ I NG READING 

THETA = 3,0r X =  -0.47s Y =  0.75 

STRAIN- 1 STRAIN-2 flNGLE 
PRINCIPAL PRINCIPAL PHI 

U- IN/IN DEGREES 



I - \  
T O 2  
c a -  
a w l  c 3 

C3 z 
m z -  
l H \  

z a z  
K c -  
( T W I  

[r 3 

f 4.0E+2 

' r ' ' ' k  
12 

TIME [MILLISECONDS) 

DELTR ROSETTE S T R A I N  GAGE 



HEAD IMPACT TEST S U W R Y  

TEST NO. 028 TEST DATE 211 2/75 
, 

TEST SUdJECT 

I SPEC I ES Rhesus Body Weight 14.30 l b .  

S i t t i n g  He igh t  (Top o f  Head t o  bot tom 

Head Weight 1.33 . 1 bs 

b r a i n  Weight 0.253 1 bs 

b r a i n  Volume 7 - 0 2  i n  3 

S k u l l  I n s i d e  i e s g ~ h  

S k u l l  I n s i d e  Widtn b 2.300 i n  

S k u l l  Thickness a t  F t .  C 0.090 i n  

S k u l l  Tnicknzss a t  P t .  D 0.069 i n  

S k u l l  Thickness a t  P t .  E O.123 i n  

Sku;l Thickness a t  P t .  F 0.067 i n  

IMPACT COi4ilITIONS 

L o c a t i o n  o f  Impact R i g h t  s i d e  of head 

Type of  Impac t  One i n c h  square, one h a l f  i n c h  t h i c k  padding 

in. 

Impact Ve loc i  t y  , 32.15 f t / s e c  



TEST NO. 028 

DATA MEASURED 

Accelerations i n  Di r r c t i on  
o f  Impacl;: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  ---- 

Opposite to  Impact S i t e  ---- 

A t  Impact S i t e  ---- 
Opposite to  Impact S i t e  Good 

S t r a in  Gage Rosettes: 

Right Par ie ta l  Gage Good 

Lef t  Par ie ta l  Gags Good 

Frontal Gage 

Force: ~ o o d  

H i g h  Speed Motion Picrures :  

Side Camera Good 

Frame Rate 3000 fps 

Type I1  

Accelerations in Direction 
o f  Impact: 

A t  Impact S i t e  

Opposite to  Impact S i t e  

Rigid Body Head Motion Analysis: 

E E G  DATA: Pre-Impact 

Post Impact 

- NOT AI'iALYZED - 
Force : 



TEST NO. 028 

High Speed Motion Pictures : 

51 de Ldri~era 

Framing Rate 

Front Camera 

Framing Rate 

INJURY: 

Condition Pr ior  t o  Impact Sliqht  muscle tone, s l igh t  eye ref lex ,  

and some shivering 

Conscious nssj  

Time After Impact 

1 .  0 min - 

2 .  1 min 

Condi tion 

unconscious 

conscious 



TEST NO. 028 

Autopsy Summary: 

1. Subdural hemorrhage on L t .  Temporal lobe " 

2. Epidural hemorrhage at pressure gage 

Injuries Due to I m p a c t  only (not instrur~ientation) 
A1 S 

1. Subdural hemorrhage on Lt. Temporal Lobe 4 

2. Dazed one minute 1 

AIS overall 



Run Number OZ8 

Superior View Inferior View 



ROSETTE C?.I E::TATIa:.:: ~.ET.I,;.Ls - 

d. All distances are n2zsured along the 'surface of the s k u l l .  
. > 

a. -- Location c f  s t rz in  rosettes.  . +Y 

b. R -- Risht L -- Left T -- To? 
c. e is the a l ig le  !reasur?d ?.ti-clocl:~rise)~ aro ' A '  of 

the  rosette r,:lai:ss w i t h  t ; i e  pcsitive direction of t h e  

X-axis. 
t iote:  Arm ' A '  cccr2s?ot:ds t o  arm '1 '  as printed 

LEFT ROSETTE 

+x 

RI  GIIT ROSETTE 

on rosette.  

TOP ROSETTE 







DELTR ROSETTE STRRlN GAGE 



DELTA ROSETTE S T R A I N  GAGE 



+ HEAD IliiPACT TEST SUMMARY 

TEST NO. 029 TEST DATE 2/1 2/75 

TEST SUdJECT 

SPECIES Rhesus Body N e i g h t  14.69 1 b. 

S i t t i n g  H e i g h t  (Top  o f  Head t o  bo t tom 

o f  But tocks)  19.00 i n .  

b r a i n  Weight 0.266 1  bs 

i l r a i n  Volume 7.44 i n  3 

S k u l l  I n s i d e  Length  A 2.900 i n  

S k u l l  I n s i d e  Y i d t h  8 2.300 i n  

S k u l l  Th ickness  a t  F t .  C 0.175 i n  

S k u l l  T l l ickness a t  P t .  D . 0.076 i n  

S k u l l  T h i c ~ n e s s  a t  Pi. E 0.155 i n  

S k u l l  Th ickness  a t  P t .  F 0.094 i n  

IMPACT COi\lDITIO:IS 

2. L o c a t i o n  of Impact  L t .  S ide  o f  Head 

Type o f  Impact  One i n c h  square, o n e - h a l f  i n c h  t h i c k  padd ing  

Impact  Vel o c i  t y  36.33 f t / s e c  



TEST NO. 029 

DATA MEASURED 

Accelerations in Direction 
of Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact Si te  ---- 
Opposite t o  Impact S i t e  ----  

At Impact Si te  ---- 
Opposite t o  Impact S i t e  Good 

Strain Gage Rosettes: 

Right Parietal Gage ~ o o d  

Left Parietal Gage ~~~d 

Frontal Gage 

Force: Good 

High Speed Motion Pictures: 

Side Camera Good 

Frame Rate 3000 f p s  

Type I1 

Accelerations i n  Direction 
of Impact: . ,  

A t  Impact Si te  

Opposite t o  Impact Si te  

Rigid Body Head Motion Analysis: 

EE G DATA : Pre- Impact 

Post Impact 

- NOT AijALYZED - 
Force : 



TEST NO. 029 

High Speed Motion Pictures 

Side Cari~era 

Framing Rate 

Front Camera 

Framing Rate 

INJURY: 

Condition Pr ior  t o  Impact Slight  I I ~ u s c ~ ~  tone, s l i gh t  eye re f lex ,  

and some shivering 

Consciousness 

Time After Impact 
0 min. 

Condi t i o n  
Unconscious 

Conscious 



TEST NO. 029 

Au topsy  Summary 

1. E p i d u r a l  hemorrhase under  p r e s s u r e  qaqe , 

2. M i  n o r  haematome o v e r  zygomat ic  a r c h  

I n j u r i e s  Due t o  I m p a c t  o n l y  ( n o t  i n s t r u r ~ l e n t a t i o n )  
A 1  S 

1. M i n o r  haematome o v e r  zygoma t i c  a r c h  1 

2 .  Unconsc ious  one m i n u t e  1 

AIS Overall 



HSRI STP.4I:I l??SrTiC PATA SHEET 

, . 

TEST- 029 - 

. -Yt 
ROSETTE C3I EI:T,ATI?:: CET.?:LS - 

a, -- Location o f  s t r a i n  rosettes.  . +Y 

b. R -- R i ~ h t  1 -- Left T -- Top 

c. 8 is  t h e  allgle (r2asured anti-cloc!;\./ise)' a rn  ' A t  o f  

' ' the rose t t e  makes k i i  t i  t ; ia  pos i t ive  ci  rec t ion o f  t h 2  I ;*c 
X-axis . 
t iote:  Arm ' A t  cor r~sco~ ids  t o  arm ' 1 '  as pr in ted 

on rose t t e .  

d, All  distances are  mzasured a l o n g  the surface  of  the  s k u l l .  

LEFT ROSETTE RI GIiT ROSiTTE TOP ROSETTE 



Run Number 029 

Left Lateral View Right Lateral View 

Anterior View Posterior View 

location of 
Pressure transducer 

Superior View Inferior View 







DELTR ROSETTE STRf3IN GRGE 



R I G H T  ROSETTE 

AAH - A ARM - B fiRN-C 
READ I NG READING READING 

U- IN/IN U-IN/IN U-IN/IN 

STRAIN- 1 STRflIN-2 ANGLE 
PRINCIPflL PRINCIPAL PHI 



HEAD IMPACT TEST SUMIURY 

TEST NO. 082 TEST DATE 8/4/75 

TEST SUBJECT 

SPECIES C~nom'Jl gus' Body Weight  8.8 1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  ~ u t t o c k s )  16;75 i n .  

Head Weight 0.89 1  bs 

b r a i n  H e i g h t  0.15 1 bs 

B r a i n  Volume 4.27 i n  3 

S k u l l  I n s i d e  Length  A  2.43 i n  

S k u l l  I n s i d e  i d i d tn  1.97 i n  

S k u l l  Th ickness  a t  F t .  C 0.112 i n  

S k u l l  T ~ l i c k n z s s  a t  P t .  D . 0.065 i n  

S k u l l  T h i c ~ n e s s  a t  P t .  E i n  

S k u l l  Th ickness  a t  P t .  F Os70 i n  

IMPACT COI\IDITIO>IS 

L o c a t i o n  o f  Impact  L t .  s i d e  o f  head 

Type o f  Impact  One a n d  one q u a r t e r  i n ~ h p c  w r .  0.75 i n c h  w a l l  

t h i c k n e s s  , round cap  

Impact  V e l o c i  t y  38.1 f t / s e c  



TEST 140. 082 

DATA M E A S U R E D  

Accelerations in Direction 
of Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact Si te  

Opposite to Impact Si te  ---- 

At Impact Si te  "-- 
Opposite t o  Impact S i t e  Good 

Strain Gage Rosettes: 

Right Parietal Gage Good (Large Spike n o t  data) 

Left Parietal Gags Good 

Frontal Gage 

Force: Good 

tli gh Speed Motion Pi c u r e s  : 

Side Camera Good 

Frame Rate 3000 fps - 

Type I 1  

Accelerations in Direction 
of Impact: 

A t  Impact Si te  

Opposite t o  Impact S i t e  

Rigid Body Head Motion Analysis: 

EEG DATA: Pre-Impact 
, 

Post Impact 

Force: 



TEST l o .  082 

High Speed Mot ion P i c t u res  

S i  de Caniera 

Framing Rate 

F ron t  Camera 

Framing Rate 

INJURY : 

Cond i t ion  P r i o r  t o  Impact Deep b rea th ing ,  no muscle tone, l i t t l e  eye 

r e f  1  ex 

Consci ousness 

Time A f t e r  Impact 

1 ,  0 min. 

8 min. 

15 min. 

Cond i t i on  
Unconscious 

Unconscious 

Regaining consciousness 

Conscious ( f u l l  ) 



TEST NO. 082 

Autopsy Summary: 

1 ,  Hemorrhage in muscle over the L t .  zygo~~iatic arch , 

2. Comminuted fracture of L t .  zvsomatic arch 

3. Depressed fracture of L t .  Temporal bone 

4. Small laceration on L t .  Temboral lobe 

5. Small bruise on Temporal lobe under accelerometer 

6. Circular bruise under pressure transducer 1 ocation 

Injuries Due t o  Impact only ( n o t  instrumentation) 

Muscle hemorrhage 
A I S  

1. 1 

2. Fracture comminuted 3 

3. Unconscious less  than 15 minutes 2 

AIS OVERALL 3 



HSRI STRI\l:I R9:TTTI: DATA SIIEET TEST* - 082 

d. All d is tances  are ~2asured  along the 'surface of the sku1 1. 
, . 

a, A -- Loc2 t ion  of s t ra in  rosettes.  . +Y 

b, - R  -- R i g h t  L -- Left T -- Tc? 
c. 9 i s  t he  a ~ g l e  (xasurecl a ~ i - c l o c ~ : ~ ~ : i s e ) ~  arn ' A '  of 

the roseti? n2i;es w i t h  i ; ie  posit ive cirectior'i of the  

X-axis. 
Rote: Arr;: ' A '  ccrr?sconds to  arm '1  ' as printed 

LEFT ROSETTE 

t x  

RIGI{T ROSiTTE TOP ROSETTE 

on rosette. 



Run Number 082 

L e f t  Lateral  View Right La tera l  View 

Anterior View Posterior 'Jie!~ 
Distances measured a1 ong 
surface of s k u l l  

- position of 
pressure transducer 

' Superior View Inferior View 









t : : : : : : : : : : : : : : : : : : : :  : : : :  : )  
8 U 6 29 2U 

T l HE (~;LL I S E C O ~ S  1 

DELTA ROSETTE STRRIN GAGE 



LEFT ROSETTE THETA= 44.0. X =  -0.13, Y =  0.46 

RRN- A ARM-B ARN-C STRRIN-1 STRAIN-2 flNGLE 
READ I NG READING READ 1 NG PRINCIPAL PRINCIPAL PHI 

a 
U- IN/IN U- IN/IN U- INIIN U-IN/IN U- IN/IN DEGREES 

t * ; ; ;  t 
L 

c 

g E -. 
V, -. 
U 

8 -. 

2 - -  
-r LI.d L--- 

.F 03 b e  .E 03 w 
I L 

. 
8 B B B B W 
m m m m m m 
h) I d  h) a Iu 

c. 



TEST NO. 

HEAD IMPACT TEST SUMMARY 

TEST DATE -- 
8/5/75 

TEST SUUJECT 

Body Weight 10.34 1 b .  

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  16.5  in. 

Head Weight 1.18 1 bs 

bra in  Weight 0.14 1 bs 

bra in  Volume 3.05 i n  3 

Skull  Ins ide  Lengch A 2.49 i n  

Skull  Ins ide  Widtn 8 2.06 i n  

Skul l  Tilickness a t  P t .  C 0.09 in 

Skull  T~i ickness  a t  P t .  U 0.49 i n  

Skull  Thickness a t  P t .  E .076 - in 

Skull  Tnickness a t  P t .  F .053 i n  

I liiPACT I;OI~DITIONS 
Le f t  s i d e  of head 

Location of Impact 

Type of Impact Four inch diameter round impactor padded with .2  inches 

of Ensol i t e  

Impact Vel oci  ty 40.53 f t / s e c  



TEST NO. 083 

DATA MEASURED 

Accelerations i n  Direction 
o f  Impact: 

Epidural Pressures  in 
Direction o f  Impact: 

A t  Impact S i t e  "' 

Opposite ;o Impact S i  t e  

A t  Impact S i t e  --- 

Opposite to  Impact S i t e  Good 

S t r a i n  Gage Rosettes:  

Right Pa r i e t a l  Gage Lost 

L e f t  Pa r i e t a l  Gage Lost L e f t  Pa r i e t a l  Gage Lost 

Frontal Gage - - - 

Force : Good 

I I V 1 1 I  

c,,,,. Good 

High Speed Motion P i  cxures : 

Side Camera Lost 

Frame Rate 3000 fps 

Type I1  

Accelerations in  Direction A t  Impact S i t e  
o f  Impact: 

Opposite t o  Impact S i t e  

Rigid Body Head Motion Analysis : 

EEG DATA : Pre- Impact 

Post  Impact 

- NOT A N A L Y Z E D  - 



TEST NO. 083 

H i  gn Speed Mot ion  P i  c tu res :  

S ide  Camera 

Framing Rate 

F r o n t  Camera 

Framing Rate 

INJURY: . 

C o n d i t i o n  P r i o r  t o  Impact  Good arm muscle tone,  good eye r e f l e x  

Consciousness 

T i  me A f t e r  Impact  

1. 0 min.  

2. 

3. 

4. 

5. 

C o n d i t i o n  

Conscious 



TEST NO. 083 

Autopsy Summary: 

1. Bruise 1 cm under accelerometer mount 

, 2. Nounconscious 

' 3. Focussed injury under pressure 
1 

Injuries Due t o  Impact only ( n o t  instrurjientation) 

AIS Overall 



Run Number 083 
All distances along surface o f  skull . . ,-. . . 

Left Lateral View 

Anterior View 

Right Lateral View 
.- 

Posterior View 

P - P o s i t i o n  of  
Pressure Trans- 
ducer 
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HEAD 1liiPACT TEST SUMMARY 

TEST DATE 8/6/75 TEST NO. 084 

TEST SUdJECT 

SPECIES Cynomol gus ! Body Weight 7.04 l b .  

S i t t i n g  Height (Top of  Head t o  bottom 

of  ~ u t t o c k s )  15.00 in. 

Headweight  0.68 . I bs 

brain  Weight 0.13 1 bs 

d r a i n  Vol ume 3.05 i n  3 

Skull  i n s i d e  L e n g ~ h  A 2.28 i n  

Skull  Ins ide  Width 8 1 .92  in 

Skull  Thickness a t  F t .  C 0.10 i n  

Skull  T~l ickness  a t  P t .  D 0.041 in 

Skull  T h i c ~ n e s s  a t  P t .  E 0.111 in 

Sku;l Thickness a t  P t .  F 0.550 i n  

IMPACT COI~DITIONS 

Location o f  Impact Back of head 

Type of Impact Four inch diameter routid impactor padded with 2 

inches of Ensol i t e  

Impact Vel oci  ty  , 43.54 f t / s e c  



TEST NO. 084 

DATA MEASURED 

Type I 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures i n  
Direction o f  Impact: 

A t  Impact S i t e  ---- 
Opposite t o  Impact S i t e  Good 

A t  Impact Si t e  Good 

Opposite to Impact S i t e  Good 

Strain Gage Rosettes : 

Right Parietal Gage ---- 
Left Parietal Gage ---- 

Frontal Gage ---- 
Force : Good 

High Speed Motion Pictures : 

Side Camera Good 

Frame Rate 3000 fps 

Type I1 

Accelerations i n  Direction A t  Impact S i t e  
o f  Impact: 

. . Opposite to Impact S i t e  

Rigid Body Head blotion Arlalys i s  : 

EEG DATA : Pre- Impact 

Post Impact 

- NOT Ai iALYZED - 
Force : 



I 

H i g h  Speed Mot ion P i c t u r e s  

TEST NO. 084 

Framing Rate 

F r o n t  Camera 
t 

Framing Rate 

INJURY: 

C o n d i t i o n  P r i o r  t o  I l l p a c t  Good arm muscle tone, no eye r e f l e x  

Consciousness 

Time A f t e r  Impact  

1. 0 min. - 

2. 1.5 min  

3. 30 min 

Condi t i o n  
Unconscious 

Consci ous 

F u l l y  awake 



TEST NO. 084 

Autopsy Summary 

1. C i r c u l a r  b r u i s e  under f r o n t  Dressure t ransducer  

2. C i r c u l a r  b r u i s e  under r e a r  pressure  t ransducer  

I n j u r i e s  Due t o  Impact  o n l y  ( n o t  i n ~ t r u r ~ i e n t a t i o n )  

Unconscious l e s s  than  15 minutes 
A1 S  

1. 2 

A I S  O v e r a l l  2 



Run Number 084 

Left Lateral View 

Anterior View 

Right Lateral  View 

l oca t ion  o f  
transducers 

Posterior View 

pressure 

Superior View Inferior View 











HEAD IEiPACT TEST SUMElARY 

TEST NO. 085 

TEST SUdJECT 

SPECIES C Y ~ O ~ O ~  gus 

TEST DATE 8/6/75 ' 

Head Wei gh t  1.06 1  bs 

b r a i n  Weight 0.131 1  bs 

d r a i n  Volume 2.75 i n  3 

S k u l l  I n s i d e  Lengch A 2.31 i n  

S k u l l  I n s i d e  Wiatn B 1.97 i n  

S k u l l  Thickness a t  Ft. C 0.108 i n  

S k u l l  T ~ ~ i c k n e s s  a t  Pt. O .  0.066 in 

S k u l l  Thickness a t  P t .  E OS2O2 in 

Body Weight 9.24 l b .  

S i t t i n g  He igh t  (Top o f  Head t o  bot tom 

o f  Buttocks) 17.25 i n .  

S k u l l  Thickness a t  P t .  F 0.064 i n  

IMPACT COI~DITI 0:iS 

l o c a t i o r l  o f  Impact Back of head 

Type o f  Impact Four i n c h  d i a e  r i a l d  . .  -or . 

Impact Vel o c i  t y  35-17 f t / s e c  



TEST N O .  055 

DATA M E A S U R E D  

Accelerations in Direction 
of Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  ---- 

Opposite t o  Impact Si t e  Good 

At Impact S i t e  

Opposite t o  Impact S i t e  Good 

Strain Gage Rosettes: 

Right Parietal Gage "" 

Left Parietal Gage Good 
---- 

Frontal Gage 

Force : Good 

High Speed Motion Pictures : 

Side Camera Good 

Frame Rate 3000 fps 

Type I1  

Accelerations i n  Direction 
of Impact: , 

At Impact S i t e  

Opposite to Impact S i t e  

Rigid Body Head Notion Analysis: 

EEG DATA: Pre- Impact 

Post Impact 

- NOT Ai jALYZED - 
Force : 



TEST NO. 085 

High Speed Motion Pictures : 

Side Camera 

Framing Rate 

Front Camera 

Framing Rate 

INJURY: 

Condition Prior to Inpact Deep breatlling, no muscle tone, no eye reflex 

Consciousness 

Time After Impact 

1 .  0 min. 

2. 2 min. 

3,  8 m i n .  

16  min. 

5. 25 min. 

Condition 
Unconscious (No respira t ion)  

Unconscious ( respi ra t ion)  

Unconscious 

Regaining consciousness 

Conscious 



TEST 140, 085 

Autopsy Sum~iiary 

1. D e e ~  l a ce r a t i on  on back of head 

2. Muscle t e a r  of neck 

3. S i m ~ l e  f r a c t u r e  o f .  o c c i ~ i t a l  bone 

4. Hishlv loca l ized  contre-coup i n ju ry  r i q h t  f r on t a l  lobe 

5. Subdural hemorrhaqe r i q h t  s i d e  of f r on t a l  and pa r i e t a l  ' lobe 

6. Circu la r  b ru i se  under f r o n t  pressure  t ransducer  

7. Circu la r  b ru i se  under r e a r  pressure  t ransducer  

I n j u r i e s  Due t o  Impact only ( n o t  ins t ru r~ len ta t ion)  
A1 S 

1 . Deep 1 a c e r a t i  on on back of head 2 

2. Muscle t e a r  of neck 2 

3.  S i m ~ l e  f r a d t u r e  of o c c i ~ i  t a l  bone 3 

4. Contre-coup R t .  f r on t a l  lobe 3 

5. Subdural hemorrhage Rt. f ron t a l  & pa r i e t a l  lobe 4 

6. Unconscious f o r  more than 15 minutes 4 

AIS Overall 6 . . 



HSRI STP,I~I;I ROSLTTC @ATA SIiEET - TEST. 085 

. . ROSETTE C ? . - . $  T t ' l - l T - ? ' l  -c-n b -  ,.---L - 1  - - 

LEFT ROSETTE RIGHT ROSiTTE TOP ROSETTE 

a, -- Locat ion o f  s t r a i n  r o s e t t s s .  . +Y 

b. R -- R i g h t  1 -- L e f t  T -- To? 
c. O is  t h e  a ! ~ g l e  [ r e e s u r e d  acii-clocl:.rire),  arn ' A '  of  
' the rose t t e  mai;es ;.ii t h  Lie pos i t ive  c i  r e c t i  on o f  t h 2  

X-axis ,  
I iote:  Arm ' A '  cccr.sco!~ds t o  arm ' 1 '  as p r in ted  4-x 

on r o s e t t e .  
d, All distances are  rreasured along the ' surface  of t h e  sku1 1. . , 



Run Number 085 

kull 

* 

Left Lo feral View Right Lateral View 

l o c a t i o n  of a c c e l e r  

Anteri r View J. 5 5 1 ~  

l o c a t i o n  of 
transducers 

pressure 

Posterior View 

Superior View Inferior View 







L 

m -- P J  

3' -- CV 

8 -- m 

.- 
,, 

n 
cn 
a 
z 
0 
0 -- w w 

-'cn 
H 

-- -I 
-I - W 

r 
" u 

-- 2 
W -- Z 
H 

/ 

e 

I I I I B 1 

00 '21 00'Ll . 00'11: 00'L 00'1 00.E- 
ISd 



DELTR ROSETTE S T R A I N  GAGE 







APPENDIX B-3 

MONKEY TYPE I1 



TEST NO. 004 

HEAD IPlPACT TEST SUMMARY 

TEST NO. 004 

TEST SUtlJECT 

SPEC I ES Rhesus 

TEST DATE 1/7/75 
. 

- 

Body Weight 11.88 1 b. 

S i t t i n g  Height  (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  19.00 i n ,  

b r a i n  Weight 0.195 1 bs 

B r a i n  Volume 6-3* i n  3 

Sku1 1 I n s i d e  Length A 2 -90  i n  

S k u l l  I n s i d e  Width 2.32 i n  

S k u l l  Thickness a t  F t .  C 0.110 i n  

' s k u l l  T ~ ~ i c k n e s s  a t  P t .  D 0.070 i n  

S k u l l  T h i c ~ n e s s  a t  P t .  E 0.150 i n  

S k u l l  Tnickness a t  P t .  F 0.070 i n  

IMPACT COi\iDITIO?lS 

Loca t ion  o f  Impact R a w  

Type o f  1mpact One and one quar te r  inches diameter, 

0.25 i n c h  w a l l  th ickness,  round cap 

Impact Vel o c i  t y  29.86 f t / s e c  



TEST NO. 0 0 4  

DATA MEASURED 

Accelerations in Direction 
of Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact Si t e  

A t  Impact S i t e  

Oppos i t e  t o  Impact Si t e  

Strain Gage Rosettes: 

R i g h t  Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Pictures : 

Type I1 

Accelerations in Direction 
of Impact: 

Side Camera 

Frame Rate 

A t  Impact S i t e  OK 

bppos i t e  to Impact S i t e  OK 

Rigid Body Head Motion Analysis: OK 

EEG DATA: 

post Impact yes * '  

- NOT AI'IALYZED - 
Force : Good 



TEST NO. 004 

High Speed Mot ion  P i c t u r e s :  

h i  02 Cdrl~era Good 

Framing Rate 3000 fps 

. Good 
F r o n t  Camera 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impact S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  C o n d i t i o n  

1 .  0 min.  Conscious - 



TEST NO. 004 

Summary : 

rhaae under ri g.ht mid. acce le rwte r  m o u n t  1. Minor epidural hemor 

2. 

3. 

Injuries Due Impact only (not 

" AIS Overall 

B-192 
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HEAD IlriPACT TEST SUMt4ARY 

TEST NO. 012 

TEST SUdJECT 

SPEC I ES Rhesus t 

TEST DATE 1/22/75 

Body Weight  8.80 I b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t t om 

o f  ~ u t t o c k s )  21.00 i n .  

Head Weight  0.92 . 1  bs 

b r a i n  Weight 0.178 1 bs 

B r a i n  Vo1 ume 6.00 i n  3 

S k u l l  i n s i d e  L e n g ~ h  A  2-77 i n  

S k u l l  I n s i d e  Wid tn  2.30 i n  

S k u l l  Th ickness  a t  F t .  1: 0.100 i n  

S k u l l  T ~ i i c k n z s s  a t  P t .  D 0.067 i n  

S k u l l  Th ickness  a t  P t .  E 06'35 i n  

Sku;l Tn ickness  a t  P t .  F '  0.070 in 

IMPACT COi\lilITIONS 

L o c a t i o n  o f  Impac t  Back o f  head 

yype o f  impact One and one q u a r t e r  i nches  d iameter ,  0.25 i n c h  w a l l  

t h i c k n e s s ,  round cap 

Impact  Vel o c i  t y  , 23.52 f t / s e c  



TEST NO. 012 

DATA MEASURED 

Accelerations in  Direction 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite to  Impact S i t e  

A t  Impact S i t e  

Opposite to Impact S i t e  

S t ra in  Gage Rosettes: 

Right Par ie ta l  Gage 

Left  Par ie ta l  Gags 

Frontal Gage 

Force: 

H i g h  Speed Motion Pi ccures : 

Side Camera 

Frame Rate 

Type I1  

Accelerations i n  Direction 
o f  Impact: 

Rigid Body Head Motion Analysis: 

EEG DATA : 

A t  Impact S i t e  NO 

Opposite t o  Impact S i t e  Good 

Pre-Impact Yes 

Post Impact Yes 

- NOT AidALYZED - 

Force : Good 



TEST NO. 01 2 

High Speed : ; o t i on  P i c t u r e s :  

S ide  Camera Good 

Framing Rate 3000 fps  . 

Front Camera Good 
I 

Framing Rate 1000 fps  

INJURY : 

C o n d i t i o n  P r i o r  t o  Impact S l i q h t  muscle tone,  s l i g h t  eye r e f l e x ,  and some 

Sh ive r i ng  

Consciousness 

Time A f t e r  Impact  
I 

1, 0 _mjn 

2. 11 min 

3. 20 min 

4 * 

5 * 

6. 

C o n d i t i o n  

Unconscious 

Conscious 

F u l l  consciousness 



TEST NO.  01 2 

Autopsy Summary 

1, Sliqht  brain c o n w i o n  . 
2 Conqested around dccelcronlcter m t c  

3, Small hole in brain from E E G  electrode 

4, Unconscious for  less  t h a n  15 minutes 

Injuries Due t o  Impact only (not  in~ t ru r~ ien ta t ion)  
A1 S 

1, Unconscious for  l e s s  than 15  minutes 2 

2, S l i g h t  brdin congestion 1 

A I S  Overall 2 
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HiAil IEiPACT TEST SUMMARY 

TEST NO.  01 3 - 
TEST SUdJECT 

SPECIES Rhesus 

TEST DATE 1/17/75 ' 

Body Weight a66 Ib .  

S i t t i n g  Height (Top of Head t o  bottom 

of  ~ u t t o c k s )  20e50 in. 

Head Gleight 1.15 1 bs 

Brain Weight 0.193 1 bs 

dra in  volume 6.28 in 3 

Skull  Ins ide  Length A 2.90 i n  

Skull  Ins ide  idiatn 8 2.56 in 

Skull  Thickness a t  Ft. L 0.108 i n  . 

Skull  T~l icknzss  a t  Pt. D 0.073 i n  

Skull Thickness a t  Pt. E 0.145 i n  

Skull Tnickness a t  P t .  F 0.068 i n  

IMPACT LONOITIONS 

Location of Impact Back of head 

Type of Impact One and one q u a r t e r  inches diameter ,  0.25 inch 

wall th ickness ,  round cap 

Impact Veloci ty  24.40 f t / s e c  



TEST N O .  01 3 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact: 

Epidural Pr2ssures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite to Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

L e f t  Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Pi ccures : 

Side Camera 

Frame Rate 

Type I 1  

Accelerations in Di r2ction 
of Impact: - 

A t  Impact S i t e  No 

Opposite t o  Impact S i t e  Good 

Rigid Body Head Motion Analysis: OK 

E E G  DATA: Pre-Impact Yes 

Post Impact Yes 

- NOT ANALYZED - 

Force: Good 



TEST NO. 01 3 

High Speed Mo t i on  P i c t u r e s  

S i d e  Cdnlera Good 

Framing Rate 3000 f p s  

F r o n t  Camera ' 
Good 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  1:npact S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  

and  some s h i v e r i n g  

Consciousness 

Time A f t e r  I n p a c t  

2 .  1 m i n  

C o n d i t i o n  

Dazed 

Conscious 



TEST NO. 01 3 

Autopsy Summary 

1. Congested b r a i n  a round a c c e l e r o m e t e r  mounts 

2,  S l i g h t  b r a i n  c o n g e s t i o n  

3. Dazed 

4, 

5. 

Injuries Due t o  Impact  o n l y  ( n o t  i n s t r u n l e n t a t i o n )  
A1 S 

1. S l i g h t  b r a i n  c o n g e s t i o n  1 

2, Dazed 1 

A I S  O v e r a l l  1 







ANGULAR RCCELERATIONS AND VELOCITIES - - -  ALONG ANATOMICAL AXES 

ACCEL ACCEL ACCEL VELOC VELOC VELOC 

I -DIREC J-DIREC K-DIREC I -DIREC J-DIREC K-DIREC 



ANATOMICRL RND INERTIRL TRANSL 

ACC- I 
AN AT 

ACC-J ACC - K 

ANRT ANflT 

. ACCELS. OF: ANRTOMICRL CENTER 
X-ACC 

I NER 

Y-RCC Z-RCC 

I NER I NER 



HEAD IIblPACT TEST SUMMARY 

TEST NO. 014 

TEST SUGJECT 

SPECIES Rhesus 

TEST DATE 1 /22/75 ' 

Body Wei g h t  11 .44 1 b.  

S i t t i n g  He igh t  (Top o f  Head t o  bo t tom 

o f  ~ u t t o c k s )  ' 19.50 in. 

Head Weight 1.13 I bs 

B r a i n  lu'eight 0.189 I bs 

a r a i n  Volume 6.75 i n  3 

S k u l l  I n s i d e  Length A 2.91 in 

S k u l l  I n s i d e  Width a 2.45 in 

S k u l l  Thickness a t  F t .  C 0.100 in 

S k u l l  Tt i icknzss a t  P t .  U 0.068 i n  

Sku1 1 T h i c ~ n e s s  a t  Pt. E 0.125 in 

S k u l l  Tnickness a t  P t .  F 0.071 in 

IMPACT COI~~ITIONS 

L o c a t i o n  o f  Impact  Back of head 

Type o f  One and one q u a r t e r  inches d iameter  

0.25 i n c h  w a l l  thickness, round cap 

Impact  Vel o c i  t y  31.73 f t / s e c  



TEST PIO. 014 

DATA MEASURED 

Accelerations in Direction A t  Impact S i t e  
o f  Impact: 

I Opposite t o  Impact S i t e  

Epidural Pressures in 
Direction of Impact: A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

H i g h  Speed Motion Piccures : 

Side Camera 
7 

Frame Rate 

Type I1 

Accelerations in Direction 
of Impact: 

A t  Impact Si te  No 

Opposite to Impact S i t e  ~nocked o u t  by 
impact 

R i g i d  Body Head Motion Analysis: Fair 

EEG DATA: Pre-Impact Yes 
, 

~ o ; t  Impact NO ( d e a d )  

- NOT AI4ALYZED - 
Force : Good 



TEST NO. 014 

High Speed Motion Pictures: 

j i t i e  Ca~nera Good 

Framing Rate - 3000 fps 

Front Camera Good 

Framinq Rate 1000 fps 

INJURY: 

Condition Prior t o  Impact Slight muscle tone, s l igh t  eye ref lex ,  

and some shiverinq 

Consciousness 

Time After Impact Condition 

1 .  0 min dead - 



TEST NO. 014 

Autopsy Summary : 

1 - Hemorrhage and t e a r  o f  neck m u s c u l a t u r e  

2. Simp le  f r a c t u r e  o f  R t .  Temporal bone 

3, Simp le  f r a c t u r e  o f  L t .  Temporal bone 

4 -  Simp le  f r a c t u r e  o f  R t .  P a r i e t a l  bone 

S imp le  f r a c t u r e  o f  L t .  P a r i e t a l  bone 5. 

6. Subdura l  hemorrhage R t .  s i d e  o f  b r a i n  

7- F i v e  s i m p l e  f r a c t u r e s  o f  b a s i l a r  bone 

8, Dura t e a r s  

9. Hematoma and 1  a c e r a t i o n  o f  c e r e b e l  1  um 

10. Hematoma and l a c e r a t i o n  o f  medula pons 

11. L a c e r a t i o n  o f  b r a i n  under  acce le rome te r  mounts 

12. 

13, 

14. 

Injuries Due t o  Impac t  o n l y  ( n o t  i n s t r u m e n t a t i o n )  

1. Hemorrhage and t e a r  o f  neck m u s c u l a t u r e  3 

2. Simp le  f r a c t u r e  o f  R t .  Temporal bone 2 

3. S imp le  f r a c t u r e  o f  L t .  Temporal bone 2 

4. S imp le  f r a c t u r e  o f  R t .  P a r i e t a l  bone 2 

5, Simp le  f r a c t u r e  o f  L t .  P a r i e t a l  bone 2 

6. Subdura l  hemorrhage R t .  s i d e  o f  b r a i n  4 

7. F i v e  s i m p l e  f r a c t u r e s  o f  b a s i l a r  bone 5 

8. Dura t e a r s  - 3 

9. Hematoma and l a c e r a t i o n  o f  c e r e b e l l u m  5 

'10. Hematoma and l a c e r a t i o n  o f  n i edu l l a  pons 5 

A IS  O v e r a l l  6 
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TEST NO. 

HEAD IMPACT TEST SUMMARY 

TEST DATE 1/23/75 ' 

TEST SUdJECT 

SPEC I ES Rhesus 1 Body Weight .12.10 1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  ~ u t t o c k s )  20.5 in. 

 rain Weight 0.195 I bs 

Brain Volume 6 -25  i n  3 

Sku1 1 i n s i d e  L e n g ~ n  A 2.73 in 

S k u l l  I n s i d e  N i d t n  D 2.34 i n  

S k u l l  Thickness a t  Ft. C 0.120 in 

S k u l l  T11ickn2ss a t  P t .  O 0.057 in 

S k u l l  Thickness a t  P t .  E n. l a5  in 

Sku;l Thickness a t  P t .  F I) n71 i n  

IMPACT COill9ITIONS 

L o c a t i o n  o f  Impact  Back of head 

Type of  Impac t  One and one q u a r t e r  inches  d iameter ,  0.25 inch 

w a l l  t h i ckness ,  round cap p l u s  2 inches  o f  I n s u l i t e  

Impact  V e l o c i t y  .30.21 f t / s e c  



TEST NO. 01 5 

DATA MEASURED 

Accelerations in  Direction 
of Impact: 

Epidural Pressures i n  
Direction o f  impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite to Impact S i t e  

S t r a in  Gage Rosettes : 

Right Par ie ta l  Gage 

L e f t  Par ie ta l  Gag? - 

Frontal Gage 

Force : 

High  Speed Motion Picrures:  

Side Camera 

Frame Rate 

Type I1  

Accelerations in Direction 
of  Impact: 

A t  Impact S i t e  No 

Opposite t o  Impact Si t e  Loose a f t e r  
impact 

R i g i d  Body Head f~lotioti Analysis: Analysis blew up  a f t e r  6 msecs. 

EEG DATA : Pre-Impact Yes 

Post Impact Yes 

- NOT A ~ ~ A L Y Z E D  - 

Force : OK 



1 

High Speed Motion Pictures: 

TEST NO. 015 

b i  ae Ld~iiera Good 

Framing Rate 3C00 fps 

Front Camera Good 
I 

Framing Rate 1000 fps 

INJURY: 

Condition Prior t o  Irnpact Slight muscle tone, s l  iqht eye reflex. and 

some shivering 

Consciousness 

Time After Impact Condi tion 

Conscious (qood) 



TEST NO. 01 5 

Autopsy Summary: 

1,  No i n ju ry  

2. 

3. 

4. 

Injuries Due on ly  ( n o t  

AIS Overall 0 







ANGULAR A C C E L E R A T I O N S  f lND VELOCITIES - - -  ALONG A N f l T O M I C A L  R Y E S  

ACCEL ACCEL ACCEL 

I -DIREC J-DIREC K-DIREC 

VELOC VELOC 
I -DIREC J-DIREC 

RAD/SEC 

VELOC 
K-DIREC 

RADISEC 



2 3 (1 5 
TIME IMJLLISECONDSI 

3 - 0  R I G I D  BODY M O T I O N  RNRLYSIS 



HEAD IbiPACT TEST SUMNARY 

TEST NO. 01 6 

TEST SUdJECT 

SPECIES Baboon I 

TEST DATE 1/28/75 
0 

Body Weight  24.42 l b .  

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t t om 

o f  ~ u t t o c k s )  23.0 i n .  

Head Weight 2 - 5 2  . 1 bs 

b r a i n  Weignt 0.330 1 bs 

B r a i n  Volume 7.93 i n  3 

Sku1 1  I n s i d e  Lengch A 3 - 7 0  i n  

S k u l l  I n s i d e  Wid tn  5 2.64 i n  

S k u l l  Thickness a t  F t .  C OJ30 i n  

S k u l l  T ~ l i c k n e s s  a t  P t .  C) 0.120 i n  

S k u l l  Th ickness  a t  P t .  E 0 .120  i n  

S k u i l  Tn ickness  a t  P t .  F Oao80 in 

IMPACT COiiiIITIONS 

L o c a t i o n  o f  Impac t  L e f t  S ide o f  Head 

T v ~ e  o f  Imoac t  Four i n c h  d iameter  r i g i d  impac tor  

Impac t  V e l o c i t y  , Lost f t / s e c  



TEST NO. 01 6 

DATA M E A S U R E D  

Type 1 
. 

Accelerations in Direction A t  Imnact S i t e  
o f  Impact: 

Epidural Pressures in 
Direction of impact: 

t Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

R i g h t  Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

Hi gh Speed Motion Pi c u r e s  : 

Side Camera 
l r  

Frame Rate - 

Type I1 

Accelerations i n  Direction A t  Imnact S i t e  "" 

of Impact: 

Rigid Body Head Motion Analysis: 

'opposite t o  Impact S i t e  Fa i r  

Loss of data 

EEG DATA: Pre-Impact Yes 
, 

Post Impact Yes 

- NOT A N A L Y Z E D  - 
Force : Good 



1 TEST 140. 016 

High Speed Motion P ic tu res :  

S i d e  Cdnlera Good 

Framing Rate f ~ s  

Good 
Front Camera ' 

! 

Framing Rate 1000 f ~ s  

INJURY: 

Conditicn Pr ior  to Impact S l i gh t  muscle tone,  s l i g h t  eye r e f l ex  and 

some shiver ing 

Consciousness 

Time Af te r  Impact 

1.  0 nin. 

2 .  2 min. 

Condition 
Dazed 

Conscious 



TEST NO. 01 6 

Autopsy Summary: 

1. Epidural hemorrhaqe due to accelerometer mounts 

2. Subdural hemorrhaqe due t o  accelerometer mounts 

3. Daxed for 2 min.  

4. 

Injuries D,ue to Impact only ( n o t  instrurrientation) 

1, Dazed for 2 mi n .  1 

AIS Overall 





TEST NO. 017 

TEST SUdJECT 

SPECIES Baboon 

H E A D  ICIPACT TEST SUMVARY 

TEST DATE 1/28/75 ' 

Body Weight 30.36 1 b. 

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  Buttocks) 24.50 i n .  

Head Weight 5.61 I bs 

brain  Weight 0 -329  I bs 

Brain Volume 7.63 i n  3 

Skull  Ins ide  Lengcn A 3.73 in 

Skull  Ins ide  Liiatn 2.67 in 

Skull  Thickness a~ F t .  C 0.133 in 

Skull  T~i icknzss  a t  P t .  D . 0.121 in 

Skull  Thickness a t  Pt. E 0.130 i n  

Skull  Thickness a t  P t .  F 0.90 i n  

IMPACT COiiilIT I O?IS 

Locatiori of Impact 1 e f t  s i d e  he- 

Type of Impact Four inch diameter rigid impactor 

Impact Veloci ty 36.42 f t / s e c  



TEST NO. 01 7 

DATA M E A S U R E D  

Accelerations in Direction 
of Impacr;: 

Epidural Pressures in 
Direction of Impact: 

At Impact S i t e  

Opposite t o  Impact Si te  

A t  Impact Site 

Opposite t o  Impact Si te  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Notion Pictures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  U i  rection 
ofImpact: . 

At Impact Site N O  

Opposite t o  Impact Site N O  

R ig id  Body Head Motion Analysis: Good 

E E G  DATA : Pre- Impact N o 

Post Impact No 

- NOT Ai4ALYZED - 
Force : Good 



TEST NO. 01 7 

H igh  Speed Motion Pictures: 

S i d e  Carnerd Good 

Framing Rate 3000 fps 

Front Camera Good 

Framing Rate 1000 fps 

INJURY : 

Condition Prior t o  Impact Dead about 10 min before impact 

Consciousness 

Time After Impact 

1. ---- 

2.  

Condition 



TEST N O .  01 7 

Autopsy Suni~nary: 

1 Hemorrhaging in  Lt. Teniporal i s  niuscle . 
Fractured zyqomatic arch - 3 places 

3. Highly loca l ized  contre-coup in ju ry  

In ju r i e s  Due t o  Impact only ( n o t  ins t runlentat ion)  

1. Hemorrhaai no i n  I t . Tenmoral i s  muscle 2 

2 .  Fractured zygomatic arch - 3 places 3 

3. Highly l i  ocal  zed contre-coup i n ju ry  3 

AIS Overall 3 





RNGULAR ACCELERATIONS AND VELOCITIES - - -  ALONG ANATOMICAL AXES 
ACCEL QCCEL SCCEL 

I - 0 I R E C  J - D I R E C  K-DIREC 

RAD/S/S RflD/S/S RflD/S/S 

VELOC VELOC VELOC 

I - 0 I R E C  J - D I R E C  K-DIREC 

RflD/SEC RflD/SEC RAD/SEC 



3-0  R I G I D  B O D Y  M O T I O N  R N R L Y S I S  



H E A i )  I I y i P A C T  TEST SUPP4ARY 

TEST NO. 018 

TEST SUdJECT 

SPECIES C~nomol!lus. 

TEST DATE 1/29/75 

S i t t i n g  Height (Top of Head t o  bottom 

o f  ~ u t t o c k s )  ' 14.5 i n .  

Head Weight 0.59 I bs 

brain  Ueight 0.13 1 bs 

Brain Vol ume 2.89 i n  3 

Ins ide Lengch 

Skull Ins ide  Wiatn D 1.90 i n  

Skull Tnickness a 1  F t .  C 0.070 i n  

Skull T ~ ~ i c k n z s s  a t  P t .  i) 0.06 i n  

Skull Thickness at P t .  i 0.09 i n  

Skull Tnickness a t  P t .  F 0.04 in 

Loca t io ,~  o f  Impact Back  of head 

T~~~ of  Impact O n e  and one quar te r  inches diameter 0.25 i n c h  

wall th ickness ,  round cap 

Impact Vel oci ty 22.46 f t / s e c  



TEST NO. 018 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact Si t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

S t r a i n  Gage Rosettes: 

R i g h t  Parietal Gage 

L e f t  Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion P i c ~ u r e s :  

Side Camera 
I 

Frame Rate 

Type I1 

Accelerations in Ui rection 
o f  Impact: 

A t  Impact S i t e  N O  

'opposite to Impact S i t e  N O  

RigidBodyHeadMotion Analysis: 

E E G  DATA : Pre- Inlpact Yes 
, 

Post Impact Yes 

- NOT A N A L Y Z E D  - 
Force : Good; a t  9 msec cab le  noise 



TEST NO. 018 

High Speed Mot ion  P i c t u r e s :  

S i d e  Cdrnera Good 

Framing Rate 3000 fps 

F r o n t  Camera Good 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impact  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Time A f t e r  Impact  C o n d i t i o n  

Consciousness 1. 0 min. Unconscious 

2. 2 h rs .  Unconscious 



TEST NO. 013 

Autopsy Summary: 

1 .  F ~ ~ r a :  UP due t o  h c c e l ~ _ r a m e t f r t s  . 
2 . Subdural hemorrhage due t o  accelerometer, mounts 

3. Unconscious with severe neurological signs > 15 min. 

Injuries  Due t o  Impact only (not  instruoentat ion) 
A 1  S 

1. Unconscious with severe neurological signs > 15 min. 3 

A I s  Overall 3 





ANGULAR ACCELERATIONS AND VELOCITIES - - -  ALONG ANATOMICAL AXES 

ACCEL ACCEL ACCEL VELOC VELOC VELOC 

I -0IREC J-DIREC K-DIREC I -0IREC J-OIREC K-DIREC 
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HEAD IMPACT TEST SUMMARY 

TEST NO. 019 

TEST SUt3JECT 

SPECIES C~nom01gus f 

TEST DATE 1/29/75 . 

Body Weight 6.05 1 b .  

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  Buttocks) 14.5 i n .  

Head Weight 0.61 1 bs 

Brain Weight 0-14 1 bs 

Skull  Ins ide  Lengzh A 2 -60  i n  

Skull  Ins ide  Nidtn 8 1.85 in 

Skull  Thickness a t  F t .  C 0.070 i n  

Skull Tnickness a t  P t .  D + 0.050 in 

Skull T h i c ~ n e s s  a t  F t .  E '  0-070 in 

~ k u ; l T n i c k n e s s a t P t . F  0.050 i n  

IMPACT 

Location of I m ~ a c t  Back head 

Type of  Impact  One and one qua r t e r  inches diameter 0.25 inch wall 

th ickness ,  round cap 

Impact Veloci ty , - 20.00 f t / s e c  



TEST NO. 019 

DATA MEASURED 

Accelerations in Direction 
of Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact Si te  

A t  Impact Si te  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Pi c ~ u r e s  : 

Side Camera 

Frame Rate 

Type 11 

Accelerations i n  Direction 
of Impact: . , 

. . 

A t  Impact Site No 

Opposite t o  Impact S i t e  No 

Rigid  Body Head Motion Analysis: Fal'r 

EEG DATA: Pre-Impact Yes 

Post Impact Yes 

- NOT At4ALYZED - 
Force : - 



TEST NO. 019 

High Speed Motion P i c t u res  

S ide Camera Good 

Framing Rate 3000 fps 

F ron t  Caniera Good 

~ r a m i n i  Rate 1000 fps 

INJURY: 

Cond i t i on  P r i o r  t o  Impact S l i g h t  muscle tone, s l i g h t  eye r e f l e x ,  and 

some sh i ve r i ng  

Time A f t e r  Impac t  Cond i t i on  

1. O m i n  Conscious 



Test  No. 019 

Autopsy Summary: 

1 Epidural hemorrhaqi nq  due t o  t ransducers  , 

2. Some decolorat ion around the  ven t r i c l e s ;  could be due to  embalming 

In ju r i e s  Due t o  Impact only ( n o t  ins t rumenta t ion)  

1. 

2. 

A I S  

AIS Overall 0 





ANGULAR ACCELERATIONS AND VELOCITIES - - -  ALONG ANATOMICAL AXES 

VELOC VELOC VELOC 

I - D I R E C  J - O I R E C  K - D I R E C  

RAD/SEC RAD/SEC RflD/SEC 



3-D R I G I D  B9Dv YOTION RNRLYSIS  



HEAD IEIPACT TEST S U W R Y  

TEST NO. 020 

TEST SU3JECT 

TEST DATE 

SPECIES Cynomol Bodyweight 4.82 1 b,  

S i t t i n g  Height (Top of Head t o  bottom 

o f  ~ u t t o c k s )  15.3 in. 

Head We! ght 0.53 1 bs 

brain  Weight 0.12 1 bs 

Skull Ins ide  Leng~h A 2.30 in 

Skull  Ins ide  Width B 1.90 i n  

Skull  Thickness a t  F t ,  C .080 in . ' 

Skull T~iickness a t F t .  D .037 i n  

Skull Thickness a t  P t .  E .080 i n  

Skull T n i c k n e s s a t P t .  F .037 i n  

IMPACT COiiDITIO>iS 

Location of Impact Back of head 

Type o f  Impact One and one qua r t e r  inches diameter 0.25 inch wall 

th ickness  , round cap 

Impact Vel oci ty 22.00 f t / s e c  



TEST NO. 020 

DATA MEASURED 

Accelerations in Direction 
o f  Impacc: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact Si t e  

A t  Impact S i t e  

Opposite to Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

L e f t  Parietal Gage 

Frontal Gage 

Force: 

High Speed Motion Pictures : 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Direction 
of  Impact: % 

A t  Impact S i t e  

Opposite t o  Impact S i  t e  Lost 

Rigid Body Head Motion Analysis: Good 

E E G  DATA: Pre- Impact Yes 

. - NOT A N A L Y Z E D  - 
Force : Good, cable noise a t  9 msec 



TEST NO. 020 

High Speed Mot ion P ic tu res :  

S i  ue Cdriiera Good 

Framing Rate 3000 fps  

F r o n t  Camera Good 

Framing Rate 1000 fps . 

INJURY: 

Cond i t i on  P r i o r  Impact S l i g h t  muscle tone, s l i g h t  eye r e f l e x ,  

and some s h i v e r i n q  

Time A f t e r  Impact Cond i t i on  

Consciousness 1.  0 min Unconscious - 
2. 1 min 

3. 2 min 

S l i g h t  muscle tone 

Conscious 



TEST NO. 020 

Autopsy Summary: 

1. Subdural hemorrhage due t o  co l l e t s  . 
2. Unconscious less  t h a n  15 min. 

Injuries Due t o  Impact only ( n o t  instrumentation) 

1,  Unconscious less  than 15 min. 2 

AIS Overall 2 
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HEAD ICiPACT TEST SUbWRY 

TEST NO. 021 TEST DATE 1/30/75 
* 

- 

TEST SUOJECT 

SPECIES C~nomol  gus Body Weight 4.84 1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  ~ u t t o c k s )  14.8 in.  

Head Weight 0.49 1  bs 

b r a i n  Weight 0.13 1 bs 

B r a i n  Volume 2.73 i n  3 

S k u l l  I n s i d e  Length A  2.16 i n  

S k u l l  I n s i d e  Width B 1.96 i n  

S k u l l  Thickness a t  F t .  C 0.070 i n  

S k u l l  T ~ i i c k n z s s  a t  P t .  !I 0.060 i n  

S k u l l  Thickness a t  P t .  E 0 -110  i n  

S k u l l T h i c k n e s s a t P t .  F 0.060 i n  

IMPACT COililITIO>IS 

L o c a t i o n  o f  Impact  Back of head 

Type o f  1mb;tt One and one q u a r t e r  inches d iameter  0.25 i n c h  

w a l l  t h i ckness ,  round cap 

Impact  Vel o c i  t y  27.50 f t / s e c  



TEST NO. 021 

DATA MEASURED 

Accelerations in Di rection 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact Si te  

Opposite t o  Impact Site 

A t  Impact Site 

Opposite to Impact S i te  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Pi crures : 

Side Camera 
t 

Frame Rate 

Type I1 

Accelerations i n  Direction A t  Impact Site N O  
of  Impact: , 

Opposite t o  Impact Site Good - 

Rigid Body Head Motion Analysis: Good 

EEG DATA: Pre-Impact Yes 

No post Impact 

- NOT ANALYZED - 
Force : Good 



TEST NO. 021 
I 

High Speed Motion P i c t u r e s :  

S i  de Csnlera Good 

Framing Rate 3000 f p s  

Good Front  Camera 

Framing Rate 1000 f p s  

INJURY: 

Condit ion P r i o r  t o  Impact Breathing very s lowly,  may have died just 

before  impact. 

Consciousness 

Time A f t e r  Impact 

1. 0 min. - 
Condi t i o n  
Dead 



TEST NO. 021 

Autopsy Summary: 

1 Rear neck muscles were found to  be hemorrhaqed 4 

2, Three simple fractures o f  the Lt. Parietal bone - 
3, Three simple fractures of the Rt. Parietal bone . 

4, One simple fracture of the Occipital bone 

5. 

Injuries Due t o  Impact only ( n o t  instrumentation) 

1, Rear neck muscles were hemorrhaged 2 

2. Three simple fractures of Rt. Parietal bone 3 

3, Three simple fractures of Lt. Parietal bone 3 

4, Simple fracture of occipital bone 2 

AIS Overall 4 . .- 
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HEAD IPiPACT TEST SUMMARY 

TEST NO. 022 TEST DATE 2/4/75 
d 

- 

TEST SUdJECT 

SPECIES Rhesus ! Body Weigh t  8 - 8 0  1 b ,  

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t t om 

o f  ~ u t t o c k s )  16.3 in .  

b r a i n  Weight  0.177 1 bs 

B r a i n  Volume 6 - 0 3  i n  3 

S k u l l  i n s i d e  Length  A 2.9 i n  

S k u l l  I n s i d ?  i d i d t n  b 2.2 i n  

S k u l l  Th ickness  a t  F t .  C Oml10 in' . 

S k u l l  T ~ l i c k n e s s  a t  P t .  U O.O70 i n  

S k u l l  Th ickness  a t  P t .  E ~ 1 3 0  i n  

IMPACT COiIiIITIONS 

L o c a t i o n  o f  Impac t  Back of head 

Type o f  Impac t  One and one q u a r t e r  i nches  d iame te r  0.25 i n c h  w a l l  

t h i c k n e s s  round caD w i t h  t h r e e  i nches  of Fnsol   it^. 

Impac t  Vel o c i  t y  , 45.54 f t l s e c  



TEST NO. 022 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

L e f t  Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Picrures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Direction 
of Impact: 

A t  Impact S i t e  

Opposite to Impact S i t e  Good 

Rig id  Body Head Motion Analysis: Fair 

EE G DATA : Pre- Impact Yes 

Post Impact Yes 

- NOT A N A L Y Z E D '  - 

Force : Fair, Data not printed o u t  for  more than 7 .25  msec 



TEST NO. 022 

H igh Speed Mo t ion  P i c t u r e s :  

S ide  Camera Good 

Frami ng  Rate 3000 fps 

Good 
F r o n t  Camera 

Framino Rate 1 o O O f ~ s  . ' 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impac t  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  

and some s h i v e r i n g  

Time A f t e r  Impact  C o n d i t i o n  

Consciousness I .  0 min.  Dazed 

6 min. Conscious 



TEST NO,  022 

Autopsy Summary: 

1 _ r . i r r I 1 1  7 r  hrll iqp ~ lndpr  ,-nllPfc . 
2, Dazed f o r  1 t o  3 m i n u t e s  

3, Subdura l  hemorrhage on Rt. P a r i e t a l  l o b e  

4. Hemorrhage i n  l e f t  Butama 

Injuries Due t o  Impac t  on ly  ( n o t  i n s t r u m e n t a t i o n )  

Dazed f o r  1 t o  3 min. 

2. Subdura l  hemorrhage on Rt. P a r i e t a l  l o b e  4 

3. Hemorrhage . i n  l e f t  Butama 3 

AIS O v e r a l l  5 - - 
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HEAD Itv'iPACT TEST SUMMARY 

TEST NO. 023 TEST DATE 2/4/75 
. 

TEST SUdJECT 

SPECIES Rhesus B o d y w e i g h t  10.56 l b .  

S i t t i n g  H e i g h t  (Top o f  Head t o  b o t t o m  

o f  ~ u t t o c k s )  19 i n ,  

Head Weight 1.07 1 bs 

b r a i n  Weight 0.224 1 bs 

d r a i n  Volume 6.28 i n  3 

S k u l l  i n s i d e  L e n g ~ n  A 2.85 . in 

S k u l l  I n s i d e  Wia tn  B 2.25 i n  

S k u l l  Th ickness  a t  F t .  C 0.100 i n  . 

S k u l l  T ~ ~ i c k n e s s  a t  P t ,  U 0.075 i n  

S k u l l  Th ickness  a t  P t ,  E 0.100 i n  

S k u l l  Tn ickness  a t  P t .  F 0.075 i n  

IMPACT COidilITIONS 

L o c a t i o n  o f  Impac t  Back of  head 

Type o f  Impac t  One and one q u a r t e r  i nches  d iame te r  0.25 i n c h  

w a l l  t h i c k n e s s  round cap, w i t h  t h r e e  i nches  o f  Ensolite. 

Impac t  Vel o c i  ty  57.55 f t l s e c  



TEST NO. 023 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Direction o f  Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Pictures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Di r2ction 
of Impact: . . 

A t  Impact S i t e  No 

Opposite t o  Impact S i t e  No 

Rigid Body Head Motio,~ Analysis: Goody b u t  short 

EEG DATA: Pre-Impact Yes 

Post Impact Yes 

- NOT ANALYZED - 
. Force: Good, b u t  short 



TEST NO. 023 

High Speed Motion Pictures: 

S i d e  Camera Good 

Framing Rate - 3000 fps 

Front Camera Good 

Framing Rate 1000 fps 

INJURY: 

Condi tion Pr ior  Impact Slight  muscle tone, s l igh t  eye ref lex ,  

a n d  some shivering 

Consciousness 

Time After Impact 
1. 0 min. 

2 .  2 min. 

Condi t i on  
Unconscious - 
Leg twitch 

3.  5 min. Begin EEG tape 

4. 6 min 10 sec. 

5, 9 min 30 sec. 

6. 10 min 30 sec. 

7. 13 min. 30 sec. 

Started t o  move; no eye reflex 

No eye ref lex;  quivering 

Who1 e body shivering 

Good eye reflex 



TEST NO. 023 

Autopsy Summary: 

2. Subdural hemorrhage frontal lobe 

3. Intraventricular extravasation of blood in ventricular 

4. Less than 15 rnin. unconscious 

Injuries Due to Impact only (not i nstrunientation) 
A1 S 

1. Neck muscle torn away from skull 2 

2. Subdural hemorrhage frontal lobe 4 
. . .  / 

3. Intraventricular extravasation of blood in vent. 3 

4.. Less than 15 min. unconscious 2 

AIS Overall 5 
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HEAD IMPACT TEST S U W R Y  

TEST NO. 024 

TEST SUOJECT 

SPECIES Rhesus 

. TEST DATE 7/5/75 * 

Body Weight 13.70 I b .  

S i t t i n g  He igh t  (Top o f  Head t o  bot tom 

o f  Buttocks) .19.0 i n .  

Head Weight 1.34 I bs 

b r a i n  Weight 0.245 I bs 

B r a i n  Volume 7.09 i n  3 

S k u l l  I n s i d e  Length A 2.80 i n  

S k u l l  I n s i d e  Width 8 2.26 i n  

S k u l l  Tnickness a t  F t .  C 0.150 i n  

S k u l l  Tnickness a t  P t .  D. 0.080 i n  

Sku l l  Thickness a t  P t .  E 0.150 i n  

S k u l l  Thickness a t  P t .  F 0.070 i n  

IMPACT COI\I~IITIOI\.IS 

Loca t i on  o f  Impact L e f t  s i de  o f  head 

Type o f  1 6 a c t  4'' round r i g i d ,  w i t h  0.50 i nch  t h i c k  1 5/16 x 

1 5/8 bl ! !e styrofoam 

Impact Vel o c i  t y  31.78 f t / s e c  



TEST NO. 024 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact: 

' 

Epidural Pressures in 
Direction of Impact: 

At Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact Si te  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Picrures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  Di rection A t  Impact Si te  No 
of Impact: 

Opposite to Impact Si te  Good 

Rigid Body Head Motion Analysis: Fair 

E E G  DATA : Pre-Impact Yes 

Post Impact Yes 

- NOT AIjALYZED - 
Force : Fair 



TEST NO. 024 

High Speed Motion Pictures 

Side Camera Good 

Framing Rate 3000 fps 

Good Front Camera 

~ r a m i n i  Rate 1000 fps 

IN3 URY : 

Condition Pr ior  t o  Impact Slight  muscle tone, s l igh t  eye ref lex ,  

and some shivering 

Consciousnsss 

Time After Impact 

1. 0 m i n .  - 

2. 2 min. 15 sec. 

Condition 
Dazed 

Conscious 



TEST NO, 0 2 4  

Autopsy Sumniary : 

1. Small bruise on parietal lobe from collets . 
2. Dazed 2 min. 

3 ,  Invraventricular extravasation o f  blood in vent. 

Injuries Due to Impact only ( n o t  instrumentation) 

1 Intraventricular extravasation of blood in vent. 

2 .  Dazed 2 m i n .  2 

AIS Overall 3 
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TEST NO. 025 

H E A D  IMPACT TEST SUMMARY 

TEST DATE 2/5/75 

TEST SUt3JECT 

SPECIES Rhesus I Body Weight 14.30 1 b. 

S i t t i n g  Height (Top of  Head t o  bottom 

of ~ u t t o c k s )  19.50 in. 

'Head Weight 1 -42  . 1 bs 

brain Weiaht 0.232 I bs 

Brain Vol ure 7-11 i n  3 

Skul l  Ins ide  Length A 2 -70  in 

Skul l  Ins ide  Widtn 3 2.20 in 

Skul l  Thickness a t  F t .  C 0.110 i n  

Skul l  Tnickness a t  P t .  D 0.078 in 

Skull  Thickness a t  P t .  E 0.110 in 

Sku:l Thickness a t  P t .  F 0.078 i n  

IMPACT COi~LlITIO>~S 

Location o f  Impact Lef t  s i d e  of head 

Type of Impact 4" round r i g i d ,  with 0.50 inch t h i c k  1 5/16 x 1 5 /8  

blue s tyrofoam 

Impact Vel oci  ty  ,.38.16 f t / s e c  



TEST NO. 025 

DATA MEASURED 

Accel era t i  ons in Di rection 
of Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact Si te  

Opposite to Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Pictures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Direction 
of Im~act:  

A t  Impact Si te  No 
. . Opposite t o  Impact Si t e  Lost 

Rigid Body Head Motion Analysis: Fair 

E E G  DATA : Pre-Impact Yes 

Pqst Impact Yes 

- NOT Ai4ALYZED - 
Force : Lost 



TEST NO. 025 

High Speed Motion Pictures : 

Side  Cari~era Good 

Framing Rate 3000 fps 

Good 
Front Camera 

Framing Rate 1000 fps 

INJURY : 

Condition Prior to Inoact  Slight  muscle tone, s l igh t  eye ref lex ,  

and some shivering 

Consciousness 

T ime After Impact 

1 .  0 min. 

2. 1 m i n .  30 sec. 

Condition 
Unconscious 

L i t t l e  muscle tone 

3. 2 min. 30 sec. Conscious 



TEST NO. 025 

Autopsy Sumlilary : 

1. Minor aver  I t .  7y_anmatic arch , 

2. Two simple f r a c t u r e s  of L t .  zyjomatic arch 

3.  Small b ru i se  on p a r i e t a l  lobe from c o l l e t  

4. Less than 15 min. unconscious 

I n j u r i e s  Due t o  Impact only ( n o t  i n s t runen t a t i on )  
A1 S 

1 .  Minor haematome over Lt. zygomatic arch 1 

2. Two simple f r a c t u r e s  of Lt. zygomatic arch 2 

3.  Less than 15 m i n .  unconscious 2 

AIS Overall  3 
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HEAD IMPACT TEST SUMMARY 

TEST NO. 026 

TEST SUdJECT 

SPECIES Rhesus 

TEST DATE 2/6/75 

Body Weight 11-88 1b. 

S i t t i n g  Hei gh t (Top o f  Head t o  bot tom 

o f  Buttocks) 18.3 in .  

Head Weight 1.18 I bs 

B r a i n  Weight 0.257 1 bs 

B r a i n  Vol ume 6.81 i n  3 

S k u l l  I n s i d e  Length A 3.10 i n  

S k u l l  I n s i d e  Width 3 2.30 i n  

S k u l l  Thickness a t  F t .  C 0.120 in 

S k u l l  Tnickness a t  P t .  D 0.100 in 

S k u l l  Thickness a t  P t .  E 0.120 in 

S k u l l  Thickness a t  P t .  F 0.100 in 

IMPACT COi\li)ITIONS 

Loca t ion  o f  I m ~ a c t  L e f t  s ide  o f  head 

Type o f  Impact 4"  round r i g i d ,  w i t h  0.50 iw, 1 5!16 x 
1 518 b l u e  styrofoam 

Impact Vel o c i  t y  . 30.91 f t / s e c  



TEST NO. 026 

DATA MEASURED 

Accelerations in Direction 
of Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite to Impact S i t e  

A t  Impact Si te  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

H i g h  Speed Motion Pictures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Ui rection A t  Impact Si te  
of Impact: . . ,  , 

Opposite t o  Impact S i t e  

Rigid Body Head Motion Analysis: Good 

E E G  DATA: Pre-Impact Yes 

Po-st Impact Yes 

- NOT ANALYZED - 
Force : Good 



TEST NO. 026 

High Speed Motion Pictures : 

h i  de Carile ra Good 

Framing Rate 3000 fps 

Good 
Front Camera 

Framing Rate 1000 fps 

INJURY: 

Condition Prior t o  Impact Slight  muscle tone, s l igh t  eye ref lex ,  and 

some shivering 

Consciousness 

Time After Impact 

1. 0 min. 

2. 2 rnin. 

4 min. 

4. 15 min. 

Condition 
Unconscious 

Conscious 

Unconscious 

Conscious 



TEST NO. 026 

Autopsy Summary 

1 .  Minor haematonie over L t.. 7\lanmat.ir. a r r h  

2. Siniple f r a c t u r e  of Lt. zygomatic arch 

3. Small b ru i ses  on p a r i e t a l  lobe from c o l l e t  

4. Less than 15 m i n  unconscious 

5. I n t r aven t r i cu l a r  ex t ravasa t ion  of blood in  ven t r i cu l a r .  

6. Highly loca l ized  and focussed i n ju ry  on l e f t  p a r i e t a l  lobe 

I n j u r i e s  Due t o  Impact only ( n o t  ins t rumenta t ion)  
A1  S 

1. Minor haematome over Lt. zyqomatic arch 1 

2 ,  Simple f r a c t u r e  of L t .  zygomatic arch 2 

3. Less than 15' min. unconscious 2 

4, I n t r aven t r i cu l a r  ex t ravasa t ion  of blood i n  vent.  3 

5. Localized i n ju ry  on L t .  f r o n t  p a r i e t a l  lobe 3 

A I S  Overall 4 - . - 
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H E A D  IMPACT TEST SUMMRY 

TEST NO. 

TEST SUBJECT 

SPECIES Rhesus ' 

TEST CATE 2/6/75 ' 

Body Weight 9 - 8 8  I b. 

S i t t i n g  Height (Top o f  Head t o  bottom 
1.8.8' 

o f  ~ u t t o c k s )  i n .  

Head Weight 0.98 I bs 

Brain Weight 0.220 1 bs 

Brain Volume 6.18 i n  3 

Skul l  Ins ide  Length A 2.80 i n  

Skull  Ins ide  Width i5 2.35 i n  

Skull  Thickness a t  F t .  C 0.120 i n  

'Skul l  Tnickness a t  P t .  D in 

Skull Thickness a t  Pi. i 0.120 i n  

Skull  Thickness a t  P t .  F 0.075 in 

IMPACT COiiD1TIO:IS 

Location of Impact Lef t  s i d e  of head 

Type o f  1 6 a c t  4" round r i g i d ,  with 0.50 inch th ick  1 5/16 x 

1 5/8 blue styrofoam 

Impact Vel oci  ty 34.52 f t / s e c  



TEST N O .  027 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

I 

Epidural Pressures i n  
Direction of Impact: 

4 

A t  Impact Si te  

Opposite t o  Impact Si te  

A t  Impact Site 

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force: 

High Speed Motion Pi c u r e s  : 

Side Camera 

Type I1 

Accelerations i n  Direction 
of Impact: 

Frame Rate 

A t  Impact Site No 

bpposi t e  t o  Impact S i  te  Good 

R i g i d  body Head Motion Analysis: 

E E G  DATA: Pre-Impact Yes 
I 

Yes Post Impact 

- NOT 

Force: Good 

AilALY Z E D  - 



TEST NO. 027 

'High Speed Motion Pictures: 

S i d e  Caniera Good 

Framing Rate 3)00 f ~ s  

Front Camera 
Good 

Framing Rate 1000 fps 

INJURY: 

Condition Pr ior  t o  Impact Slight  muscle tone, s l igh t  eye re f lex ,  and some 

shiverins 

Consciousness 

Time After Impact 

1 ,  0 rnin. - 
2. 15 rnin. 

3,  18 min. 

A. 20 min. 

6. . 35 min. 

7. 50 m i n .  

Condition 
Unconscious 

Unconscious - 
Beginning t o  move 

Slight  eye reflex 

Rapid breathing 

Deep breathing 

Conscious 



TEST NO. 027 

Autopsy Summary: 

1 .  Small bruise on parietal  lobe from col l e t s  and accelerometers . 
2 ,  Unconscious with severe neurological signs > 15 min,. 

3. Highly localized and focussed injury on Rt. parietal  lobe 
-- 

Injuries  Due t o  Impact only (not  instrurlientation) 

1. Unconscious with severe neurological signs > 95 min. AIS 
4 

2 .  Highly localized and focussed injury on Rt. parietal  lobe 3 

AIs Overall 4 
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HEAD ICiPACT TEST SUMMARY 

TEST NO. 030 

TEST SUaJECT 

SPECIES Rhesus 

Head Weight 1.38 . 1 bs 

B r a i n  Weight 0.247 1 bs 

B r a i n  Volume 6.89 i n  3 

TEST DATE 2/14/75 

Body Weight 13.86 1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  But tocks)  20.50 i n .  

Sku11 I n s i d e  Lengctl A 2.95 i n  

S k u l l  I n s i d e  Niatn 8 2.31 i n  

S k u l l  Thickness ax P t .  C 0.220 - i n  

S k u l l  T l l ickn2ss a t  P t .  D .  0.095 i n  

S k u l l  Thickness a t  P t .  E 0.170 i n  

Sku;l Thickness a t  P t .  F 0.100 i n  

IMPACT CONilITIO?iS 

Loca t i o r l  o f  Impact  L e f t  s i d e  o f  head 

Type o f  Impact  4"  round r i g i d ,  w i t h  0.50 i n c h  t h i c k  1 x 1 b l u e  

s ty ro foam 

Impact  V e l o c i t y  . 30.02 f t / s e c  



TEST NO. 030 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

R i g h t  Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

H i g h  Speed Motion Pi c u r e s  : 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  Di r2ction 
of Impact: 

. . 

A t  Impact Si te  No 

Opposite t o  Impact S i t e  Good 

R i g i d  Body Head Motion Analysis: Good 

EEG DATA: P re- Yes 

Post Impact Yes 

- NOT Ai jALYZED - 
Force : Good 



TEST NO. 030 

High Speed Mot ion P i c t u r e s  

Sicie Camera Good 

Framing Rate 3000 fps 

Front Camera Good 

Framing Rate 1000 fps 

INJURY: 

Cond i t i on  P r i o r  t o  Impact S l i g h t  muscle tone, s l i g h t  eye r e f l e x ,  and some 

s h i v e r i n g  

Consciousness 

Time A f t e r  Impact 

1. 0 min. 

2. 1 min. 3 0 s e c s .  - 

C o n d i t i o n  
Dazed 

Conscious 



TEST NO, 030 

Autopsy Summary: 

1. Minor hematome over Lt. zygomatic arch , 

2. Simple f r a c t u r e  of L t .  zygomatic arch 

3. Sniall b ru i ses  on p a r i e t a l  lobe from c o l l e t s  

4. Dazed 1 m i n .  

I n j u r i e s  Due t o  Impact only ( n o t  insrrunlentation) 

1 .  Minor hematome over Lt. zygomatic arch 
A I S  
1 

2 ,  Simple f r a c t u r e  of Lt. zygomatic arch 2 

3,  Dazed 1 min. I 

AIS Overall 2 -. 
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HEAD IMPACT TEST SUMMARY 

TEST NO, 031 TEST DATE 2/14/75 

TEST SUSJECT 

SPECIES Rhesus Body Weight 13-88 1 b. 

S i t t i n g  Height  (Top o f  Head t o  bot tom 

o f  ~ u t t o c k s )  l9w50 i n .  

Head Weight .38 1 hs 

Bra in  Weight 0.248 1 bs 

Bra in  Volume 6.98 i n  3 

Sku l l  I n s i d e  L e n g ~ h  A 2.97 i n  

Sku l l  I n s i d e  Wiatn 3 2.48 i n  

S k u l l  Thickness a t  F t .  C 0.200 in 

S k u l l  Tnicknsss a t  P t .  D 0.065 i n  

Sku l l  Thickness a t  P t .  E 0.110 in 

Sku l l  Thickness a t  P t .  F 0.065 i n  

IMPACT COi\IDITIO:IS 

Locat ion o f  Impact L e f t  s ide  o f  head 

Type o f  Impact 4" round r i g i d ,  w i t h  0.50 inch  t h i c k  1 x 1 b lue  

styrofoam 

Impact Veloci  t y  39.49 f t / s e c  



TEST NO.  031 

DATA MEASURED 

Accelerations in Direction 
of  Impact: 

Epidural Pr?ssures i n  
Direction o f  Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Motion Pictures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  Ui rection 
ofImpact:  e >  

A t  Impact Si te  No 

Opposite t o  Impact S i t e  Lost 

Rigid Body Head Motion Analysis: Fair 

EEG DATA : Pre- Impact Yes 

Post Impact Yes 

- NOT ANALYZED - 
Force : Fair 



TEST NO. 031 

High Speed Mot ion  P i c t u r e s :  

S ide  C ~ n ~ e r a  Good 

Framina Rate 3000 fps 

F r o n t  Camera Good 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impact  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and some 

s h i v e r i n s  

Consciousness 

Time A f t e r  Impac t  
1, 0 min. 

Condi t i o n  
Unconscious 

Conscious 



TEST NO. 031 

Autopsy Summary: 

1, Laceration over L t .  zygoniatic a r ch ,  vessel  involvement 

2.  Simple f r a c t u r e  of Lt. zygomatic arch 

3 ,  Sniall b ru i ses  on pa r i e t a l  lobes from c o l l e t s  

4. Unconscious l e s s  than 15 min. 

I n j u r i e s  Due t o  Impact only ( n o t  ins t rumentat ion)  
A1 S 

1.  Laceration over I t .  zygonatic a rch ,  vessel  involvement 
3 

2 ,  Simple f r a c t u r e  of L t .  zygomatic arch 2 

3.  Unconscious ' le 'ss than 15 min .  2 

AIS Overall 3 
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TEST NO. 086 

TEST SUUJECT 

SPECIES C~nomolgus  

TEST DATE 8/7/75 

Body Weight  6.60 1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t t om 

o f  ~ u t t o c k s )  1 5 - 2 5  i n .  

Head Weight  0.75 1 bs 

b r a i n  Weight 0e119 I bs 

B r a i n  Volume 3 -05  i n  3 

S k u l l  I n s i d e  Length  A 2.356 i n  

S k u l l  I n s i d e  Wiatn 3 1.830 i n  

S k u l l  Thickness a t  F t .  C 0.134 i n  

S k u l l  T ~ l i c k n z s s  a t  P t .  D 0.085 i n  

S k u l l  Th ickness  a t  P t ,  E 0.125 i n  

S k u l l  Tn ickness  a t  P t .  F 0.045 i n  

IMPACT 

L o c a t i o n  o f  Impact  Back o f  head 

Type o f  impatt Four i n c h  d iameter  r i g i d  impac to r  

Impac t  V e l o c i  t y  42.96 f t / s e c  



'TEST NO. 086 

DATA M E A S U R E D  

Accelerations i n  Direction A t  Impact S i t e  
o f  Impact: 

1 Opposite to Impact S i t e  

Epidural Pressures in 
Direction of Impact: A t  Impact S i t e  

Opposite to Impact S i t e  

Strain Gage Rosettes: 

Right Parietzl Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Pi ccures : 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Direction 
o f  Imoact: 

No 
A t  Impact S i t e  

I 

opposi te  t o  Impact S i t e  NO 

Rigid Body Head Motion Analysis: of O n e  channel 

E E G  DATA : Pre-Impact No 
, 

Post Impact No 

- NOT Ai iALYZED - 
Force: Good 



TEST NO. 086 
I 

High Speed Mo t ion  P i c t u r e s :  

Good 

Frarni ng Rate 3000 fps 

Good 
F r o n t  Camera 

Frarnina Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impact  Good muscle tone and eye r e f l e x ,  C O ~ S C ~ O U S  

and s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  

1. 0 min.  - 
3 rnin. 

Condi t i o n  
Unconscious 

Dead 



TEST NO. 086 

Autopsy Summary: 

1 - Three occipital skul 1 fractures 

2. Three Rt. parietal skull fractures 

3, Two basilar  skull fractures 

4, Abrasion neck muscle (occipital  ) 

5, Subdural hematoma Lt. temporal lobe 

6 .  Laceration a t  intersection of parietal and occipital lobes 

7, Laceration of Rt. frontal lobe 

8, Laceration of Rt. parietal lobe 

g, Laceration of Lt. frontal lobe 

10, Massive subarachnoid hemorrhage 

1 1 .  Circular bruise under accelerometer co l l e t  Lt. parietal lobe 

12. Circular bruise under accelerometer col l e t  Rt. parietal lobe 

Injuries Due t o  Impact only ( n o t  instrumentation) 

Occipital s kull fractures 
A1 S 

1. 4 

2. Parietal sku1 1 fractures 4 

3. Basilar skull fractures 3 

4. Abrasion neck muscle 1 

5, Subdural hematoma Lt. temporal 4 

6, Laceration R t .  frontal lobe 4 

7, Laceration L t .  frontal lobe 4 

8. Laceration Rt. parietal lobe 4 

9. Laceration Parietal & Occipital lobe 4 

10. Massive subarachnoid hemorrhage 5 

AISOverall 6 





HEAD IMPACT TEST SUMWRY 

TEST NO. 087 

TEST SU33ECT 

SPEC I ES 
Cynomol gous I 

TEST DATE 8/7/75 
, 

Body Weight  9.24 l b .  

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  But tocks)  
16.00 

i n .  

Head We i ohe 1.09 I bs 

B r a i n  Weight  0.125 1  bs 

B r a i n  Vol ume 2 - 7 4  i nJ 

S k u l l  I n s i d e  Lengrh A 2.16 i n  

S k u l l  I n s i d e  i i d t n  8 2.037 i n  

S k u l l  Tn ickness  a t  F t .  C 0.092 i n  

S k u l l  Tn icknsss  a t  P t .  D 0.080 i n  

S k u l l  T h i c ~ n e s s  a t  P t .  E 0.082 i n  

Sku;l Th ickness  a t  P t .  F 0.062 i n  

IMPACT COi~i)ITIOI\~S 

L o c a t i o n  o f  Impact  Back o f  head 

Type o f  Impac t  4 i n c h  round r i g i d ,  w i t h  two i nches  of E n s o l i t e  

Impac t  V e l o c i t y  ., 4 3 * 2 2  f t / s e c  



TEST NO. 087 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact Si te  

Opposite t o  Impact Si te  

A t  Impact Si te  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High Speed Kotion Picrures: 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Di rection 
of Impact: 

A t  Impact Si te  No 

Opposite t o  Impact Si te  No 

Rigid Body Head IGotiorl Analysis: LOSS of one ~hannel 

E E G  DATA: Pre- Impact No 

Post Impact No 

- NOT Ai iALYZED - 
Force : 

Good 



TEST NO. 087 

High Speed Mo t ion  P i c t u r e s :  

S ide Camera Good 

Framing Rate 3000 fps  

F r o n t  Camera Good 

Framing Rate 1000 f p s  

INJURY: 

C o n d i t i o n  P r i o r  t o  i n p a c t  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Time A f t e r  Impac t  Condi t i o n  

Consciousness , 0 min.  Unconscious 

2.  5 min. Conscious 



TEST NO. 087 

Autopsy Summary 

1. Small b ru i ses  and hemorrhages due t o  col l e t s  . 
2.  Highly loca l ized  contre-coup i n ju ry  f ron t a l  lobe 

3 ,  Lesions near o p t i c  nerve (contre-coup) 

4- Unconscious l e s s  than 15 m i n .  

I n j u r i e s  Due t o  Impact only ( n o t  ins t rur~ientat ion)  
AIS 

1 .  Highly loca l ized  contre-coup i n ju ry  L t .  f ron ta l  lobe 

2 .  Lesions near o p t i c  nerve (con t re -COUP)  3 

3. ~nconsc ious  l e s s  than 15 minutes 2 
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H E A D  ICiPACT TEST SUMMRY 

TEST NO. 088 

TEST SUdJECT 

SPECIES Cynomol gus 

TEST DATE 8/11/75 

Body Weight 8 .36  I b .  

S i t t i n g  Height  (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  16.50 i n .  

Head Weight 1 .09  1 bs 

b r a i n  Wei ah t 0.1 56 1 bs 

a r a i n  Volume 4.27 i n  3 

Skul l  I n s i d e  Lengxh A - 2.379 i n  

Skul l  I n s i d e  Wiatn B 2.291 i n  

Skul l  Thickness a t  F t .  C 0.115 in . 

Skul l  Tliickness a t  P t .  U 0.126 i n  

Skull  Thickness a t  P t .  E 0.123 in 

Skul l  Tnickness a t  P t .  F 0.121 i n  

IMPACT COi4DITIO>iS 

Locat ion  o f  Impact Le f t  s i d e  o f  head 

Type o f  Impact 4" round r i g i d ,  wi th  two inches  of Ensol i t e  

Impact Vel oc i  t y  47.01 f t / s e c  



TEST NO. 088 

DATA M E A S U R E D  

Accelerations i n  Direction 
o f  Impacr;: 

Epidural Pr2ssures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Picrures : 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Direction A t  Impact Si te  
of Impact: \ 

Opposite t o  Impact S i t e  No 

Rigid Body Head Motion Analysis: of one channel 

EEG DATA: Pre-Impact No 

~ o i t  Impact No 
. - NOT ANALYZED - 

Force : Good 



TEST NO. 088 

High Speed Motion P ic tu res :  

Frami ng Rate 3900 f ps 

Front Camera 

Framina Rate 1900 fps . 

INJURY: 

Condition P r i o r  t o  Impact S l i gh t  muscle tone,  s l i g h t  eye r e f l e x ,  

and some sh ive r i n s  

Consciousness 

Time Af te r  Impact Condition 
1, 0 min. Unconscious 

2 ,  1 min. 

4. 8 min .  

Conscious 

Unconscious 

Conscious 



TEST NO. 088 

Autopsy Summary: 

1 - Small  b r u i s e s  and henlorrhacle due t o  c o l  l e t s  

2. Hemorrhaging on b r a i n  stem 

3. Hemorrhaging on f r o n t a l  mesul cus 

4 -  Unconscious l e s s  than  15 min. 

I n j u r i e s  Due t o  I n p a c t  o n l y  ( n o t  i n s t r u m e n t a t i o n )  

Hemorrhage on b r a i n  stem 
A1 S  

1. 4 

2. Hemorrhage on f r o n t a l  mesulcus 4 

3. U n c o n s c i o u s ~ l e s s  than 15 min. 2 

AIS O v e r a l l  5 





HEAD INPACT TEST SUMM4RY 

TEST NO. 089 

TEST SUUJECT 

TEST DATE 811 1 /75 

Body Weight 10.78 1 b.  

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  1 6 . 5 0  i n .  

.Head Weight 1.39 I bs 

b ra in  Weight 0.125 1 bs 

Brain Volume 3.05 i n  3 

Skull  Ins ide  Leng~h  A 2.537 in 

Skul l  Ins ide  ididtn B 2.399 i n  

Skul l  Thickness a t  F t .  C 0.239 i n  

Skull  Tnickness a t  P t .  U 0.207 i n  

Skull  Thickness a t  P t .  E 0 - 2 6 7  i n  

Skull  Tnickness a t  P t .  F 0.188 i n  

IMPACT COiIilIT1O:IS 

Location of Impact Lef t  s i d e  of head 
. . .  . 

Type o f  Impact 4 inch round r i q i d  

Impact Vel oci  ty 38.67 f t / s e c  



TEST NO. 089 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

! 

Epidural Pressures in 
Di rection of impact: 

Strain Gage Rosettes: 

Right Parietal 

A t  Impact S i t e  

Opposite t o  Impact Si te  

A t  Impact S i t e  

Oppos i te t o  Impact Si te  

Gage 

Left Parietal Gage 

Frontal Gage 

Force: 

High Speed Motion Pi c ~ u r e s  : 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  Ui rection 
of Impact: 

A t  Impact Si te  No 

Opposite t o  Impact Si te  No 

R i g i d  Body Head Motion Analysis: Good 

E E G  DATA: Pre- Impact No 
, 

No Post Impact 

- NOT AIjALYZED - 
Force : Good 



TEST NO. 089 

High Speed Motion P i c t u re :  

S i d e  Caniera Good 

Framing Rate 3000 fps 

F ron t  Camera Good 
4 

Framing Rate 1000 fps 

INJURY: 

Condi t ion P r i o r  t o  Impact S l i g h t  muscle tone, s l i g h t  eye r e f l e x ,  and 

some sh i ve r i ng  

Consciousness 

Time A f t e r  Impact  

1. 0 min. 

2 ,  60 min. 

Cond i t i on  
Unconscious 

Unconscious 



TEST t40. 089 

Autopsy Sul~unary : 

1. Deep b r u i s i n q  o f  muscle ove r  I t .  7 y ~ t i c  a r c h  

2. S imple f r a c t u r e  o f  L t .  zvsomat ic  a r c h  

3. Sniall b r u i s e s  and hemorrhaqe due t o  c o l l e t s  

4. Unconscious w i t h o u t  severe  n e u r o l o q i c a l  s'ians > 15 minu tes  

5. Tear  t o  ma jo r  vesse l s  ( S u p e r i o r  S a q i t t a l  S inus )  

6. Sniall hematoma on ce rebe l l um 

I n j u r i e s  Due t o  Impac t  o n l y  ( n o t  i n s t r u n l e n t a t i o n )  
A1 S 

1. Deep b r u i s i n g  o f  muscle o v e r  L t .  zygomat ic  a r c h  2 

2. S imp le  f r a c t u r e  o f  L t .  zygomat ic  a r c h  2 

3. Unconscious w i t h o u t  severe  neuro .  s i q n s  > 15 min.  3 

4. S u p e r i o r  s a g i t t a l  s i n u s  t e a r  5 

5. Small  hematoma on ce rebe l l um 4 

A I S  O v e r a l l  6 
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H E A D  IMPACT TEST SUMMARY 

TEST NO. 090 

TEST SUdJECT 

SPECIES C~nonlol gus t 

TEST DATE 

Body Weight 9 .02  1 b. 

S i t t i n g  Height  (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  17 in. 

Head Weight 1 . 1 5  1 bs 

b r a i n  Weight 0 0 ~ 2 5  1 bs 

b r a i n  Vol ume 3 - 6 6  in 3 

Sku l l  I n s i d e  L e n g ~ h  A 2.377 i n  

Sku l l  I n s i d e  Widtn D 2.282 i n  

Sku l l  Thickness  a t  F t .  C 0.121 i n  

Sku l l  T ~ i i c k n z s s  a t  P t .  C) 0.163 i n  

Skul l  Thickness  a t  Pt. E 0.135 i n  

Sku;l Thickness  a t  Pt. F 0.101 i n  

IMPACT COI~DITIOI?IS 

Loca t ion  o f  Imoact Le f t  S ide  of  head 

Type of  Impact  4 inch  round r i g i d  

Impact Veloc i ty  . 42.46 f t / s e c  



TEST NO. 090 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact: 

Epidural Pressures i n  
Direction of Impact: 

A t  Impact S i t e  

Opposite ' t o  Impact S i  t e  

A t  Impact S i t e  

Opposite to Impact S i t e  

S t ra in  Gage Rosettes: 

Right Parietal  Gage 

L e f t  Par ie ta l  Gags 

Frontal Gage 

Force : 

High Speed Motion Pic tures :  

Side  Camera 

Frame Rate 

Type I1 

Accelerations in Direction 
o f  Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Rigid Body Head Motion Analysis: Good 

EEG DATA : Pre-Impact No 

Post Impact No 

- NOT A I A L Y Z E D  - 

Force: ~ o o d  



TEST NO. 090 

High Speed Mot ion P i c t u r e s :  

Side Caniera Good 

Framing Rate 3000 fps 

F ron t  Camera Good 

INJURY: 

Cond i t i on  Prior to Impact S l i g h t  muscle tone, s l i g h t  eye ref lex ,  and' 

some s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  Cond i t i on  

1. 0 min. Unconscious 

3 5 min. Conscious 



TEST NO. 090 

Autopsy  Summary : 

1 dllp t,n r n l  l p t <  

2. Unconscious l e s s  than  15 min .  

3. Severe hemorrhage ove r  L t .  zygomat ic  a r c h  

4. S l i g h t  hemorrhage ove r  o p t i c  t r a c k  

5. Simple f r a c t u r e  o f  L t .  zygomat ic  a r c h  

I n j u r i e s  Due t o  Impact  o n l y  ( n o t  i n s t r u r r ~ e n t a t i o n )  

, Unconscious l e s s  than  15 min.  

2. Severe hemorrhage ove r  L t .  zygomat ic  a r c h  2 

3. Simple f r a c t u r e  o f  L t .  zygomat ic  a r c h  2 

4.  S l i g h t  hemorrhage o v e r  o p t i c  t r a c k  3 

AIS O v e r a l l  4 





ANGULflR RCCELERATIONS AND VELOCIT 

ACCEL RCCEL flCCEL 

I -DIREC J - D I R E C  K - D I R E C  

RAD/S/S RAD/S/S RRD/S/S 

' I E S  - - -  RLONG RNATOMICRL AXES 

VELOC VELOC VELOC 

I - D I R E C  J - D I R E C  K - D I R E C  

RflD/SEC RflD/SEC RflD/SEC 
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HEAD IElPACT TEST S'JMMARY 

TEST NO. Og l  TEST DATE 8/12/75 
, 

TEST SU3JECT 

SPECIES Cynomol gus Body Weight 8.58 1 b.  

S i t t i n g  Height (Top o f  Head t o  bottom 

o f  Buttocks) 16.25 i n .  

Brain Weight 0*133 1 bs 

Brain Volume 3-97 i n  3 

Sku1 1 Ins ide Leng~h A 2.421 i n  r4y\., 
Skull  Ins ide  Width 8 2.139 i n  

Skull  Thickness a t  F t .  C O s o g 4  i n  

Skull  Tnickness a t  P t .  D Oalo2  in 

Skull Thickness a t  P t ,  E ' Oa115 i n  

Skull  Thickness a t  P t .  F O a o g 8  i n  

IMPACT COiiilITIONS 

Location of Impact Left s i d e  of head 

Type of Impact 4" round r i s i d ,  - w i t h  3 i n &  Ensol i t e .  

Impact Vel oci ty 48.17 f t / s e c  



TEST NO. 091 

DATA MEASURED 

Type I 

Accelerations i n  Di rection 
of Impact: 

Epidural Pressures i n  
Direction of Impact: 

At Impact S i t e  

Opposite t o  Impact S i  t e  

A t  Impact S i t e  

Opposite t o  Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force: 

H i g h  Speed Motion Pi c u r e s  : 

Side Camera 

Frame Rate 

Type I1 

Accelerations i n  Oi rzction At Impact S i t e  No 
of Impact: - 

Opposite to Impact S i t e  NO 

Rigid Body Head Motion Analysis: Good 

E E G  DATA: Pre- Impac t No 

Post Impact No 
. - iUOT AWALYZED - 

Force : Good 



TEST NO. 091 

H igh Speed Mot ion  P i c t u r e  

S ide  Cdn~era  Good 

Framing Rate 3000 fps 

F r o n t  Camera 

Framing Rate 1000 f ~ s  

INJURY: 

C o n d i t i o n  P r i o r  to Impact  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  

and some s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  

1. 0 min.  

2. 7 min.  

Condi t i o n  
Unconscious 

Conscious 



TEST NO. 091 

Autopsy Sunimary : 

1. Small bruises a n d  hemorrhage due to col 1 e t s  , 

2. Unconscious less than 1 5  min. 

3. Superior sag i t t a l  sinus tear  

Injuries Due t o  Impact only (not  instrunlentation) 

Unconscious less  than 15 min. 
A1 S 

1 .  2 

2. Superior sag i t t a l  sinus t ea r  4 

AIS Overall 4 





+ : : : : : : : : : : : I : : : : : : : : : : : : : +  

8 2 U 6 8 18 12 
TIME (MILLISECONDS1 

3 - D  R I G I D  BODY M O T I O N  ANALYSIS 



8 2 U 6 0 10 12 
TIME [MILLISECONDS1 

3 - 0  R I G I D  BODY M O T I O N  ANRLYSTS 



H E A D  IClPACT TEST S U W R Y  

TEST NO. 092 

TEST SUBJECT 

SPECIES Cynomol gus 

TEST DATE 5/13/75 

Body Weigh t  l0 .34  1 b e  

S i t t i n g  Height (Top  o f  Head t o  bottom 

o f  ~ u t t o c k s )  16.75 in. 

Head Weight 1.13 1 bs 

b r a i n  Nei ght 0.148 1 bs 

d r a i n  Volume 3.35 in 3 

Skul l  Ins ide  Length A 2.51 i n  

Skul l  Ins ide  Widtn tj 
2;01 in 

Skul l  Thickness a t  F t .  C 0.173 i n  

Skul l  T~l ickness  a t  P t .  U 0.086 i n  

Skull  Thickness a t  P t .  E 0.105 in 

Skul l  Thickness a t  Pt. F 0.070 i n  

IMPACT COIII~IITIONS 

Location of Impact Lef t  s i d e  of head 

Type of 1mpact 4 inch round r i q i d ,  w i t h  2 inches of Ensol i t e .  

Impact Vel oci  ty 51.31 f t / s e c  



TEST NO. 092 

DATA M E A S U R E D  

Accelerations in Direction 
o f  Impact;: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact Si te  

A t  Impact Si te  

Opposite to Impact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force : 

High  Speed Motion Pictures: 

Type I1 

Accelerations in Ui rection 
of Impact: 

Side Camera 

Frame Rate - 

A t  Impact Si te  

opposi te  to Impact Si te  lo 

Rigid Body Head lilotiori Analysis: Good 

E E G  DATA: Pre- Impact N o  
r 

N o  post Impact 

- NOT ANALYZED - 
Force: Good 



TEST NO. 092 

High Speed Mot ion  P i c t u r e s :  . 

S i d e  Cdriiers Good 

Framing Rate 3000 fps 

- Good 
F r o n t  Camera 

Framing Rate 1000 fps 

INJURY:  

C o n d i t i o n  P r i o r  t o  Impact  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Consciousness 

Time A f t e r  I m p a c t  

1. 0 min.  - 
C o n d i t i o n  

Unconscious 

2 .  2 min.  Conscious 



TEST NO. 092 

Autopsy Summary 

1,  Small bruises a n d  fiemorrhage due t o  col le ts  

2. Hematoma on cerebellum 

3. Unconscious less  t h a n  15 min. 

Injuries Due t o  Impact only ( n o t  instrumentation) 
A1 S 

1 nn r p r p h p l h r n  4 

2, Unconscious less than 15 min. 2 

AIS Overall 4 
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TEST NO, 093 

TEST SUdJECT 

HEAD IMPACT TEST SUMMARY 

TEST DATE 8/1 3/75 ' 

SPECIES Cynomol gus ! '8.36 Body Wei gh t I b. 

S i t t i n g  Height  (Top o f  Head t o  bot tom 

o f  Buttocks) 16.50 i n .  

Head Weight 1.02 . 1 bs 

B r a i n  Weight 0.172 1 bs 

B r a i n  Volume 3.35 i n  3 

S k u l l  I n s i d e  Length A 2.260 i n  

S k u l l  I n s i d e  Width 3 2.019 i n  

' S k u l l  Thickness ar; F t .  C 0.101 i n  

S k u l l  Tnickness a t  Pt .  D 0.111 i n  

Sku11 Thickness a t  P t .  E 0.118 i n  

Sku;l Thickness a t  P t .  F 0.101 i n  

IMPACT COiiiIITIONS 

Loca t ion  o f  Impact L e f t  s ide  o f  head 

Type o f  Impact 4 i n c h  round r i g i d  

Impact V e l o c i t y  . 40.53 f t / s e c  



TEST NO. 093 

DATA tIIEkS1IHED 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Di rection of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact Si te  

Opposite t o  Impact S i t e  

Strain Gag? Rosettes: 

Right Parietal Gage 

L2ft Parietal Gage 

Frontal Gage 

Force : 

High Speed R o t i o n  Pictures: 

Side Camera 

Frame Rate 

Type I I  

Accelerations in Direction 
of Impact: 

A t  Impact S i t e  No 

Opposite t o  Impact S i t e  No 

Rigid Body Head Motion Analysis: Fair 

E E G  DATA: Pre-Impact N o 

P ~ s t  Impact No 

- NOT AidALYZED - 
Force : Good 



TEST NO. 093 

High Speed Mot ion  P i c t u r e s :  

S loe  Camera Good 

Framing Rate 3000 fps 

F r o n t  Camera Good 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  t o  Irnpact S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Consciousness 

T ime A f t e r  Impac t  

1. 0 min.  

2. 10 min .  

C o n d i t i o n  

Unconscious 

Conscious 



TEST NO. 093 

Autopsy Summary: 

1. Mi nor hemorrhage over Lt. zygomati c arch , 

2.  Co~iiniinuted fracture of Lt. zygomatic arch 

3. Unconscious l e s s  than 1 5  min. 

4 -  Brain stem hemorrhage 

Srilall bruises and hemorrhage due to  co l l e t s  5. 

Injuries  Due t o  Impact only (not  instrunlentation) 

1. Minor hemorrhage over L t .  zygomatic arch 

2. Comminuted fracture of Lt. zygomatic arch 3 

3 .  Unconscious l e s s  than 15 min. 2 

4. Brain stem hemorrhage 4 + 1  

AIS Overall 5 





RNGULAR ACCELERATIONS AND VELOCITIES - - -  ALONG ANATOMICAL AXES 

ACCEL ACCEL ACCEL VELOC VELOC VELOC 

I-DIREC J-DIREC K-DIREC I-DIREC J-DIREC K-DIREC 
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HEAD 11-iPACT TEST S U M R Y  

TEST NO, 09 4 

TEST SUdJECT 

SPECIES Baboon 

Head Weight  2.41 I bs 

B r a i n  Weish t  0.328 1  bs 

6 r a i n  Volume 7.93 i n  3 

TEST DATE 8/14/75 

Body Weigh t  2 2 - 8 8  1 b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  b o t t o m  

o f  ~ u t t o c k s )  22.00 in .  

S k u l l  I n s i d e  Leng th  A 5.33 ' i n  

S k u l l  I n s i d s  N i d t h  8 2.98 i n  

S k u l l  T i i i ckness  a t  F t .  C 0.146 i n  

S k u l l  T ~ l i c k n z s s  a t  P t .  D 0.170 i n  

S k u l l  Th ickness  a t  P t .  E 0.148 i n  

S k u l l  Th ickness  a t  P t .  F 0.120 in 

IMPACT COI~OITIONS 

L o c a t i o n  o f  Impac t  Back o f  Head 

Type o f  Impac t  4 i n c h  round r i g i d  

Impac t  Ve l  o c i  ty 37.91 f t / s e c  



TEST NO. 094 

DATA MEASURED 

Accelerations in Direction 
o f  Impact: 

Epidural Pressures in 
Direction of Impact: 

A t  Impact S i t e  

Opposite t o  Impact S i t e  

A t  Impact S i t e  

Opposite t o  Inlpact S i t e  

Strain Gage Rosettes: 

Right Parietal Gage 

Left Parietal Gage 

Frontal Gage 

Force: 

High Speed Motion Pi crures : 

Side Camera 

Frame Rate 

Type I1 

Accelerations in Oi rzction 
of Impact: . > 

A t  Impact Si te  No 

Opposite t o  Impact S i t e  No 

Rigid Body Head !4otioti Analysis: Good 

E E G  DATA : Pre-Impact No 

Post Impact No 

- NOT A ~ ~ A L Y Z E D '  - 
Force : Good 



TEST NO. 094 

High Speed Mo t ion  P i c t u r e s :  

Framing Rate 3000 fps 

F r o n t  Camera Good 

INJURY: 

C o n d i t i o n  P r i o r  t o  Impact  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  

1 .  0 min. 
C o n d i t i o n  

Unconscious 

3 ,  40 m in  

Unconscious 

Conscious 

Conscious 



TEST NO. 094 

Autopsy  Summary : 

1. La rse  hematoma on back o f  head 

2, E x t e n s i v e  hemorrhage R t .  p a r i e t a l  l o b e  

3, Subdural  hemorrhage o v e r  L t .  p a r i e t a l  l o b e  

4. L o c a l i z e d  i n j u r y  R t .  t o p  f r o n t a l  l o b e  ( c o n t r e - c o w )  

5. L o c a l i z e d  i n j u r y  R t .  bo t t om f r o n t a l  l o b e  (contre-coup,)  ' 

6, Smal l  b r u i s e  and hemorrhage due t o  c o l l e t s  

7, Unconscious w i t h o u t  severe  n e u r o l o g i c a l  s i g n s  > 15 min .  

I n j u r i e s  Due t o  Impac t  o n l y  ( n o t  i n s t r u r i l e n t a t i o n )  
A 1  S 

1. Large  hematoma on back o f  head 
2 

2,  E x t e n s i v e  hemorrhage R t  p a r i e t a l  l o b e  5 

3, Subdural  her ior rhage o v e r  L t .  p a r i e t a l  l o b e  4 

4, L o c a l i z e d  i n j u r y  R t .  t o p  f r o n t a l  l o b e  ( con t re - coup )  3 

5, L o c a l i z e d  i n j u r y  R t .  b o t t o m  f r o n t a l  l o b e  ( con t re - coup )  3 
Unconscious r 1 5  min .  

6. 

A I S  O v e r a l l  6 
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HEAD IEIPACT TEST SUWSIARY 

TEST NO. 095 

TEST SUBJECT 

SPEC I ES 

TEST DATE 5/14/75 

Body Weight  26-18 1 b. 

S i t t i n g  H e i g h t  (Top  o f  Head t o  b o t t o m  

o f  ~ u t t o c k s )  23 .00  i n .  

Head Weight  2.41 I bs 

B r a i n  Weight  0.343 1 bs 

B r a i n  Volume 9.15 i n  3 

S k u l l  I n s i d e  L e n g ~ h  A 3.38 i n  

S k u l l  I n s i d e  N i d t n  a 2.87 i n  

S k u l l  Th ickness  a t  F t .  C 0 .?41  i n  

S k u l l  T l l i c k n ~ s s  a t  P t .  O 0,147 i n  

S k u l l  Th ickness  a t  P t .  E 9,146 i n  

S k u l l  Th ickness  a t  P t .  F 0,154 i n  

IMPACT COI\IDITIO~~S 

L o c a t i o n  o f  Impac t  B a c ~  of  head 

Type o f  Impac t  4 i n c h  round,  r i q j d ,  w i t h  2 i nches  o f  E n s o l i t e  

Impac t  V e l o c i t y  53.08 f t / s e c  



TEST NO. 095 

DATA MEASURED 

Accelerations in  Direction 
of Impact: 

I 

Epidural Pressures i n  
Direction of impact: 

A t  Impact S i t e  

Opposite .to Impact Si t e  

At Impact S i t e  

Oppos i t e  to Impact Si t e  

S t ra in  Gage Rosettes: 

Right Parietal  Gage 

Left  Parietal  Gage 

Frontal Gage 

Force : 

Aigh Speed Motion Pi c u r e s :  

Siae Camera 

Frame Rate 

Type I1 

Accelerations in Di rect ion 
of Impact: 

A t  Impact S i t e  No 

Opposite to  Impact S i t e  PI o 

Rigid Body Head Motiat~ Analysis: Good 

E E G  DATA: Pre- Impact 140 
, 

Post Impact No 

Force : Good 



TEST NO. 095 

High Speed Mot ion  P i c t u r e s :  

S ide Cariiera Good 

Framing Rate 3000 fps'  

Good F r o n t  Camera 
t 

Framing Rate 1000 f p s  

INJURY: 

C o n d i t i o n  P r i o r  t o  I m p a c t  S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and some 

s h i v e r i n g  

Consciousness 

Time A f t e r  Impact  

1. 0 min.  - 

2. 3 min.  

Condi ti on 

Unconscious 

Conscious 
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H E A D  IMPACT TEST SUMMRY 

TEST NO. Og6  

TEST SUdJECT 

SPECIES t 

TEST DATE 8/14/75 

Body Weight 24.88 'i b .  

Si  t t i  ng Hei g h t  (Top o f  Head t o  bottom 

o f  ~ u t t o c k s )  22-50 in .  

Head Weight 1 . 7 8  ' 1 bs 

b r a i n  Weight 0.359 1 bs 

Brain  Volume 9.15 in 3 

Sku1 1 i n s i d e  Length A 3.19  i n  

Sku l l  I n s i d e  Width 8 2.94 in 

S k u l 1 T h i c k n e s s a r F t . C  0.160 i n  

Sku l l  T ~ ~ i c k n e s s  a t  P t .  D 0.165 in 

Skul l  Thickness  a t  P t .  E 0 .178 i n  

Sku;l Thickness  a t  P t .  F 0.151 i n  

IMPACT COiiilITIOYS 

Locat ion  of  Impact L e f t  s i d e  o f  liead 

Type o f  Impact 4 inch  round r i q i d  

Impact Veloci t y  , 41.70 f t / s e c  



TEST N O .  096 

DATA MEASURED 

Accelera t ions  i n  Di rec t ion  
o f  Impact: 

Epidural P re s su re s  i n  
Di rec t ion  o f  Impact: 

A t  Impact S i t e  

Opposi te  t o  Impact S i t e  

A t  Impact S i t e  

Opposi te  t o  Impact S i t e  

S t r a i n  Gage Rose t tes :  

Right  P a r i e t a l  Gage 

L e f t  P a r i e t a l  Gags 

Fronta l  Gage 

Force : 

High Speed Motion Pi c u r e s  : 

Side  Camera 

Frame Rate 

Type I 1  

Acce l e r a t i ons  i n  Di rec t ion  
o f  Impact: 

A t  Impact S i t e  N o 

Opposi te  t o  Impact S i t e  No 

Rigid Body Head Motion Analys i s :  

EEG DATA: r4 0 Pre- Imoact 

Pos t  Impact No 

- NOT ANALYZED - 
Force: Good 



TEST NO, 096 

High Speed Mot ion  P i c t u r e s :  

Frami na Rate 3000 fps 

F r o n t  Camera 

Framing Rate 1000 fps 

INJURY: 

C o n d i t i o n  P r i o r  to ~~~~~t S l i g h t  muscle tone,  s l i g h t  eye r e f l e x ,  and 

some s h i v e r i n g  

T ime After Impact  C o n d i t i o n  

Consciousness 

Unconscious 

3. 55 min.  S l  i g h t  pup i  11 a r y  response o n l y  

4. 65 min.  Unconscious 



TEST NO.  096 

Autopsy Summary: 

1, Unconscious with severe neurological  s i q n s z  1 5  min. 

2, Deep bru i s ing  of muscle over Lt. zygomatic arch 

3. Comminuted f r a c t u r e  Lt. zygomatic arch (mu l t i p l e )  

4. Tear of super io r  s a g i t t a l  s inus  

Small b ru i ses  and hemorrhage due t o  col l e t s  5. 

Subdural hemorrhage R t .  p a r i e t a l  lobe 

I n j u r i e s  Due t o  Impact only ( n o t  ins t rumenta t ion)  
' 

A 1  S 
1. Unconscious > 15 min. 4 

2. Deep bru i s ing  of muscle over Lt. zygomatic arch 2 

3. Communi ted f r a c t u r e  l e f t  zygomatic arch'  (mu1 t i p l e )  3 

4; Tear of super io r  s a g i t t a l  s inus  5 

5. Subdural hemorrhage Rt. p a r i e t a l  lobe 4 

AIS Overall  6 
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APPENDIX  B-4 

HUMAN CADAVER TYPE I1 I 



TEST NO. 01 1  

TEST SUdJECT 

HEAD IMPACT TEST SUMMARY 

SPECIES Hunian (20089) , 

TEST DATE 1/17/75 

B o d y W e i g h t  176 l b .  

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 

o f  But tocks)  --- i n .  

Head Weight 10.7 1 bs 

b r a i n  Weight 0.71 1  bs 

d r a i n  Volume 61.0 i n  3 

S k u l l  I n s i d e  L e n g ~ h  A 6.35 i n  

S k u l l  I n s i d e  Width 8 5.54 i n  

S k u l l  Th ickness  a t  P t .  C .28 i n  

S k u l l  T l l i cknzss  a t  P t .  U .24 i n  

S k u l l  T h i c ~ n e s s  a t  P t .  E .40 i n  

S ~ u l l  To ickness  a t  P t .  F .23 i n  

IMPACT COI~LIITIONS 

L o c a t i o n  o f  Impact  Back of  head 

Type o f  Impact  Four i n c h  d iameter  r i g i d  impac to r  

Impact  V e l o c i t y  - 19.6 f t l s e c  



TEST NO. 01 1 

DATA MEASURED 

Accelerations in Di rection 
o f  Impact: 

Epidu.ra1 Pressures in 
Direction of Inipact: 

Strain Gage Rosettes: 

Right Parietal Gage 

A t  Impact S i t e  - - -  
Opposite to Impact Site Loss of Da ta  

A t  Impact S i t e  - - -  

Opposite t o  Impact S i t e  --- 

Good 

Left Parietal Gag? Good 

Frontal Gage Good 

Force : Good 

High  Speed Motion Picrures: 

Side Camera Good 

Frame Rate 3000 fps 

Type I1 

Accelerations in Ui r2ction 
o f  Impact: 

A t  Impact Si te  

Opposite t o  Impact Si te  

Rigid Body Head Motion Analysis: 

E E G  DATA: Pre-Impact 

Post Impact 

- NOT A N A L Y Z E D  - 



TEST NO. 011 

High Speed Motion Pictures: 

Side Camera 

Framing Rate 

Front Camera 

 rami in^ Rate 

INJURY: 

Condition Pr ior  t o  Irnpact Cadaver 

Consciousness 

Time After Impact Condition 



TEST NO.  01 1 

Autopsy Summary: 

1 .  No i n j u r v  

I n j u r i e s  Due t o  Impact on ly  ( n o t  i n s t r u r ~ i e n t a t i o n )  
A 1  S 

1. No i n j u r y  0 

AIS Ovcrall 



H S R I  STRllI:I R?'ITTT: D,'ITA SliEET . , - TEST. '01 1 
+ Y  I f 

L E F T  ROSETTE R I G H T  ROSETTE 

= -0.9 i n  x 2  = -1.3 i n .  3 = 1.45 i n .  
1 

Y 1  = 2.0 in  y2 = -2.1 i n .  Y 3  = 0 
& ' 

e 2  = 171' e 3  = 177' = 174.5" 1 

a, A -- Location of  s t r z i n  r c s e t t ~ s .  +Y 

b. R -- Right L -- Left  T -- Top 

c. e i s  tile allgle (n,asurei  azti-c1ocl:wise.) arm ' A '  o f  

t h e  r o s e t t e  nzi;es ;.riti t;ie p o s i t i v e  d i r e c t i o n  of  t h e  

X-axis. 
Ilote: Arm ' A '  cc r r s sco~ lds  t o  arm ' 1 '  as p r i n t e d  

a 

+X 

on r o s e t t e .  
d. All d i s t ances  are rn-asured a l o n g  t he  s u r f a c e  o f  the s k u l l .  



Anterior View 

A - Accelerometer 

Right Lateral View 

Inferior View 

Posterior View 

Superior View 





DELTA ROSETTE STRAIN GRGE 



RIGHT ROSETTE 

ARM-A ARM - B 
READ I NG READ I NG 

U-IN/IN U- IN/IN 

ARM - C 
READING 

THETA= 171.0, X =  -1.30. Y =  -2.10 

STRAIN-1 STRAIN-2 ANGLE 

PRINCIPAL PRINCIPAL PHI 
U- IN/IN U-IN/IN DEGREES 



. TOP ROSETTE THETA= 177,0, X =  1-45. Y= 0 , 0  

RRH-A ARN-B flRM-C STRAIN- 1 STRAIN-2 flNGLE 
READING READING READING PRINCIPf3L PRINCIPAL PHI 

JJ- IN/IN jJ- IN/IN DEGREES 



HEAD IMPACT TEST SUMMARY 

TEST NO. 032 

TEST SUBJECT 

SPEC I ES Human (201 22) 

Head Weight 9.7 1  bs 

b r a i n  Weight 0.74 1 bs 

B r a i n  Volume 59.0 i n  3 

TEST DATE 2/19/75 

Body We igh t .  150 1  b. 

S i t t i n g  H e i g h t  (Top o f  Head t o  bo t tom 
--- 

o f  ~ u t t o c k s )  i n ,  

S k u l l  I n s i d e  Lengch A 6.13 i n  

S k u l l  I n s i d e  Widtn 6 
5.47 i n  

.25 
S k u l l  Thickness a t  P t .  C i n  

.24 
S k u l l  Tt l icknzss a t  P t .  U i n  

.39 
S k u l l  Thickness a t  P t .  E i n  

S k u l l  Thickness a t  ~ t .  F .21 i n  

IMPACT LOiiDITIONS 

L o c a t i o n  o f  impact  L e f t s i d e o f  head 

Type o f  Impact  Four i n c h  d iameter  r i g i d  impactor  

Impact  Ve loc i  t y  25.0 f t / s e c  



Test No. 032 

DATA MEASURED 

Accelerations .in D i  rection 
o f  Impacr;: 

Epidural Pressures i n  
Direction of Impact: 

. . A t  Impact S i t e  --- 

Opposite t o  Impact S i t e  --- 

A t  Impact S i t e  Good 

Opposite t o  Impact S i t e  Fair 

Strain Gage Rosettes: 

Right Parietal Gage Lost 

Left Parietal Gage Good 
. . 

Frontal Gage Good 

Force : Good 

High Speed Motion Picrures: 

Side Camera Good 

Type I1 

Accelerations in Ui rection 
of Impact: 

Frame Rate 3000 fps 

A t  Impact Si te  

Opposite t o  Impact S i t e  .- 

Rigid Body Head Motion Analysis: 

EE G DATA : Pre-Impact 

Post Impact 

- NOT AiJALYZED - 



TEST NO, 032 

H i  gn Speed Mot ion P ic tu res : .  

Side Camera 

Frami ng Rate 

F r o n t  Came'ra 

Framing Rate 

INJURY: . 

Cond i t i on  P r i o r  t o  I m ~ a c t  Cadaver 

Consciousness 

Time A f t e r  Impact Cond i t i on  



TEST NO. 032 

Autopsy Summary: 
1 

' 1. Brain s l  i gh t l y  s o f t e r  than normal 

i 
:-.- 2.. Some hemorrhage i n  spinal  colunln f l u i d  

3 A few black p a r t i c l e s  from pressur iza t ion  f l u i d  noticed i n  brain 
! 

I n ju r i e s  Due t o  Impact only ( n o t  i n s t r unen t a t i on )  

1 - Hemorrhage in  spinal  column f l u i d  

AIS Overall 



. . 
-Y 

ROSETTE O R 1  E:IT:T;'i:! PETJ..TLS - 

on rosette. 
All distances are measured along the surface o f  the skul l .  

LEFT ROSETTE RIGHT ROSETTE FRONT ROSETTE - ' 

A -- Location of s t ra in  rosettess. +Y 

R -- Right L -- Left T -- Top 
O i s  the a i~gle  (ixasured a~ti-c1ocl;vise) arn ' A '  of  

the rcsett'e makes e r i  t h  i;ie positive ci  rection of the 
X-axis ,  
Ilote: Arm ' A '  ccrrtsco~lds t o  arm '1' as printed 

x1 = -2.5 in. x2 = -2.2 i n .  x3 = 1.0 in. 

= 2.2 i n .  y2 = -2.0 i n .  y3 = 0.2 i n .  Y1 .a 
. . 

e . . 

e 

i-x 



on o f  Pres 

Right Latera l  View 

Infer ior View Superior View 









DELTR ROSETTE STRAIN  GAGE 



DELTR ROSETTE S T R A I N  GRGE 





APPENDIX C 

INSTRUMEIITATION SPECIFICATI.ONS 



APPENDIX C-1 

SKULL: STATIC COMPRESSIOR 



C-1. SKULL: STATIC COMPRESSION 

INSTRUMENT NAME AND MODEL NUMBER MANUFACTURER SPECIFICATIONS 

I. S t r a i n  Gage EA- -015YD-120 
Op t ion  SE 

Micro-Measurements S t r a i n  Range: a% t o  6% 

S t r a i n  Level  : 51 500 t o  -120pe 

Resistance:  120 t .G% n 
I a .  S t r a i n  Gage Accudata 105 Gage Honeywell 

Amp1 i f  i e r  Con t ro l  U n i t  

I b .  S t r a i n  Gage Accudata 120 
DC A m p l i f i e r  

Honeywell 

Frequency Response: 0-10 kHz 
w i t h i n  e 0.5% 

Br idge  Balance: Compensate 
f o r  a 5 5% unbalance i n  
one l e g  o f  a 350 s2 gage 
w i t h  l i m i t i n g  r e s i s t o r  
suppl  i ed. 

Output  Vo l tage w i t h  No Load: 
12 v o l t s  dc + 7% 

Output  Cur ren t :  0 t o  40 ma. 

Load Regu la t ion :  2%, no l o a d  
t o  f u l m d .  

L i n e  Regu la t ion :  +0.1% f o r  a 
t 1 % change i n  supp ly  
v o l t a g e  (44  v o l t  dc) .  

DC Drift: 0.052 p e r  degree F. 

Output  R ipp le :  < 1 v p-p ,  

Power Requirements: 44 v o l t  dc 
a t  50 ma. 

I n p u t  Impedance: 10 M Q m i n i -  
mum a t  dc. 

Frequency Response: 
( a )  Rload > 3 6 m n d  

Cload < 0.1p fd :  

f o r  < 10 kHz, t2%dc 
F u l l  s c a l e  o u t p u t  
(F.S.O.) 
f o r '  < 20 kHz, +5%dc 
(80% F.S.O.) 

(b )  Rload > looon and 

Cload ' 0.01l.l fd  

f o r  < 10 kHz, +2%dc 
F.S.O. 
f o r  < 40 kHz, t5%dc 
F.S.0 
f o r  < 100 kHz, +3db dc 
(30% F.S.O.) 



IMSTRUF4ENT NAME AND M O D E L  NUMBER MANUFACTURER SPECIFICATIONS 

(cont .  ) - Gain: 10-7000 max. 

S t r a i n  Gage Accudata 120 Honeywell DC gain  l i n e a r i t y  b e t t e r  

D.C.  Amplifier  than 20.2% F.S.O. ( + 5  mv) 
up t o  F.S.O. 

Phase S h i f t : <  10" from dc t o  
10 kHz. 

Noise: 
-(a) Full  B.W. :.c 5uv rms 

RTI + 5 0 0 ; ~  rms a t  
output .  

( b )  D-C t o  kllz B.W.:< 2pv 
rms RTI + 1 0 0 ~ ~  rms 
a t  ou tpu t .  

2. S t a t i c  Load Tension-Compression Ins t r o n  Corp . Crosshead Speeds: .02 t o  20 
Cell  Model TTC i pm. 

Load Cell  Ranges: 

( b )  maximum 0-1 0,000 1 bs 

Recorder Sys tem: High Speed 
Graphic. 
Mi n .  Speed Response= 
1 s e c .  F.S. 
Max. Speed Response 
wi th  1% accuracy = 3 s e c  
F.S. 

2a Load Cell  Accudata 105 Gage Honeywell 
Amp1 i f i e r  Control Unit 

2b Load Cell Accudata 120 
DC Ampl i-  
f i er 

3.  Extensiometer PCA 11 7-1 00 
Transducer 

3a Extensio- MLMPL- 201 
meter 
Signal Con- 
d i  t i o n e r  

Honeywell 

Schaevi t z  

Shaevi t z  

see S t r a i n  Gage Ampl i f i e r  
( l a  under Skull : S t a t i c  
Compression) 

see S t r a i n  Gage DC Amp1 i f i e r  
( l b  under Skull : S t a t i c  
Compression) 

Range: + . I00  

Exc i ta t ion  Frequency: 2500 H. 

Exc i t a t ion :  3v 

L i n e a r i t y  : .05 
Power Requirements : 10511 30 v 

rms, 501400 Hz,  15 w, 
220v rms150 tlz. 

Frequency Response: dc t o  100 
Hz w i t h i n  21 db. 



INSTRUMENT PIAME APID MODEL NUMBER MAPIUFACTURER SPECIFICATION- ' 

(cont. ) 
Extensiometer MLMPL-201 
Signal 
Condi t ioner 

4. Visicorder Model 1612 
Osci 11  ograph 

4a Galvanometer M3300 
for  Vi sicorder 
Osci 11 ograph 

Schaevi t z  Sensi t iv i t  : 0 . 5 ~  rms in ,  5v + 
Non-Linearity: < 0.1% F.S, 

Honeywell 

Honeywell 

Recording Frequency Range: 
D C  t o  5000 cycles per sec. 

blri ting Speed: In excess of 
50,000 ips spot velocity. 

Time Line S,ystem: Four-in- 
val Time1 ine Svstem. 
Timing intervajs of 0.01, 
0.1, 1.0 and 10 seconds; 
accuracy of + I %  over 
> 10 counts or t1.25% 
between adjacent time1 ines . 

Recording Channels : 36 active 
channels plus 6 s t a t i c  
reference' channels . 

Recording Lamp: 100 w a t t  
high pressure mercury 
vapor  a rc ,  2-el ectrode, 
ver t ica l ly  mounted, 

Record Capacity : Accepts a1 1 
avail able 1 iaht  sensit ive 
di rect  print"and certain 
develop o u t  types of 
recording papers ; 12" 
wide. Thick base paper 
t o  200 f t .  and thin 
base paper t o  45C f t ,  

Chart S eeds: 15 forward 
*na) soeeds of - .  . 

1,2,4,8 or 16 in/sec 
times 0.1, 1.0 or 10, 
u p  to  160 in./sec. max. 

Nominal Undamped Natural Freq . : 
3300 cps 

Flat (25%)  Frequency Response: 
0-2000 cps 

Requi red External Dampi n 
Resistance: effective - - daiping 

essenti a1 1.y unchanged 
with variations in-source 
resistance throughout the 
range of 3 to 100n. 



INSTRUMENT NAME AND MODEL NUMBER MANUFACTURER 

(cont. ) 
Galvanometer M3300 Honeywell 

SPECIFICATIONS 

Max. p-to-p Deflection w i t h  
52% l inea r i ty :  6 inches 
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C-2 HEAD IMPACTS 

INSTRUMENT NAME AND MODEL NUMBER MANUFACTURER 

1 .  Air Cannon Load Washer Kist1 e r  Instrument 
Load Cell Model 904A Co. 

l a  Load Cell  
Charge 
Ampl i f  i e r  

Dial C a l i b r a t i o n  
Charge Ampl i f i e r  
Model 503 

2. Air Cannon l~lodel 805-A 
Accelerometer 

Kis t l  er Instrument 
Co . 

Kist l  e r  Instrument 
Co . 

SPECIFICATIONS 

Min.  Resonant Freq. : 50 kHz. 

L i n e a r i t y :  1% F.S. 

Shock & Vibrat ion Limit: 
10,000 g ' s .  

Over1 oad Capaci t y  : 10% F. S. 

F.S. Range: 0-20,000 l b s .  

S e n s i t i v i t y :  10 pCb/l b. 

Resolut ion:  0.05 I b .  

R i g i d i t y :  2.5 x 10-8 i n / l b .  

Capacitance:  100 pF. 

Input  Range: 0.1 t o  1000 
pCb/psi, g ,  1b.  

Ful l  Sca le  S e n s i t i v i t y :  

( a )  f o r  min. s e n s i t i v i t j  
1 . 0 ~  min. 

(b )  f o r  max. s e n s i t i v i t y :  
10v min. 

Output Voltage t o  High Im- 
~ e d a n c e  Load: +10v ~ e a k .  

Output Current  t o  Low Im- 
pedance Load: 220 amp peak. 

Output Impedance = 1000. 

Frequency Response: 2-3 x 1C 
Hz ( f o r  range > 100) .  

Input  Impedance: 1 0 9 ~ .  

Range: 0-105 g ' s ,  

Accelera t ion Limit:  20,000 ! s .  
Resolut ion:  0.05 g ' s  

Overload: 10% 
Charge Sens i t i  vi  t y  : 0.29 pCb/g . 
Freq. Response (t57:) : near 

D . C .  t o  12,000 Hz. 
Resonant Freq. : 53.5 kHz. 

Capacity:  59 pF. 

Transverse  S e n s i t i v i t y :  4.6% 



INSTRUMENT NAME A N D  MODEL N U M B E R  MAIIUFACTURER SPECIFICATION 

2a Accel eronieter Di a1 Cal i bration Kist ler  Instrument see Load Cell Charge Ampli- 
Charge Charge Amp1 i f i e r  Co. f i e r  (1 a under Head Impact). 
Amp1 i f i e r  Model 503 

3. Accelerometers Miniature Piezore- Endevco Dynamic Nomi nal Resonant Freq . : 
riclid bodv s i  s t'i ve Accelerometer Instrument 4700 Hz. 
(head) Model 2264-2000 Division Sens; t i v i  ty: 

a a t  rated excitation: 
.2  mv/g 

( b )  transverse: (2%. 
Acceleration Range: -2000 g 

to t2000 g. 
Linearity: t 2 %  of reading 

max., 0 to 150 g 
t2.5% of reading. 
max., 0 to 200 g. 

Resistance: 1700n +20%, 
a t  75°F. 

Freq. Response (reference 
100 Hz) :  +lo% max., 0 t o  

1 200 Hz a t  +75OF. 
' 

3a Accel erometer Accudata 120 Honeywell see Strain Gage DC Amplifier 
DC Amp1 i f i e r  Accudata 120 (1b under Skull : 

Sta t i c  Compression). 

4. Accelerometers Miniature Piezo- \ti 1 coxon Nominal Capacity: 250 p f .  
r ig id  body el e c t r i c  Accel erometer Research 
(head) Model 96 

Nominal Resonant Freq.: 75 kHz. 
Sens:t{vi ty:  

a Nominal transverse: 
5% of axial . 

(b )  Maximum transverse: 
10% of axial .  

( c )  Nominal accoustic: 
0 . 2  g equiv. a t  155 dB. 

( d )  Nominal magnetic: 
10-4 g/gauss equiv. 

Acceleration Range: 1OW2to 
1 0 - ~  g. 

Linearity: 1 .5%. 

Resistance: lo3 Mn min a t  
70" F.  

Freq. Response: 10 kHz. - 
4a Impedance Impedance Converter Kis t l  e r  Instrument O u t p u t  Vol tage: +5v. 

Converter Model 558 Co . O u t p u t  Impedance: 100Qe 



INSTRUMENT 

(cont. ) 
4a Impedance 

Converter 

4b Coupler 

5. Epidural 
Pressure 
Transducer 

5a Transducer 
. Ampl i f i e r  

5b Transducer 
DC Ampli- 
f i e r  

6. Tape Recorder 

NAME A N D  MODEL NUMBER MNUFACTURER SPECIFICATIONS 

Impedance Converter Kistler Instrument O u t p u t  Current: 2 mA. 
Model 558 Co. Non-linearity: 1% 

Noise: 60 pv rms. - 
Piezotron Coup1 e r  Kistler Instrument Input Current: 3.9 k0.5 mA. 
Model 549 Co. (1 msi load 

10v pp  o u t p u t )  
( a )  AC mode: 0.6 t o  150 

kHz. 

Full Scale Input: 10v p p .  

U .  of M .  Bio- Freq. Response: a t  leas t  
mechanics 400 Hz. 

Shock Limit: 44.1 psi. 

Sensit ivi ty:  

Resolution: 0.1 psi .  

Accudata 105 Gage Honeywell see Strain Gage Amplifier 
Control Unit ( l a  under Skull : Stat ic  

Compression). 

~ccuda ta  120 Honeywell see Strain Gage DC Amp1 i f i e r  
( l b  under Skull : Sta t i c  
Compression). 

Model 7600 Flagneti c Honeywell Input Impedance: 10 k n .  

Speed Range: 1 718 ips to 
120 i ~ s  (ex: for  30 ips ,  , . 
freq.  response < 10 kHz) .  

(a )  Tape Speed: 120 ips 

Center Freq . : 21 6 kHz. 

Data Bandwidth within 
1.0 db: 0-40,000 H Z .  

RMS S/N: 48 d b .  

( b )  Tape Speed: 30 ips 

Center Freq. : 54 kHz. 

Data Bandwidth within 
1.0 d b :  0-10,000 Hz. 

RMS SIN: 47 d b .  

3v Input: 40% deviation = 3\ 
out. 



NAME AND MODEL NUMBER MANIJFACTURER 

7. t l igh  Speed Hycam 
Mot ion  P i c t u r e  
Camera 

8. Rotary  Pr ism Model-1B 
Recording 
Camera 

9a. Ektachrome 7 242 
F i l m  

9b. 4-X Reversal  7277 
F i l m  

Redlake 

Photo-Sonics , 
Inc .  

Kodak 

Koda k 

SPECIFICATIONS ' 

Framing Rate : 0-10,000 frames/ 
sec. 

Servo : t o  5000 frames. 

F i l m :  16 mm. - 
Lens: 25 mrn. 

Framing Rate: 0-1 000 frames/ 
sec. 

F i lm :  16 mm. - 
Lens: 25 m. 

Servo: F u l l  

ASA: 125 - 
16 mm. 

ASA: 320 - 
16 mm. 




