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Tzsk 4 of ti:? st:?;,, ''lfcdel i n ? ,  S i r~r la t ion  n:! Verification of Impact 

Dyna;nics," posed f ive  questions d i rec t ly  a n d  one qirestion ind i rec t ly  t o  define 

the s t a t e  of th .  a r t  o f  crashworthiness tes t ing .  These are :  

1 .  What techniques are  used t o  cbtain t e r t  specimens? 

2 .  \!hat techniques are used for  ph?;icTi ;y s i~:ul  at ing crash loading? 

3 .  \!hat techniques are used fo r  rztriev'ng s t ruc tura l  crash response 

data frorn physical t e s t s ?  
* 

4, How are s t a t e  variable controlled 3nd the data retr ieved from 

a t e s t ?  

5. Nhat i s  the confidence level of'  physical s imulat ion techniques 

as a ; c ; ~ l i s t i c  indication of the crash event? 

6. Huv! ? w s  one verify the p r ~ d i r . t i n n s  r;f a crashuiorthf; ;~:~ z:tt;~rnatical 

moaei u s i n g  t e s t  proceddresl 

The  f i r s t  f ive  of these i ten~s  are disc1.:s~2d in Part  2 of t h i s  r epor t ,  

"State of the Art of Inpact Testing." The a , ~ r o z c . h  used has been t o  combine 

s imi lar  test ing nlzthods, data acquisition p;~:ediires, and data analysis  

procedures and present the s t a t e  of the a r t  J" impact t e s t ing  i n  the compact 

package necessary for  developing an overview. 

Several ql:?stions 2rose v:hen the subject of confidence level of physical 

simulation techniques was cotisidered. Ti le rlsfP!ary one was a basic question, 

"How does one co7;:pare the r e su l t s  of t ~ o  inpait events, whether they be 

experiment, cor~puter prodiction or real world crash?" The anstlsr t o  t h i s  

question i s  basic to  deve l~p ing  quanti tat ive r,easures of confidence i n  

t e s t  r e su l t s .  I t s  answer i s  a1 so basic t o  ver i f ica t ion  of crashl:!orthiness 

co8:puter ncdels by t e s t ,  the subject of Question 6 above. As part  o f  the 

att.e;;lpt t o  ; : ;ser  t h i s  qy?stion, i t  \ , :as foun:! necessary t o  study how real  d a t a  



i s  a1 t c ~ c d  ei;i,3r' by a d a t a  ~~ i ; ! ,~ r ing /p rcccss i i ig  syst-:m or by conputational 

p~~crccsscs ir,  a cc.::; j tzr  p:'s;iT:.:,;. 

The chapter on physical t e s t  techniques i s  therefore suppl enented by 

two add-itional c i l ~ p t e r s  designed t o  probe fur ther  the s t a t e  of the a r t  of 

physical testi1.12. Dart 3 s h o ~ s  the relat ionship between mathematical crashworthi- 

ness model-111g Z F . . ~  physical tes t ing  and also where the relat ionship needs t o  be 

strengthened. Pai3l; 4 reports  the  resiil t s  of a preliminary study of f i l t e r i n g  and 

signal comparis;on. Recoxmendations and conclusions reached el  sewhere in the 

report are su:r;nar-;zed in Part  5. This report '13s been prepared simultaneously 

with References 1, 2 ,  and 3 t o  form the to ta l  report  for NHTSA Contract No. 

DOT-HS-031-2-451, "I4odel ing , Simulation and Verification and Impact Dynamics." 
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U l  l,,.,"..b :I,.., 2 2  ,:.,i: 

1. Techniques f o r  obtaining t e s t  specitsens; 

2 .  Techr~iqtics f o r  physical 1y s i r ,u la t ing  crash loading; 

3 .  Techniques f o r  r e t r i ev ing  s t ruc tu ra l  crash response data from 

physica'l t e s t s ;  

4. Control o f  s t a t e  varihbles in the t e s t  and data r e t r i eva l  systems 

re la t i , " :  t o  the s t a t e  var iables .  

5. Confide;!:e 1 eve1 o f  physical s1rnulati;n techniques as a r e a l i s t i c  

i n d i c a t i ~ n  of the  crash event; and, 

6 .  Assessment of the economics of the  v a ~ i o u s  forms o f  crash t e s t i n g  

and  c l~ ie r  empirical s t ruc tu ra l  crssh simulation techniques. 

Two ; , ; raa~ies  might be proposed fo,. conducting a study suin as th is .  

She f i r s t  i s  to  obtain de ta i led  information abcut every t e s t  faci  1 i t y ,  t e s t i : ~ g  

T L  . technique, t.:: a l l '  re la ted  hardviare \,hich i s  i n  use a t  the  present time. .  is . 

obviously k:olil.' be an imaense task  and e a s i l y  be beyond the  scope of the  e. : t i re  

budget f o r  t h i r  projec t .  The r e s u l t  would be several la rge  volumes o f  i n fo r -  

mation i n  the fcril  of a co~,pendium which could serve as a reference document. 

The second ap?roach i s  t o  u p  s i n i l a r  t e s t i n g  methcds, data a c q u i s i t i o ! ~  

procedures, and c a t a  analys is  procedures $ocjether and present  the state.of- the  

a r t  o f  i-?zct t e s t ing  in a co-?:ct packace  v h i c h  i s  yore su i table  f o r  

de1;~ lopin :  e n  c v c r u f ~ : ~ : .  This s ~ s c n d  a-croscil has Seen adosted for  the  curren: 

, Ti-,; j s  ?. '";" $ I ,  a -  r.:--jt l5< - .. ""2s;j.2$,: c =  *!;-,-.~t Drccedures" blhi , r : :  - I  

- . - , , - - . . - -  - , ,  : +  . - - - :  - -  -.- L L -  ...*-*-, - , - ,  . . . .  . . - . - .  , .- , - . . . . .  - - -  . .- - ., - .. i n  i t s  for:-,:l?tion. 



a potential  dynz:ic s t r s c t ! ~ r ? l  crash e v e n t  i s  includ-d. Thus s t a t i c  t e s t s  

desisne3 t o  r ~ ; , : ~ : i ~ i ~ s s t r u c t ! ~ r a l  d : ~ ~ ~  ~(:hicn say  occur in a crash shodld 

be considered. Th;s b r e a d t h  i s  jus t i f i ed  becauje of the reievance and use 

of both s t t t i c  cr15 dj f i : ; ; i :c  t e s t  procedures in :he gathering o f  input data fo r  

use with mathematical cr:shl,iorthir,ess rpc!els. 

Seven classes  of t e s t ing  techniques r e l a t ing  t o  crashworthiness assess-  

ment have bee!) e ~ z ' l  uated including: 

1. impact s leds  silcil ~s tklose used -- in inri~lstry (Ford, GF4, Chrysler,  

American ilotors. Eaton, e t c . )  , research o r ~ a n i z a t i o n s  (HS91, b/S1.'9 - 

Calspan, Southlt:est '3esearch I n s t i t u t e ,  Dynamic Science, Trans- 

~ort3"i:n Research Cer,t:i*, -- :'.,:.). -. ; . ? A  the  governrcent (Air F o l c ~ ,  

Army and :kvy i n s t a l l a t i o n s ) .  Three c.lasses o f  s leds  are  included 

in thc  tabulat ion:  decelerat ion,  accelera t ion ,  and impact with 

2. f l a t ,  ?ole ar,d ?%ngle ba r r i e r s .  All bz r r i e r s  are  lurnped together 

because of the general s i n i l a r i  ty  of propulsion and d a t a  acquisi t ion 

3. -- SA,E t e s t  -- ;r:c?ly!-es (~S57a, JS5la, J 9 / 2 ,  J F 5 ,  ,3774, J367, and  
p--- - 

J939).  T / , E s ~  ~ o ' i 2 ' 1 :  ro! i 2\!sr t e s t s ,  b3rrier  t e s t s ,  inverted vehicle -- - 

drop t e s t s ,  car  roof crush t e s t s ,  door systern crush t e s t s ,  and bumper 

et;alcst ic, ;  - , z ~ , ~ ,  s,-:.'. s r e  c!::;;:~,ic a q d  sc::. s t a t i c  b u t  a l l  involve 



Passenger Crrs j , S 2-15 ( f x i i r i o r  Froiecr ion - P a s s e n ~ 2 r  Cars) ,  and 

NVSS 216 (Roo f  Crusn 6,;sisiance - Pzssenger Cars) .  

4 .  FS~tor Vehicl? S ~ f e t ; . ~  - S t z n d 5 r d s .  Only one zddi t ional  motor vehicle 

sa fe ty  standard has been included i ~ i  t h i s  reiievi -- M'ISS 208. 

Thg t e s t i n g  procedures are  s imi lar  t o  thost  mntioned previously 

b u t  the data r e t r i eva l  a n d  analysis  procedures are  very speci f ic .  

5. Vehicle crushers. --- Although a vehicle crusher i s  a subset of s t a t i c  

t e s t  t e c t ~ n i c ~ ~ ? ~  i t  has been included in t.!,is l i s t  bqcause of i t s  

importance it: obtaining i n p u t  data for  cer ta in  mathematical crash- 

worthiness sodsls . 
6. Dynamic Testiiiq -- Illschines. Tliese are standard laboratory devices or 

maci!'ncs \ . I -  ' ,;:: t h e  capzbi l i  ty of applvir,cl J.;r,amic loads. They are 

Included t o  coxpare t h e i r  potential  f o r  l o a d  magnitude, load r a t e ,  

and specir.en s i ze  with the  other  procedures. The f a c i l i t y  a t  HSRI 

i s  inclucidd as 'a s p e c i f i c  exan;ple. 

7 ,  S t a t i c  Test: -- nr! l-!achines. These are standard laboratory devices fo r  

applying lo, ds and d ~ i o r m ~ t i o n s  t o  s t r u c t r r e s  and materials in a 

h jg i~ly  cont ro i le6 ,  b u t  very s1c.1, Ilianner. "hey are included as a 

c l a s s  fo r  ccr;arison i/i t h  the other types o ?  procedures par t icular ly  
. , r e l a t i  v?  t o  ic;d s!;d s;xi::~!i s ize  capsbi 1 l .cies.  

2 . 2  Evaluatioli S ~ P ~ e r - 2  for - E?.cil T e s t i n g  -- ? r o c e ~ u w  - 

Each orie c f  ti..zs? t:cr:;ic;?s r:?s b22i l  r z ted  \;i ti) respect t o  ten itclrns 



4. Method of loading (e.g. specimen accelerated t o  a t e s t  velocity, 
r 

s p ? c i r ~  lo?.?cd s t3 t i ca l  ly  bet:;:cen platens, e tc . )  ; 

6. Equipncnt used for  data gathering and retr ieval  ; 

7 ,  Techniques o f  data znalysis;  

8. Estimated test cos t ;  

9,  Typicai t e s t  programs; 

10, Confidenze level of physical simulation technique. 

Although the various classes of test ing techniques have been discussed 

previously i t  r z a l n s  t o  provide a description of the tabulation re la t ive  

t o  other items such as t e s t  cos t  and confidencd level .  The c lass i f ica t ion 

of t e s t  cost i s  a simple 1 ,  2 ,  or 3 rating: 

1 = cost l e ss  than $50. 

i c0s.i. !...tween $50 and ' $ 1 ~ 0 0 .  

3 = cost grc'ater than $1000. 

The idea i s  t o  c iass i fy  t e s t s  costs  as: 1 .  minima1 - requiring only a few 

man- hours .and n2xpensive t e s t  f ixtures and t e s t  pieces; 2 .  moderate 

requiring rcore t:ian one person t o  accomplish the t e s t  and probably more t h a n  

one day total  e'iapsed time as hlell as re la t ively  expensive t e s t  f ix tures  and 

specimens; and, :.. expensive requiring major manageii:ent decisions as to  man- 

hours to  be expe~~dcd and hard\:rare t o  be used. 

. The remaining item i s  t o  c lass i fy  the confidence level of physical 

simulation techniques as a r e a l i s t i c  indication of crash events. In order 

t o  acconplish th i s  i t  i s  necessary t o  define what i s  meant by "physical simu- 

lat ion techniques" and "crash events" as well as to  develop a measure of 

"confidence." Physical sir,:ul ation techniques and crash events have. been 

defined in the b roades t  sense t o  include seven types of physical sin~ulatfcn 



techniqi~rs and a l l  ty?cs o f  cr? ih  r\!??ts r ~ y - r d l e s s  of d i rect ion and velocity 

one may develop for a pa r t i cu la r  :r:i ;:.::ti:,;,:: 1 .  i!:? acceleration of 

the occupant cornpartpant in the t e s t  as compared with e l  crash events; 

2 .  equivalence of damage produced in the t e s t  and in r e a l i t y ;  and, 3. friquency 

of siltlulated crash event i n  the real worl6, d f  crash events. I t  i s  d i f f i c ~ l  t 

I t  may be arglred t ha t  the spectrun; of .siriiulatio~i techniques and crash 

eventswkfch has been selected i s  t o o  broad. Occupant co~partment a cce l e r a t im  

has been selected because crashwortl~iness desi9n i s  ul t imately related t o  

occupant p ro t ec t~on ;  equivalence of t e s t  d a m g 0 0 r  obvious reasons; and, 

frequency o f  the crash event being s i ~ u l a t e d  i n  order t o  allow t e s t  pro- 

cedures as d ;  i6l .se as a f u l l  -scal e kr!-i:r Ll a s ; ,  and a roof drop t e s t  t o  

be evaluated within the Sam2 franwori:. The f a c t  tha t  accident type f r e -  

quency i s  included ra ther  than merely a statem2nt of accident type adds d 

dimension t o  the evaluation -- t h a t  being t kb2  l i  kel ihood t ha t  the phys i c s~  l y  

simulated event rr,i g i l t  represent a real case. 

A variety of techniques may be prcposed t? compare occupant cornpartrne,~t 

accelerat ions,  The simple, b u t  sonel;lhat a r b i t n a r y  three point ra t ing syster; 

which has been sclected i s :  

1 .  Test docs n o t  produce acceleration of the occupsnt ccn:,partrt;ent; 

2.  Test prcduces a pulse shape w i t h  the basic fea tures  of' the actual 

pulse (sim-ilar hi1 1 s and valleys)  , and reproduces magni tude v!i thin 

30% 

3 .  All aspects of pulse shspe and ?!laze a re  very similar  in d e t a i l ,  

G7,d r,zg,.: .I. J - - 
II I ~ u u e s  6 2  iiiri; vui.y !JY 11.ur t! t l : c i r ~  i C:J: d i  drly p o i n t  i n  t i i i ~ e .  



k Far sbperiot- prcct iure :&!ou;d be t o  periorn an analy t ica l  waveform com- 

parison of tile t\;io pulses t o  i s o l a t e  the degree of d i s to r t ion ,  phase s h i f t s ,  

and amplitude differences which niay e x i s t .  The e f f e c t s  of  occupant com- 

partment acceleration differences on occupant protection could then be 

quant i ta t ive ly  evalcated using any one of severa: man motion nodel s  developed 

a t  HSRI or elsewhere. Pulse shape differences ilave been studied as par t  of 

the evaluation of analog and d i g i t a l  f i l t e r i n g  prsocedures included in  Part  

The equivalence of the  diirnage produced o f fc r s  v i s i b l e  evidence of the 

s imi la r i ty  u f  the crash events and the resul t ing  energy absorption pa t t e r s s .  

The a rb i t r a ry  three point ra t ing  scale which been se lec ted  i s :  

1. Dissimilar pat terns of damage (buck1 ing xodes, regions of large 

de fo r~ : .~ icn  or col lapse ,  locations o f  r jas t - ic  y ie ld ing,  e t c . ,  are 

di i f e r e n i )  . 
2. Generally sinii 1 ar damage pat terns wi t i l o L t t  f a i t h f u l  reproduction 

of a l l  d e t a i l s  (buckling nodes, 1ocai:ibns of msterial  y ie ld ing,  an8 

deformation are the sare but d e t a i l s  of t he  extent  o f  deformtion 

may vary) . 
3,  Similar dair,ase pat terns incl u?ing dctai ;  . 
The frequency a f  the crash event i t s e l f  i s  . I s 0  included in the  rat ing 

scheme. This allovij assessrr.ent of the  payoff o f  s proposed t e s t  procedure 

with respect t o  the overall  col lect ion of x c i d 2 1  t types. Sartple data de- 

scribing accident frequency as a function of direct ion have been obtained 

from HSRI Accident Data Banks and are based on data gathered in  Washtenaw 

County, !.tichi g z n  during the period 1958-1 970 and include 9840 accidents.  
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TABLE 1 ' REVIEW OF IMPACT TES't' PROCEDURES (Page 5 o f  10) 

Type o f  

T e s t s  du!i!:iiy passcn-  

j t a t i c  or 
Dynamic 

'5. SAE J 972. Fu l ly  i n s t r u -  
iloving B a r r i e -  
C o l l i s i o n  Tests .  

i 

1:entod auto-  
mobile o f t e n  
with t e s t  
dur::rny occu- 
pants .  

- 
Confi de.ice 

Lcve? 

3, 3 ,  1  

3, 3, 2. 

Method of 
Loading 

Vehicle  Is  towed 
i n t o  a  b a r r i e r .  
B a r r i e r  i s  con- 
s t r u c t e d   fro:^^ 
r e i * ~ f o r c e c l  con,- 
c r c t e ,  a t  l e a s t  
10 f t .  wide, 5 
ft. high dnd 2 
f t .  t k i c k v i i t h  
200,000 l b .  of  
c a r - t l ~  f i l l  b e h i n c ~ b l e  
b d r r i e r .  
I i a r r i e r  f a c i n g  
i s  3 / 0  ' ~ c h  
p l y i o ~ d .  

- - - 
A f l a t  f a c e d  
moving b a r r i e r  
weighing 4000 
i s  towed i n t o  
the r e a r  of  t h e  
s t a t i o n a r y  ve- 
h i c l e .  The ve- 
h i c l e  r e a c t s  a s  
i t  would on a  
roadway and t h e  
n~oving b a r r i e r  
i s  braked t o  a 
stor;. 

T e s t  . 
Cost 

3 

- 
3 

Typica l  
T e s t  Program 

a .  Vehic le  
c ra=hwor th iness  
deve lop~~!en t .  
b. Occupant 
r e s t r a i n t  systelri 
dcvcl  o;;la:cnt. 
c .  C G I I ! ~  1 i ance 
t e s t i n g .  

' ~ a m c  a s  7. 

I 
,.. IS t Lie 
r i g i d l y  con- 
t r o  l l c d  

Range of 
Loads 

L o ~ d i n g  is  
not  con- 
t r o l l e d .  I t  
i s  a  r e s u l t  
o f  t h e  kine-  
t i c  energy 
of  t h e  ve- 
I ~ i c l e .  The 
iatajurcon- 
t rol  v a r i -  

i s  
t .he$-efore 
il;:r:nct ve- 
1  o ~ i  t y  
~ h i c h  must 
he r i g i d l y  
c o n t r o l l e d .  
?O I I : ; I ~  i s  

,r-pcoii:~~lended. 

Loading i s  
not con- 

1 b . t r o l l e d .  I t  
i s  a  r e s u l t  
o f  t h e  kine-  
t i c  energy 
o f  t h e  
1:ioving bar-  
r i e r  which 
i s  most o f -  
t e n  toiqed 
a t  20 mph. 
The major 
c o n t r o l  
v d r i a b l e  i s  
i~ l lpac t  ve- 
p P c j  t? t ~ : l i ~ h  

3 a t a  G ~ t h e r i n g .  Techniques o f  
Ecyi;-'e'*t Data Analys i s  - -- 

S a ~ c  a s  1. 1 Same az 4. 

i 

---- - I 

S a m  a s  4. Same as 4. 

I 













A sircple tlm point scheme has been selected as an accident  frequency 

indicator:  

1 .  Test procedi~re ref1 ects  the ~ o s t  co-con d i rec t ion  of impact ( f ron ta l  ) . 
Relationship of darcage and in jury  caused by a t e s t  b a r r i e r  crash t o  the real 

accident envirsr,::c;:~t i s  n o t  y$ t  es tab l  i s h ~ d .  

TABLE 2 .  ACCIDEiiT TY FE FRO3ABI LITY 

direction o f  inpact probabi 1 i t y  

front  
r igh t  f ront  oblique 
l e f t  front  ob;ique 

right 1 a te ra l  

l e f t  l a t e ra i  
r ight  rear  oblique 
l e f t  rea.r obl ique 
r e d ~ i ! n d  

2. Test p roccd~re  r e f l e c t s  an uncorrnon accident type. 

The l a s t  colu:~n in Table 1 contains a ra t ing of confidence. I n  eac:: 

case three  nuzbers a re  given. The f i r s t  r esu l t s  from t h e  three  point r a t ip2  

of occupant corn~arci:;cnt accelera t ion,  the second from tne  damage pattern 

ra t ing sche;;,e, and tile l a s t  frorn the accident f r~quency  indicator .  

2 . 3  Conclusions and Obs2rvations - 

The fol loiiii~: i-epresents a col lectioti .of conclusicns and observaticns 

a s  they re la te  t o  the s ix  items included under the statement of Task 4 .  

1 .  The t e s t  sp2cin:ens used in most o f  the procedures a r e  large  

ranging fro71 fu l l y  equipped autoicobi l e s  t'o major sub-structural  

components. Tnis n i g h t  seem t o  maw scale  model t e s t ing  a t t r a c t i v e .  

For a ron:??ere veh i c l e  th5s v!n~!C! be very e x ~ ? ~ " , s I ? ' e  as th: ssp,: ;eta? 

forming techr~iques would  be necessary t o  const ruct  a scale  model as  

a r e  used t o  fabricaJie a f u l l  s ize  vehicle.  Scaled t e s t  specimen5 ".ay 



m .  bc  3;s; u l  ; r ,  st..-.. rc::;;cn~;;t tes t ing  ss has already been 

,: . , , . . , ,  
,. " ; : P ? - [. ! t.,-n a 1 L 

L.. - :15"~:  L . .: , - - . . r .  ,,L t he  present t i r e ,  hol;:ever, 

i t  q p e a r s  t i ~ a t  tk,e pri rmry soiirce of vehicle crash\,orthi ness t e s t  

specimens *;ii 11 be the assembly 1 ine o r  the  prototype shop. 

2 ,  To phy~!cdlly simulate crash loadings i t  i s  necessary t o  possess 

a larg2 r:iergy source. This may b' an accumulated energy source 

c?%pable o f  pWo~rcs:r2d ?el i very (Hy-Ge inpact s leds  and dynamic t e s t ing  

machines), ii towing asse~nbly usual l y  powered by gasoline engines 

capable of imparting a velocity to a c c s t  specinen, screw or hy- 

draulic  powered platens in the case of s t a t i c  t e s t  machines, 

gravity loading applied as an energy source through the mechanisr~ 

of a f a l l ing  veight,  and  any other technique of imparting loads 

o r  m!~ri(!ns t o  an object.  

3. Tecllniques for  retr ieving structural  crash response data from the 

t e s t s  spans the range of e lec t ron~chanica l  motion, veloci ty,  ac- 

celerat ion,  and force transducers a: riel 1 as opt ica l  recording tech- 

niques. The standard i s  t o  record t i l e  dynamic data on FC1 tape f o r  

l a t e r  p)  ~ c e s s i n g .  The event i t s e l f  u ~ ~ ~ a l l y  l a s t s  l e s s  than 1 /2  second 

with a fr?quency content ranging from ?bout  3 cps up t o  a t  most 

10,000 :p: - -  t h i s  l a s t  occurring rarely.  Motion p ic ture  cameras are 

operated ,l:os'i frequently a t  500 fps ,  1090 fps ,  and sornet i~ss  2000 

fps  or more. 

4. Control of s t a t e  varizbles i s  highly important a n d  a pa r t i cu la r  

problein in the fu l l  scale crash t e s t s .  Most experienced impact  

sled crevs a re  able t o  control ir:p?.ct velocity and the deceleration 

f o r  t s a .  r j c r  t c s t  s i t e s  has been a problem in the past.  The best 



technique i s  t o  run the vehicle through a  velocity viindoi.! pr ior  t o  

impact such t ha t  the t e s t  can be aborted i f  velocity i s  not within 

tolerances. Some information on velocity i s  txcessary as the  t e s t  

vehicle i s  being accelerated and s tabi l ized a t  t e s t  speed and 

t h i s  must be fed bzck t o  the towing control .  S t a t i c  and dynamic 

t e s t  machines, properly maintained and cperatz i ,  have a  high level 

o f  .ontr;l available on load and df:;orr:tion rz tes .  

5. The confidence level of a  physical sirriulation technique as a  

r e a l i s t i c  indicator of the crash event can only be estimated 

roughly a t  oest .  I t  i s  cer ta in ly  possible t o  co,npare the f i na l  

damaged s t a t e  of tested vehicles w i  t k l  ar:ciderit-daaaged vehicles.  

A precise comparison of the deceleratioii pulses i s  not ye t  pos- 

s ib le .  Tt~e greates t  problem niay be tha?: inherent i n  a  statement 

nlad~ prsv<ously. "Rela t innc?f~  27 p u ~ c n " L d  ddarnage arid injury 

caused by a  t e s t  ba r r i e r  crash t o  the real accident environment 

i s  not yet: established." Beyond t h i s ,  only a miniscule percen- 

tageof real world accidents are sirii 'lar t o  a f l a t ,  pole, o r  

a n g l ~ :  17r.1.ier t e s t .  Real world accidelits may be even l ess  re la tab le  

t o  the btb.er tes t ing procedures. 

6. Crashviortl iness t e s t ing  i s  expensive. ,111 f u l l  sca le  t e s t s  wi 11 

cost a bare n i n i ~ u n  of $1000. I t  may bf! possible to  conduct scme 
-- o f  the SAF t e s t s  for' l e ss  than $1C00. I he s t a t i c  t e s t s ,  the u n -  

instruwnt-ed t e s t s ,  and the t e s t s  using s t a t i c  and dgnmic t e s t  

machines are  general ly the l e a s t  expensive. 
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physical d a t a  i s  required as input t o  the computer prograns. Second, the output 

generated should bp  comparable with feasible physical measurements wherever 

possible. The fol :owing three studies have been made: 

1. De.Fini ti-,? of  the physical input data requirements for  representati vc 

m d e 1  s eval usted d u r i  r,g th i s  project; 

2. Determinatio~i of the types of o u t p u t  data which a re  produced by 

t n ~  nodelc e i the r  by d i rec t  computatior~ or by post-process procedures; 

a n d ,  

3. Determination of the availabil i ty and  accuracy of experimental tech- 

niques t o  provide input d a t a  for  model ~xecut ion ,and t o  provide dat? 

f ~ r  cc;;zri;on with riod2i O U L P U ,  L: xc l?  as estimation of the o t t e z t s  

of experi cental inaccuracies on the ab i l i t y  t o  conduct ver i f ica t ions  . 
3.1 COr~lPARISOli biT!1/Ei?4 F:ODELING CONCEPTS 

A ser ies  of c,cr,:parisons~f input required and output produced has been 

made betvreen fi:l: ~?~thernatical  crashworthiness models (See Tables 2-6). 

The mechqnisrn used for these comparisons i s  a ser ies  of tables  described 

i n  the text  ~ihich 4-01 lo:/s. The models are those developed by Ernori (Ref, 41, 

IG"1 (CSIfl?, Ref. 5 )  . Battell e (FI.iCCi4, Ref. 6 ) ,  Ca! span (Shieh, Ref. 7 ) ,  and Phi : co- 

Ford (Ycung, Ref. 'I and Kelosh, Ref. 9 ) .  These f ive  models have been selected 

t o  apprcx i~n te  the f ive  ' levels  of inodel sophistication o ~ t l  ined by McIvor 

(Ref. 2 ) ,  The  format used in these tables can be applied t o  other exist ing 

models as well as help in defining ~ o d e l s  fo r  future development and use. 



The 1;:PUT t ? S l e  incl  \ides four  co1 mns  v~i t h  the fo i lov~ing  headings: 

1 , q ~ ~ : : . ~  b j  u J ' >  

2. Source of da t a ,  

3 ,  Techniques fo r  deternii nat ion,  and 

4 .  Accuracy o f  technique,  

The readel- of th is  t a b 1  e wi 11 be ab l e  t o  'determine t he  ease  and accuracy 

of preparing a d;';? z e t  f o r  any of the  models considered.  For any i npu t  

d a t a  quan t i t y ,  t he  source can be an experinlental number, a hypothesis ,  

a guess ,  o r  one in a s e r i e s  of  parameter v a r i a t i o n s .  Poss ib le  techniques 

f o r  determining the var ious  q u a n t i t i e s  a r e  l i s t e d  as  we11 a s  es t imat ions  

o f  t h e i r  accuracy. I f  experience of the  rnoiel uc;er i s  believed t o  be an 

important f a c t o r  i n  conducting a successful  exe r c i s e  of t he  model, this is 

a1 s o  indicated . 
The OUTPUT 1.1!~7e covers two pages f o r  esc$ model and .has  the follow in^ 

headings : 

1 . O u t p u t  q u a t i  t y  , 

2. Mode, 

3 .  Computational technique,  

4. ? resen t?  Lion, 

5. Computati ~ n a l  accuracy, 

6.  Probable ,iccuracy of r e s u l t s ,  

7 .  Re1 ated e x p e r i ~ ~ e n t a l  va r iab les  , 

8. Technique o f  measurexent, 

9 .  Accuracy a f  measuremnt,  and, 

10.  Potent ia l  f o r  v e r i f i c a t i o n .  

I f  a p a r t i  cul a r  output quan t i t y  i s  produced au tona t ica l  l y ,  o p t i o n a l l y ,  o r  

o l -~ iy  usfj-,g j sec ja l  ~ojt- ; j -occssj ;g c2thcds,  t h j s  f a c t  js i n d i c a t e d  

under  ode." T h e  heading "computational technique" r e f e r s  t o  whether t he  



quantity i s  ccrc~uted d i r e c t l y  as a solution t o  the problem (e .g . ,  a 

dependent variable in a system of equations) a n d  also t o  the  numerical 

analysis t o c h n i l u e s  vscL The "presents t i o n "  of o u t p u t  v3y be tab1 es , 

hard-1 ine grachs, p r in te r  p lo t s ,  CRT displays, e t c .  The "computational 

accuracy" of the t?ui::?rical procedures used i n  producing the o u t p u t  i s  a lso  

estimated while "probable accuracy of resui t s "  r e fe r s  t o  the level of 

confidence the user ray have in his resul t s  based cn the input data.  

The second OUTPUT sheet considers the re la t ion  betv!een model o u t p u t  

and experimentally measured data.  I f  physical data can be obtained which 

i s  re la ted  t o  o u t p l l t  q u a n t i ~ i e s ,  t h i s  is  indicdtec' under "related experi- 

mental variables . " The "technique of rneasureme5;" and "accuracy of measure- 

ment" f o r  the physical quant i t ies  i s  also indica:ed. 

The user of ttiese tables has a t  his disposal a l i s t  

of ,.I,+ Uu,p:I ~;ar:',,c,:es, a 1 i s  t of rei a t ? ?  ?xe,rii,~?ntal quan t i t i e s ,  ar,d 

accuracy estim2tes on b o t h  of these. The l a s t  c,~lumn considers the 

"potential fo r  ver i f ica t ion"  f o r  a11 the output quan t i t i e s .  Besides 

being a mechanism fo r  is01 at ing research anci ~evelopnent  needs ~ , i  t h  

respect t o  refined exper iwnta l  measuren~ent and data analysis  procedures 

as elell as advanced post-processing of ~ s d e l  olrtnut, t h i s  l a s t  column 

give the model user an idea of the appl icabi l i ty  of a pa r t i cu la r  simulation 

. to the problm a t  hsncl. In other words, i t  helps hini to  answer the 

fol 1 o:~i n g  question, "Can the niodel es t ina te  improved performance trends,  

explain observed performance with accuracy, provfde the accuracy a n d  

reproduci bi 1 i t y  necessaly in a corripl i ance procedure, or serve as an 

e x p l i c i t  t o o l  in optimizing a design?" 







RELATED 
EXPERI1'4ENTAL 
VAR I A O L  ES 

TECHNIQUE OF 
MEASU2EMENT 

ACCURACY O F  
MEF ;UREMENT 

POTENTIAL F O R  V E R I F I C A I  I O N  

High speed P r o b a b l ~ .  5% 
riiotion p i c t u r e s  

Good. T h e  major  prob?c ln i s  l o c a t i n g  
a t a r g e t  on t h e  i n t a c t  por t io r i  of the 
v e h i c l e .  

TP-ELE 2. EMORI MODEL (Sheet 3 of 3) 



INFUT QUAFJTI'TY SOURCE OF DATA TECHNIQUE FOF! 
DETERMINAT TO,: 

t.- --- ----- 
I 

ACCURACY OF TECHNIQUE 

Di f fe rent i  a1 equa- 
t i o n s  o f  mot;ion i n  
ter:irs of  genc:rzl  i zed 

1 coord:'n12tcs ~ n d  tiine 

n o t  a p p l  i cabl e Analysis 0:- 
p h y s i c a l  p r o b l  ein 

TABLE 3. APPLICATION OF CSMP (Sheet 7 o f  2) 

not a p p l  i c a b l e  

-- 
l-<-j;T:-E-ion o j .  out ,?ut  
: vlri .i , .,c : ~ n d  t a : ) u l  a r  

or. ;?!-int-pl ot pl-esen- 
/ t a t ion  
, - - - 

I 

not a p p l  i cab1  e 
i 

not a p p l  i c a b 1  e 

i 

not a p p l  i cab1  e I 
1 
! 

- 
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Force, defle:tion, 
and def lnct ic l i  r a t e  

OUTPUT QUANTITY 

I 

T A B L E  4.  B A T T E L L E  MODEL (Sheet 4 of 4) 

R E L A T E D  
E X P E R I  illENTAL 
VARIABLES 

Force exer ted 
on masses 
by interconnec- 
t i  ng c~ii:ponc?nts 
and re1 a t i  ve 
notion between 
niasses. 

T E C H N I Q U E  OF 
MEPSUREMENT 

Force wi 11 be 
d i f f i c u l t  t o  measure 
i n  t he  deforming 
energy-absorbers . 
I n  S O I : I ~  ca se s ,  
s t r a i n  gages and 
Force links rnay be 
used. I nd i r ec t  
measurement may be 
possi k l  e by measu- 
r ing  t h e  e f f e c t  of 
the fo r ce  on a nlass 
e l  elncnt usi  ng  
accel  c ro~;  e t e r c  

ACCJRACY O F  
MZA5UREI4ENT 

For we1 1 -defi nea In most cases v e r i f i c ; ~ i i o n  wi'l 02 
energy-absorbing ii i f f i c u l  t a t  bes t .  Prr,':ably :: !e 

-. - 

P O T E N T I A L  FOR VERI  FIC.q,TIOPJ 

elements,  such a s  a 
visccus  shock absorb- 
e r  i n  s e r i e s  w i t h  a 
buniper , fo r ce  and de- 
f l e c t i o n  nleasuremnnts 
should be accura te  w i t h -  
i n  52. For clcfor:?lable 
iliass2s w i t h  q u e ~ t i 0 ~ 1 d b l e  
targ-.- t i  ng and cotl~pl ex 
geoiil2 t r y ?  accuracy 
i s  d i ? f i c u l t  t o  judge. 

gr.satest po tez t i  a1 i s  [ 'or vel.. f i c a t i ( \ n  
of tile impact f o r ce  e:- rtc.,: c. 1 t i l e  
h r r i e r  and t he  resul  !. irlg c!ec. 8 lc r s t i  ,.:? 
o fr the occupant co~:~pal~ lii~et: t . i o r  tun;: ' ? ' y ,  
these  a r e  probably thf.: two m o r , t  i : ~ % p ~ y . -  
t;:nt va r iab l  cs  a1  thou:;;^ occu!.:ri-t ~ 3 ; : ; '  1 ,  k -  
~ n c n t  lllotion i s  1 i n i  tet! t o  one di t-ect :2l-i. 
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In  t h i s  par t  of the r epo r t ,  the content of the tab les  presented in  

sec t ion  3.1 are evaluated in order t o  e s t ab l i sh  the cur ren t  s t a t e  o f  t he  a r t  

of t he  ve r i f i ab i  1 i t y  of crashworthiness node1 predic t ions .  The f i v e  models 

klhich hzve  been se:ected fo r  t h i s  stud;, apprcxiriate the f i v e  sir,111ation 

level  s described by IFJcIvor (Ref. 2) . Hence, th?y represent  the complete 

range o f  sophist icat ion found i n  cur ren t  crashworthiness n-,udols, The 

Emori model represents  Level 1 and c ~ n s i s t s ~ o f  ont rtass and one spring 

descr ibing each vehicle .  CSNP can b2 used t o  ~ ~ ~ l e r r i e n t  Level 1 models and 

possibly Level 2 ~ o d e l s  conzis t ing of lumped m s s e s  and the associated 

interconnected s w i n g  el  enents.  The Bat te l l  e nude1 can be c'l a s s i  f i ed  

sonieplace botv;een Levels 2 and 3 as i t  uses onl:/ a few lumped masses and 

generalized ~ L , ; I .  tances representin! s p x i f i r  {ehicl  e corqonmts .  However, 

r a t h e r  general representat ions o f  component fc r~e-deformst ion  behavicl,- 

can be included. The Shieh r;lodel rnight be usea t o  represent  t o t a l  vehicle  

behavior a t  kve1 3 ,  Hok!ever, i f  a s ing le  ccnlr3nent i s  simulated, the Shieh 

model would be sa t i s f ac to ry  a s  a Level 4 n:.dule. The very general f i n i t e  

e l e ~ e n t  r , ~ d e l  of ik losh  s h o ~ l d  be s a t i i f a c t o r w f  as a Level 5 niodule. 

There a re  two probleins i n  the verif icat ior l  of the Erori n:3del - one with 

input data  and the  oth:r x i t h  experircental teci ,? ique.  The s t ruc tu ra l  crush 

proper t ics  of the vehicle a r e  based  on f i t t i n g  13 curve t o  a co l lec t ion  sf 

crush data  obtainsd in f u l l  s ca l e  t e s t s  and con;?rise one of the ti.:o rriajorsets of 

inpgt  data  quan t i t i e s .  A ve r i f i ca t ion  experiixent involves rr.easure:cent of 

vehicle  aot ion o r  displaceaent of the vehicle r e l a t i v e  t o  a b a r r i e r  o r  another 

vehicle .  Targeting a col lapsing s t ruc tu re  ( k o c ~ i u l l y  t he  occu9ani co:-,:;artxnt 

doe5 I I U L  ~ e f o y i ; ?  exte11s i v e l ?  LI I I~ i:,d i n i d  i115 5Lr-d L 1 i ~ i e  ~ i ; ~ i . i u ~ ~ )  d11d I I , L + ~ ~ L , ~  i 1 . 1 ~ ~  

the  r e su l t i ng  r;;crtion can r e s u l t  i n  a gross ve r i f i ca t ion  a t  bes t .  



The B a t t e l i e  ~ ; c d e l  r e v e a l s  nore  d e t a i i e d  probler i?~ in  v e r i f i c a t i o n .  

f . . \ : ; +  :+ :<. ,t:**c:,. , l L  f 7  < ! . A ? : -  L- ,;l.c,z- J -  r - . v .  ;t.'c,., .'-'. f O i 0  th2  '"^'"-. ', - i  '-.:rr 
i ,  i l I i  - $ 1 1 8 . .  , I ,  . r  I . " . . . .  4 ,. ,.- &a.d &.. L, ,L I  5 .  . ,.>vl .. . -. - 

* I , , .  - j ,  I , , ~  Tcjr3:2 i s  d i f f i c u l t  t o  cbti i in a n d  the  defori,:ation even r;;ore 
. - -  - 7  

59 c:,;",;.,&, ;J,  ' , < , ,  - , ;  ,'.y--\.-,'-;,>' - ! . ' ~ 7 * ' .  -- ' ' . ' -  
- . , - ,  ,, ,>,,, , ;.,, I.,i,,.12r c3:,sjsts c f  a  c p : : ~ t r i ~ i  I i y  r.;,.;';,,, 

0 

l i n k  between two deiori>?ing Kasses.  I t  was es t imated  t h a t  mass d e f l e c t i o n ,  

v e l o c i t y ,  and a c c e l e r a t i o n ,  f o r c e  in enargy-zbsorbing l i n k s ,  a s  well a s  l i n k  

d e f l e c t i o n  could 52 p r e d i c t e d  wi th in  104: a t  hi,?. Using a  mode1 a t  t h e  l e v e l  

of s o p h i s t i c a t i o n  of t h e  B a t t e l l e  i r . o d e l , i t  i s  p o s s i b l e  t o  o b t a i n  i n p u t  d i t a  
I P .  f o r  a  : ; L - i l - c ; ~ i . ~ ~ ; e d  i?*r;n~.c-::ent o f  r a s s e s  2nd  1  ir,ks and t o  des ign  a  v e r i f i -  

c a t i o n  cxperjrcent,  Force measurements w i l l  b~ qery d i f f i c u l t  t o  o b t a i n  i n  th l?  

v e r i f i c a t i m e x p e r i m e n t  excep t  f o r  impact f o r c e  e x e r t e d  on a  b a r r i e r  and de- 

c e l e r a t i o n  of an occupant compartment on t h e  o t h e r  end. F o r t u n a t e l y ,  t h o s e  

are probably  t h e  -i.wo most c r i t i c a l  q u a n t i t i e s .  A t  t h e  p r e s e n t  s t a t e  of t h e  

a r t  i t  should 1 8 3  i o s s i b l e  t o  e s t a b l i s h  aqrecr,*-..lt between p r e d i c t i o n s  and t.psts 

invo lv ing  simp1 i f i e d  s t r u c t u r e s  v,i ih-in a  bac i  :v:presenting 10-25;; of liie s i  g a l  

maximuin amplitude f o r  a  few of t h e  key var iabie :  i f  c a r e f u l  c o n t r o l  is  e x e r t e d  

over  t h e  process i  n j  of both t h e  t e s t  and cc - > l ~ t e r - g e n e r a t e d  d a t a .  

The  Shieh nods1 r e p r e s e n t s  an inc rease  i n  t h e  s o p h i s t i c a t i o n  of i n p u t  d a t a  

r e q u i r e ~ e n t s  a s  a  s t r u c t u r a l  de f in i t - ion  i s  a t t i  .i;cd t o  the  l inkage  b e t w e n  

t h e  mass p o i n t s .  For a v e r i f i c a t i o n  t e s t  u s i n r ~  a s t r u c t u r e  which develops  

we l l -de f ined  hinges i t  should be p o s s ? h l e  t o  r e i u c e  the band o f  u n c e r t a i n t y  

between pr2d ic t ion  and exper i r -an t  t o  10:;. Process ing of t h e  p h o t o x e t r i c  d a t a  

appears  t o  be the  procedure with t h e  g r c a t e s t  p c s s i b i l i  t y  f o r  e r r o r  because 

of i t s  r e l a t i v e l y  undeveloped s t a t e  of t h e  a r t .  I t  does n o t  appear  t o  b? p o s s i b l e  

a t  t h i s  t i ~ : e  vlitho2t f u r t h e r  s tudy  t o  e s t i m a t e  t h e  accuracy  ~ i  t h  ~ lh ic i l  t h e  

Shieh o;cc!?l can reprcduce the r e s u l t s  of a f u l l - s c a l e  unn;odified v e h i c l e  

c r a s h  t e s t .  



I : ~ s c ,  ~f the  co--,ents ii;ade concernin; the  Shieh rindel a r e  a l s o  app l i c ab l e ,  

. .  > . ,  . - - , - - I $ : . : - . -  p ? . . . . * . .  .* .-,-c 
. , ,  Ltd ,. , , - . : ,  . : . . ,... , ,, , . . -..: :.:. --, t o  fk2 h i s h l y  soph'stic?ti.c! 

, , f i n i t e  e l  6,,;2nt represer, iaLi on  of s t ~ - ~ c t z r e  ricce;:ary a s  inpu t  da ta .  The user  

I -  < * %,,, i '!, - .  
of ti:? ,,=,uj;, ;,,;&; ,,,.,, ;,i',f: e ,.., _[,st,-;. c , , \ : , L , . ; : , ~ : ? , .  ; i n i t e  e i e zen t  pr2cfi- 

dures  i n  order  t o  s e l e c t  a represen ta t i cn  with the most l i k e l y  chance f o r  accura te  

reprc2vct ion of s t r 3 c t u r a l  res ronse .  I t  i s  o o s s i t l e  t h a t  t h i s  p r o b l m  may 

be reduced eii t h  the  in;pl ementati on in ths model of s t a t e - o f - t h e - a r t  softkriii*~ 

f o r  a id ing  the  user in s e t t i n g  u p  h i s  inpgt s t r u c t u r a l  g r i d~ lo rk .  Again, i t  
c ,  does riot ui; i ; .=z~* t o  L-=. ~:ssI;!;c ;t t h i s  ti;:? 1,iithout f u r t h e r  study t o  es t imate  

t h e  accuracy k:ith \;hich the  F:elosh r;odel can reproduce t h e  r e s u l t s  of a f u l l -  

s c a l e  unzodified Lzhicle crash t e s t .  In o ther  app l ica t ionr , ,  f i n i t e  element 

models have been used t o  p r ed i c t  s t r u c t u ~ a l  responsei. / i th high accuracy. 

Three addi t ional  iten:s should be fientioned trhich can have a major 

in f  1 uence on t h r  Fccuracy of crashwort l~i  ness *;qnAel p red i c t i ons ,  These a11 

r e l a t e  t o  ine usel- h i m e l f .  First ,  i t  i s  necessary f o r  the computer user  

t o  have experience in using nuzer ical  i n t e g r a t i o ~ ~  procedures and a l s o  t o  have 

f i r s t - hand  knowledse of t h e  s p e c i f i c  program which i s  us ing t he se  proced1l;'cs. 

Second, i t  i s  ncceisary f o r  t!le engineer user t o  have experience with the.lnoie1 

. inpu t  physical p a r m e t e r s  and t h z i r  messurenent. Th i rd ,  i t  usua1:y ~lequire .  t; 

cornpete!rt computer-user-engi nee r  experienced with the p a r t i c u l a r  model t o  

i n t e r p r e t  the o u t p u t  beyond a s ~ p e r f i c i ? ~ l  o v e r v i w .  Thzse. t h r ee  p rope r t i e s  

seldom occur i n  any one i ~ d i v i d u a l  eopiiasiz;ng t h e  tear::ork necessary i n  the  

developn?nt, oq.r?ticn, v e r i f i c a t i o n ,  and app l ica t ion  o f  crashviorthiness 

mati~ematical  r o d e l  s .  

3 . 3  RECO;:::LliCATID;;S TO AiI!,';?,lCE THE STATE OF THE ART OF I.IATHEI;ATlCAL - 
CV,SH!~:O?TrlT;:ESS i l C O E L  'JERIFIASILITY 

Seven reccx::~ciations conclude Par t  3 of t h i s  r e p o r t  based on the  pre- 

ceding tab les  and d i s cus s ions ,  Their  i n t e n t  i s  t o  advance t he  s t a t e  of t h e  a r t  



a ,  pi.;; ; s ic :1  2; :.:i:.;.; ;d;;,b.: v d i . i ? S l e s  wnich r e l a t e  d i r e c t l y  t.o 

measurable physical quant i t ies .  

b. Est;llation of the potential accuracy of the prediction based 

on the accuracy of the input data.  

c. Estimation of f i l t e r  properties of the  data gathering and 

proccszi n g  systtn; to  deteriiiine rodi f ica t ion  of the real physical 

s i q , n ' l  ; 

d .  Estir;lation of f  i  1  t e r  properties of  mode1 computational procedures 

t o  determine modification of the sf gnal described by the  equat io i~s  

of motion; 

e, Deftni t i  on of a  real i s t i c  band "f ag14eer;lent between exper i r ; le~:~?  

r e s ~ l t s  and model prediciisi.ls before the f a c t  based on the 

four preceding s teps .  

2. Crashwor>thi ness nathenatical trodel computer programs should be 

required t o  possess the fo l lo~i ing  three fea tures :  

a ,  Pre;rtocessor subprograms for  aiding in preparation o f  i n p u t  

data (e.g. ,  the  f i n i t e  element grid or  the s t ruc tur ing  of crash 

t e s t  data i n  the appropriate format) ; 

. b. Post;rocessors to  present the output as  variables compatible 

with experir;l?ntalIy obtained data.  

c .  user-oriented docusentation containing rcodel analys is ,  explanation 

of program function,  and detai led user ins t ruc t ions .  

. All three of these fea tures  require considerable research e f f o r t .  Featllre 

" a "  i s  a  d isc ip l ine  in i t s  i n i t i 2 l  s t a b  of  deve!npq>ent ~ h s c h  b z s  been f ~ r c n d  

because of the inp~ i t  requi r e x n t s  of large scale coniputer programs. Feature 



"bH h::s been 1 ars.1 y R F ? ~  ec ted  i n  evel:;:::znt of cc::yutkr pror;i-;:is because 

- , ,  , . , . , .  .. , . . . . .  , . -  
P .  

. ,  ,,,,, ~ n a l y t i  c;l or e x p e ~ * i -  , ,... ;. ,.., Ji: ,,,,. :.., C: ,r.!-,, h ,  r . . . ,3 ;: e i 4 :  - , .  

mental. Feature "c"  i s  a ~ o ~ h e r  d i s c i p l i n e  in  i t s  infancy f o r  which guide l ines  

snou id  LC ck;;;r "+ -  

3 ,  Techniques should be developed f o r  est imating the  overa l l  p rope r t i e s  

( t r a n s f e r  func t ion)  of a system o f  f i l t e r s  i n  s e r i e s  to  a id  in 

quantifying the v e r i f i a b i l i t y  of 2. m d e i  before the f a c t  and the  level  

o f  agrecxent be twen  niodel predict ions a n d  experimental r e s u l t s  

a f t e r  t i i c  f a c t .  ... 

4 .  A body of data on thz force-deformatim p rope r t i e s  of vehic les  ans 

t h e i r  c.xlpoiients should be compiled as  an a i d  t o  crashvrorthiness 

modelers and model u se r s .  

5. Research should be conducted t o  upgrade three-dimensional op t i ca l  . 

posttf  c ; i !  measure~~en t  techniq~ies  30,: ~ f l E  assoc ia ted  comput,er s c f  i !i.:*e 

required to  process the  da ta .  

6. Research e f f o r t s  should be i n i t i a t e d  t o  develop new techniques of 

force  mo3.sliresent rii t h i  n s t r u c t u r e s .  

7 .  Research should be i n i t i a t e d  t o  develsp techniques f o r  ve r i f i ca t ' cn  of 

advanced f i n i  t e  e l  exsnt  model s , 
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The design and conduct of a nieaningiul v e r i f i c a t i o n  experinlent t o  de t e r -  

mine t he  ex ten t  t o  ~ n i c h  a crz.shworthiness ana ly t i c a l  n3de l  p r ed i c t s  rea l  

s t r u c t u r a l  resonse i s  an extremely d i f f i c u l t  problem. Many of the corn- 

pl  exi  t i e s  r e l a t e  r2 a sirbject  Eire2 i;hich ;.,ill r equ i r e  corlsiderabl y more 

research  before ;cscssr:ent of model v e r i f i c z t i o n  can be t o t a l l y  q u a n t i t a t i v e  

r a t h e r  than a qaal i t a t i v e  iileasurei-iient. The sub j ec t  i s  t he  r o l e  of t h e  f i l t e r  

i n  crashworthiness a l ia lyses  and e x p e r i ~ e n t s :  

Three typmi 3;: studies iilust be conducted to gain  understandirig i n  t h i ;  

s u b j e c t  arca: 1 ,  a study o f  t h e  t r a n s f e r  iunct;ons of a n a l y t i c a l ,  numerical ,  

and e l e c t r o ~ i c  f i l t e r i n g  procedures;  2 .  the  a b i l i t y  t o  q u a n t i t a t i v e l y  nieasure 

the  s i m i l a r i t y  of two time-dependent curves which may have been produccd 

using d i f f e r e n t  S i  1 t e r i  n g  procedures ( O n  c , ; e  n?.nd the  f i  1 t e r i  n g  p roce i s rc ;  

may y i e l d  the d i g i t a l  output 'from a co i~~p~cte r  model. On t h e  o the r  hand, they [nay 

be r e l a t e d  t o  e l e c t ron i c  f i l t e r i n g  used in da ta  ga ther ing ,  s t o r age ,  and analy-. 

s i s )  ; and, 3. de$ ; e lop~en t  o f  l og i ca l  procedures t o  es t imate  node? v e r i f i d b i l i  t y  

whi le  the  physical ncdel i s  being chosen a s  r ~ e l l  a s  t o  measure v e r i f i c a t i x  

a f t e r  co:,iputer o i t p u t  h3s been generated (This w i l l  be based on mcc!el prope # -  

t i e s ,  ava i l ab i l  it:~ of input  and ou tpu t ,  and the  accuracy a s  well a s  d e t a i l  o f  

comparison experii . :snts) .  A s tudy of t h i s  nature  wi l l  y i e l d  an a id  t o  the  ex- 

perir;:ental des iynr r ,  t h e  nlathofiatical xode le r ,  t he  hardware designer  from the  

viewpoint t h a t  he can a s se s s  the  s u i t a b i l i t y  of a p a r t i c u l a r  model as a design 

t o o l ,  the  sponsor of coupled experirtental and ana ly t i c a l  research p r o j e c t s ,  

and the  devel o?er o f  ccspl i ance procedures. 

The follo\$:ing t e x t  a t tcmpts  t o  survey b r i e f l y  t h o  types of f i l t e r i n g  

p r u i e s x s  i ~ 1 1  1'13~ i;: r.ei ci ied LO cr.dsil:.iur i;hi I I ~ S S  rlivdei i ng a n d  expet-ii;:eriiation. 



The v:ori.: accc;.rplishea represents a n  i n i t i a l  attenipt a t  defining the scope 

of the f i r s t  two s tudies  outlined above. Demonstrations of the performance 

of spec i f i c  f s l  t e r s  are  included. In addit ion,  means f o r  rat ing f i l t e r  

perforrclance and conparing signals  a re  proposed. This work serves a s  a basis  

f o r  the third t y p e  of study wntioned above ?\nd included in a section of t h i s  

report  covsri n g  recoz~~endat i  ans. 

4.1 C O L L E C i 1 C : I  A::!) TCSr?LATIO:l O F  FILTERIYI: 1 EL6NlQUES 

F i l t e r s  have been grouped according to the following categories:  

1 .  d i g i t a l  f i l t e r s ;  2 .  snoothing operations; 3 .  integrat ion and  d i f f e ren t i a -  

t i o n  procedures; 4 .  ac t ive  e lec t ronic  f i l  t e r s ;  5. analog-to-digi t a l  and 

d i g i t a l  - to-anal og  converters ; 5.  transducers (pa r t i cu la r ly  f o r  measuremect 

of force and acce1:ration) ; 7 .  f i l t e r s  occurrir,; because o f  data trans- 

mission ovsr a distance; 8. signal conditioning equipsent; 9 .  data recording . 

equinrnznt sucl: r Fi.I tape recorders; 1 r). ~12:; playback equipment. i n c l u d i n ~  

the galvanoncters in 1 ight-bean osc i l  lographs ; ' n d ,  11. speci f ica t ions  and 

standards devel cped t o  control f i 1 t e r i  ng procedcres . Assessment of the prop- 

e r t i e s  of a l l  f i l t e r s  included in each of the<:, c lasses  of f i l t e r s  i s  a l a r s ?  

task well beyond t ! ~ e  scope of t h i s  project.  In f a c t ,  e n t i r e  books have beel l  

wri t ten  about f i l  t z r s  in sore of the cz tepr i e : .  Rather, the objective i s  ~3 

show where f i l t e r i n g  \ / i l l  occur in crash~iorthinessanalyses and experiments 

and t o  de:ionstr?te the extent to  which real s t r ~ c t u r a l  behavior may be mssked. 

4.1.1 Digital Fi lsers  

The idea of a d i g i t a l  f i l t e r  i s  t h a t  i t  passes a l l  frequencies, f ,  such 

tha t  i f l< fc  vitoout change and dele tes  a l l  frequencies grea ter  than f, 

where i s  called thc cut-off frequency. I n  mathexatical f o r m  a f i l t e r  

is  d e s c r i h !  by 

c ~ c \ , c ~ c \ u ~ ~ \  
" \ I /  u \ l l " \ ' l  
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H ( f )  i s  t h 2  t r a n s f e r  f u n c t i o n  f o r  t h e  f i l t e r  

For an i d e a l  f i l t e r ,  

s 2 '  Because ci i  y i  t a i  f 1 j i I ,  c , , ~  2 i n  I a n ,  an 

inverse  Four ie r  t r  l c s f o r f i  f o r ~ , u l e t i  o n  i s  used. 

s ( t ) =  jv F ( f ) e  2-i f tdi - C? 

= ~ ~ ~ ( ~ ] ~ ( ~ j ~ ~ " ~ ~ ~ ~ = ~ ( ~ ) * ~ ( ~ )  
- Q  

where g ( t )  i s  t h e  inpu t  f u n c t i o n  o r  d a t a  in t h e  t i n e  domain and h ( t )  i s  

ca l led  the piei;.?+ function. As seen i n  E a i n r l ;  ~n 2 ,  t h e  i d e a l  t r a n s f e r  'ilr!-- 

tiol has a junp discontinxiiy v:hich !;iill cause Gibb ' s  phenomenon. I n  o r d e r  

t o  avoid  th is ,  H(f) c!sst be a p p r o x i ~ a t t d  by a cont inuous  f u n c t i o n  def ined  

f <o 

where f r  i s  called t h e  ter;:i i ie t icn  r e c z ~ n c y .  The  asf iotonic  a e c r e a s i  ng 

f u n c t i o n  used i n  t h i s  for::i~lz",son l e s c r i k 2 s  t h e  r o l l o i f  p r o p e r t i e s  o f  t h e  

filter. 

A d i g i t a l  f i i  t c r  i s  besgd on a d i s c r e t e  d a t e  s e t .  The o u t p u t  of 

Equation 3 can be r r s t ? t ~ z ?  as 
t3 
C 



where 
a 

N i s  the number of \/eights chosen by the user.  

Essentiai ly t h i s  p,?ocess r e f l e c t s  the  f a c t  t h a t  input data around the point 

" " a re  necessal j  t o  describe functional behavior in  order t o  form a basis f o r  n 
the application of the f i l t e r  properties conta.~n?d in  the function "h ."  

where f S  i s  the saap8ng frequency. In te rns  of the t ransfer  functiot; I ? ( f ) ,  

h( t ) = k ( t )  . s in  7 ( f ~ + f c ) t  
IT t 

(7 

A rnore ceiieral ant: corplete description has 5t.n given by Anders jRef.10). 

I n  order t o  Lse the d i g i t a l  f i l t e r  given l r  Equation 5 ,  a s e t  of equally 

spaced data ,  g,, i s  required ~ h i c h  rrusr s a t i s f y  the fo l lo~ i ing  three conditions: 

1 .  i t  a r i ses  fro? a function g ( t )  defining a g e ~ e r a l i z e d  function; 2 .  i t  i s  

band Iinlited; a n d ,  3 .  the desired signal spectruil and the unt;:anted spectrum 

o f  g ( t )  are d i s jo in t .  Besides sa t i s fy ing these conditions, edi t ing of g, 

may be necessary Lecause of n i s s i n g  or "wild points" in  the  s e t .  The most 

comnon przc L i c e  i s  t o  replacii each missin5 0 1 :  1;iild value using a l inea r  

interpo-lation cetl:ieer, t n e  nearest data values on each s ide  o t  the misslng value .  



In  addit icn t c  a data s e t  several  control paraneters must be speci f ied  

* - ,,!. 7 i . r '  . . ,  s 

1 1 2 ) ~ s 2 s i  fl-2cjL;2r,cy , - ^ , which i s  present in  the da ta .  This ' DC 
.. - - - ,  . , I  ' > ,  , ; -1 ,; -., - . . . . 

.is C L , ,  , , -  t J !  , ' L U , . "  L j '  ,r;L,; ,,:;lii I , ;  ci-,E s i , i ; r t ~ s t  period in the d h t a .  

2. Thi. saspling frequency, f s ,  krhicn must be a t  l e a s t  ,f, . 
3. The crrt-off frequency, f c ,  xhich i s  chosen to  be a t  l e a s t  a s  grea t  

as the  highest ircquency of in te res t  present in the data.  

4 The terniination frequency, f, . This should be chosen such t h a t  

e i t h e r  I;J -Frcql;encir, ji9esent in the  data iire in  the in terval  ( f ,  fr ) ,  

o r  frequencies a?;ecring i n  ( f, ) have no s ign i f i can t  amplitude. 

5, The nuxber of weights, 21a t 1 o i  the Cil t e r .  Guidlines on k~eight 

se lec t ion  r u s t  be developed on an individual basis  f o r  each type of f i l t e r .  

Arirong the  rcany d i g i t a l  f i 1  t 2 r s  which have been located ir, the  open 

l i  t e r a t u r e ,  wl::, i 1  have b 2 ~ n  exarined inc: :,il ; n g  the Crmsby f i  1 ter  (~cf~rr-:!:> l o ) ,  

t h e  Martin-Grah;lil; f i l t e r  (Reference lO),the Kaiser f i  1 t e r  ( ~ e f e r e n c e  11) , 

the  Black~an f i  1 t e r  ( ~ e f e r e n c e l 2 ) ,  the Schulz i i l  t e r  (Reference1 a ) ,  and the 

Robinson f i l t - Y .  (Reference 14).  In addition a general formulation o f  the 

processes invclvcd in d i g i t a l  f i l t e r i n g  i s  contained in a book by !:orrison 

(Reference 1 5 ) .  T i i s  subjec t  i s  of grea t  current  research i n t e r e s t  as cvidencxl 

by pub7 ics.tioiis ?;,-3fiating fro:] organizations such as Be1 I Laboratories. 

A session a t  the hpr i?  1973 ree t ing  of the  Acoustical Society of America was 

devoted t o  rel?\tec; topics .  i t  i s  reco~xencied t h a t  a more deta i led  evaluation 

of t h i s  s ~ i b j e c t  be conducted than i s  possible under the current  contract  t o  

e s t a b l i s h  t!-z level of masking of s t ruc tura l  dynanic resonse which may occur 

i n  both analyt ical  procedures and in the d i f f i c u l t  area of s t ruc tu ra l  dynari~ic 

n:easurei:!c,nts. 

TL. .  ) ~ I - . . L - . .  P . . I - . .  C : ? L -  In-r-.. : !!c ! ,l! c !  !:-u: :::;w:,: ! ! LC!. 1 c! Y ! . I ; ~  :.;))IS Lee!? "pd p i Q C e % S  gn!fint \ " -  

data  fro;;) b o t h  cras t?,;,:orthiness and human xot i  on mathec:atical ~roclel s developed 



under I:::'TSF\ c o n t r c c t .  TI.,? t r a r ~ s f e r  func t ion  f o r  t h i s  f i l t e r  i s  given by 
P 

A p l o t  of  t he  ou tpu t - inpu t  

H(f )  

r a t i o  
I 

a s  a f unc t i on  o f  frequency i s  shown 

Figure  1 .  

4 .1 .2  S,?oothina O ~ e r a t i o n s  A- on Diu i t i zed  Data 

Smoothing ope ra t i ons  a r e  o f t e n  performed on a s e t  of  da t a  g(na t )  where n 

i s  t h e  number of a p a r t i c u l a r   ember of t he  s e t  and ~t i s  t h e  t ime increment 

between Kecbers. Tile s im7 le s t  form of snoothing i s  c a r r i e d  ou t  by t h e  d a t a  

u se r  when he plgts. each po in t  on a  graph and t h a  f i t s  a l i n e  through t h e  

po in t s .  There i s  no con t ro l  on t h e  rnathernatic?,l p r o p e r t i e s  o f  t h e  snoothing 

niques  arc a l so  i n  use which remove unwanted i . ~ f o r m a t i o n ,  o f t e n  o f  a  random 

n a t u r e ,   iron^ the d i s c r e t e  s e t .  I t  i s  ohvious t h a t  sn;oothing ope ra t i ons  

and d i g i t a l  f <  1 k r s  possess  t he  s a w  fundanen4;21 mathenat ical  p rope r t i e s  

g.iven i n  t he  prti!ious s e c t i o n  of t h i s  r e p o r t .  

The artifice.! s e p a r a t i o n  of sr;;o?thi n g  ope ra t i ons  fronl d i g i t a l  f i l t e r s  

i n  t h e  p resen t  d i  scuss i  on  r e f1  e c t s  cos:ri:on p r o k 7 m s  u sua l l y  ccnsidered s epa ra t e ly  

in dynsnic  r;;~asurerr:ents. D ig i t a l  r ' i l t e r i  r,g i ;  most often app l ied  t o  rerove 

unwanteci ~ ~ c ~ : I P s c \ ~  con ten t  f r o?  a s igna l  vihich ~ f t e n  o r i g i n a t e d  a s  an analog 

e l e c t r i c a l  s igna l  before  d i g i t i z a t i o n  and d a t a  process inp.  Smoothing i s  

u sua l l y  r e l a t e d  t o  rezoval of randoa observational e r r o r s  in t roduced i n  a  da t a  

p repara t ion  process where a  human i s  an i n t e g r a l  p a r t  of t h e  da ta -ga ther ing  

system o r  where s u b s t a n t i a l  random noise  nay be s u p e r i ~ p o s e d  on the  s i g n a l .  

A "smooth" p l o t  o f  the  resu l  t i  r,g da ta  i s  ger~ercl l ly  rare p a l a t a b l e  t o  t he  pro- 

j e c t  supervi  so? a n d  t o  the  szonsor .  



frequency 

Figure 1 ,  Characterist ics  o f  tkrtin-Gra:taiil Ci gi ta l  Fi l ter  



Several typical techniques for d a t a  s:ioothi ng have been reviewed b r i e f l y .  

On' po;:ll;r t e c h i i i ~ : ~ ~  for s v c r t h i n ~  a secvence o f  d a t s  uses a least-squares 
m 

+- pcllyn?::iel o ? c r  ti.: r:nge j ?? fc rsncr  1 6 ) .  r x : ~ ? l e z  of s-,;gthing forryla are:  



T h 2  f i r s t  t1:3 s e t s  ~f f o r r ~ 1 1 ~ 1 e u s s  i s t r a i c h t  l i n e  t o  approxir;?ate function be- 

! ,..' . . " . .  2 ,  a .  . . 
. . . . . $  C '  - . , , - .  - 1. .. , 

1 . .  . iI\ I ,  " , . :  v , , $  . -  L .  1 ,  t .  r v i , , k  ~ - I I ~ <  d !  - I : ; : - iy~ b L ,  i f , c  i : l j i - d  use. a t i 3 j r * d -  

degree poiynoiziai 2nd shouid provide a be t t e r  f i t  i n  nost cases.  A simple 

versioil i s  irl .:e 2 t  ESi:I fo r  t l i s  i inaiysis c f  hig;? speed photographic data 

gathered during i r ~ i c t  s led t e s t s  (Reference 1 7 ) .  The f i  1 te r ing  propert ies  of 

these three sr::ccthicg c ~ e r a t f o n s  a re  c o r p r e d  by an e x a ~ p l e  in the next 

sec t ion  of t h i s  i - e p ~ r t .  Several standard software packages are  avai l a b l ~ !  i n  

most con~puter systecs.  Two typical routines wi 11 be mentioned which are 

contained in "Lie 1%: Systr:i/359 S c i e n t i f i c  Subroutine Package ( ~ e f e r e n c e  18). 

The f i r s t  i s  sub:cu':ine SI:0 r.:ilich calculates t h t :  smoothed o r  f i l t e r e d  ser ier8 .  

given a time s e r i ~ s  A1 , A 2  ,. . . , Pi , a select iorl  integer L ,  and a weighting n 
s e r i e s  '!I, W2,. . . , him. The smoothed data are  given by 

and L = 2 given select ion int.fger.   o or example, L = 4 applies  weights 

t o  every 4 t h  i  ten of tile time s e r i e s ) .  

rn = number of vieights, an odd integer.  

h = number of i t ens  i n  the time se r i e s .  

Equation ( 1 )  i s  a restat:r?nt of Equatiotl ( 5 )  with t h e  wsights supplied by 

tile program user.  The subroutine EXSI:O provide t r i p l e  exponelitial scoo th ing  

,,:-I A:.," !!:., . --.-..A -: .-82Lhe< sc , - ies  f '  , 52, . , , , 
2 , I X j  

given 2 t i i ' t ,~  . ~ > . ; ; t \ . -  :': ';7 
W l o i l k  + & I  4 C . J  # \ I  ) O L )  . ) . ) 



X arid a s::sothi ri? ccnstcnt '3. T h e  subroutirie has t ~ o  s t s ses  for i - 1 , 2 , .  . . , 
ti x 

a 
, ".' :,A :,<: 2 ,  r ,  , :-:. : , . : L : ? y  ? r , j +'.,, "-' ,;., ' , - '  , . , .  . . , .. ,.,-\ , 2  ,. - , , L  - - . * , . . , , j . , I - ,  . . . .  , . .. i . . . . .. . ., 
r ; 5 S c 2 1 1 . ,  \... - ,  - ,  r. $ r  

I , . , r i2 f i r s t  st;;:: i s  ;: , ; r s r  c - 2  ;srixi i 

The second stage i s  'o update A , B  ,C 
3 \ + I )  (si - X i !  

e =  B + C  -1.r (q)2 ( . l - r * ) ( S ;  -4;) 

whcrecc = a smoothip~c, :.onstant specified by t h e  uycr ( 0 < ~ ~ 1 ) .  

A f inal  represerltative sriloothing techni c;ue, . ! i ~ i ch  has been a p p l  ied io  

automotive safety research involving photogramnetric analys is ,  uses the 

Gaussian d i s t r i  b u t i  on  f~lnct ion t o  esiabl ish a wigh t ing  procedure (Reference 19)  

This method i s  k c - : :  on the f a c t  ' t ha t ,  given F, r.~nt,inuous integrable functin.: 

g ( t )  norm1 ized t o  :at isfy the r e q u i r e ~ e n l  
/&  

J- 4 , 

for any continuc~is i ntesrabl e function f ( t )  

then 24-w T -  T -I- G- c ) (+JZ - - C i (t) 
G--+ 0 - DJ 



T h e  function ~ ( t )  c z n  Lo cb,osen as t!:s Gaussian distr ibution function 
& &  

T\.,;'r A ? - " - 2 -  ' ? ,  , - - "  
L, - , .  , . . . .  % . . - . . ,  C -  > .  c;!;: 1 !!;.:: $.:rj\;?~tj\j?s cf ~ ( t )  , For ex?p,?l e , 

i f  f(r .kt)  i s  t h ~  d i s ? l ~ c ~ c . ? n t ,  i t  can be sr:ootlle:l by Eq~at icn  17.  Velocity 

and acceleration can b2 co;;iputed using Equation 18. The values of o- and 

N depend on t h c  ::xpling ra te  and t h ?  conversence of 

The effect  o f  s:,loothi rig procedures cane'be i 1 lustrated by a frequency versus 

i n p u t / r u t p u t  ra t io  graph in the same marlner as :.,ther f i l  tering procedures. 

Figure 2 shows the characterist ics of the three least-squares procedures 

as applied t o  sink :laves. The sampling frequen!:~ i s  hz'ld fixed a t  approxf- 

mately 5000 sainplcs/second \/hi 15 frequency i s  increased. In othar words a 

samp':e 5 ;  tak::: ewry . 2  mi:;iscconc. '":s 2tci1 half cycle of a 600 c!:, 

sine wave i s  described by about four d a t z  points. I t  should be noted t ha t  the 

f i r s t  degree, I: ree point and the third-degree f ive  point forn~ulae do n o t  

degrade a 6C0 c,;s s igmi  coalponent more t h a n  217:;. Eol;cever, the f i rs t -degree ,  

five-point rnet1,or: is  unsuited t o  handle a 600 c?s signal unless a smaller time 

step i s  used. T i j ' s  appsars logical in t h a t  a l l  5 points on a half-cycle are 

i ncludei in conpu,;ing t h e  f i t .  The third-degrnee technique introduces curva- 

ture  allo!&iir~g a b.itt-=.r f i t  t o  t h e  d a t a  even for t h e  szne number of points. 

Great care ~ u s l  1. taken in choosing sample s izc  and cut off frequency. 

Guidelines should be p~ey,ared fo r  the application of thpse procedures to  

crash:~corthiness t e s t  data reduction. 

4.1.3 Integrstion a n d  Differentiation Procedures -- 

A large v z r i e t y  of integration procedures are in use, each of which has 

i t s  oitn f i l ~ e r  p r o ~ e r t i c s .  Itany of these are available as package sub rou t i~e s  
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in digi  t a 1  coc;?;:cr 1 i b r e r i ~ s  such as 1BI:-SSP ( ~ e f e r e n c e  18) .  Similar in te -  
s 

,.,.-. 4. ; ,  . ,. . -. -'  , . - .  , - , . *  /. _ I . - ,- ..A ! \  % ,  ,,,~ + c, - ' , , _ .  . .  _ . _ . _ , _ i I  : . .  , . , . , - . , , , ,,-. K;: CY',:T'.~:Z~: 2:s ( f o r  SXZZ~I e , 
, " n -  

i,,ilSE\ c;niractat-s s;ch 2s nb , :~  aiici Ca lspan)  fo r  use in special  ized cocputer 
. - , .  - 

pr'L;i+c- :), : , d , b  l ; r l ~ > ,  2;  i i ~ ~ : . , ; i ~ ;  ,G:! ; I . ~ c L , ~ ? J ~ ~ ~ s  51-k fii;t SO CC:;;j[l as "Ley 

tend t o  propagate e r ro r s  in experimental or coaputed data and must be used 

with g r e d t  care. I study should be conducted t o  determine th? s u i t a b i l i t y  

of obtaining h c ~ , l e r a t i o n  data f o r  a r ig id  body based on posi t ion measurements 

taken on the ob:;ct using high-speed motion p ic tures .  This procedure i s  

usual ly  c 2 ~ 3 1 ~ i  \ i i  t ? ~  ;;z;.;,-ii 1:9 2:-scelut-cs b;hi ch a l s o  a c t  as f i  1 k r s .  

A limsted ~v:r;i?r of in tegra t ion  procedures bii 11 be discussed incl uding 

DHPCG, R K 1 ,  QC2,  CSF, a n d  QTFE ( a l l  from ihc i?'.l-SSP Referencela) ,  DIHT 

developed by C a l s ~ a n  (Reference 20 which i s  used i n  crashworthiness models, 

and the  package dcl~eloped a t  HSRI f o r  use with mathercatical crash victim sim- 

ul a to r s .  (Ref~r- . , ice 21 j .  

I n  DHPCG, 1 ? 2  evaluation i s  done by means of Hamming's Piodified predic tor-  

. c o r r e c t o r  ~ e t h o d .  I t  i s  a fourth order method  sing four preceeding points 

f o r  computati-0 of a new vector of the  depende:it var iables .  A fourth order 

Runge-Kutta rethri susgested by Ralston i s  used f o r  adjustnlent of the  i n i t i a l  

incre!iient and fir con;?u"ition of s t 2 r t i  ng values. This subroutine autona- 

t i c a l  l y  ddjuets :.:e inc remnt  during tile computation by halving o r  doubling. 

References 2 2  ana  23 by Ral ston describe the a n ~ l y t i c a l  f ea tc res .  

'The s u b r o u i i ~ ~ e  RS1 in tegra tes  a g i v e n  function using the Runge-Kutta 

tech11iq:re and prccuces t h e  f i  tial computed value or the i n t e g r a l .  The ordinary 

d i f fe ren t i a1  equation 

with i n i t i a l  condition y(g , )=  3, i s  s o l v e d  numerically using a fourth-order 

6 0 



Runpe-Y,ut:e intzprai lon p r o c e s s .  This i s  a si nglc-s';c;) r ,ethod in  which t h e  
s 

I - ,  , 2" . - \ t  ,. -- -" \, ,, , -  js !,--:I t r !  ~ p ; v - , : ~ ; ~ ~  y ,I;., - - , I  i z ? ?  e ? r l : ' ~ r  
v .  

7 1 1 1 ~ ~  yn,l 5 .n-2, ‘/ e t c .  a r s  r,ot us.zc',, The r~l~:gs,nt  f c : . r , ' - '  2 r 2  

where for  s tep  s i ze  h ,  

h - j z , )  12.' hf  ( ~ n + ~  9 Y n -  

The method $ s dcscr , bed in  keference 18, 

Subroutines :dch as QC2, QC3, . . . , GC10, D9G4, DQGS, DqGl2, DqG16, 

DQG24, an3 C Q G 3 Z  pcrforin the integrat ion o f  a given function by Gaussian 

quadrature formulas. 

Gaussian quadre -;re forculas with n = 2 , 3 ,  10 ( o r  n = 4,8,12,16,24,32) 

points a r e  u s ? d  Trznsforning the rangs x ~ a . .  .b in to  t=-1 . . . l  by 

1-. 2 X -  ( a l eb )  3 X - -  - b - a  5 9 - 9  L - t +  
b -A A 

t h e  resu l t  i s  

Using 



I .  
w i t h  c o e i f i c ~ e n t s  A ~ " . ! )  ai,d n o i p s  t ,  K ' ( n o i c  t ha t  tk'"' u e  ere rrotts of 

Legendre po1yno;;:i 21 s of degree n) , tile r e s u l t  i s  the  approximations 

which a r e  exact v :k ,e~ev~r  f ( x )  i s  a polynomial bts t o  t!je degree 2n-1. 

The Ak  ( n )  anc tk(" a re  esyiza~tric with r c q p ~ c t  to  t = 3 

Th is  method i s  described in  Reference 24.  

Subroutine QSF performs the  in tegra t ion  of an eqgidis tant ly  tabula tsd  

function by Sic:psan's ru le .  To c o ~ p u t e  the vector of in tegra l  values lX\ ( x i d x  1 2; a ( x i )  - 
i = I, I., * .  ., n 

I 

f o r  a t ab le  of f ~ n c t i o n  values yi (i-1,2,. . . .n! , given a t  equidis tant  points  

xis(-1 h i  , . n )  , Sim?sonls ru le  togeLirer v i th  ileaton's 3/8 ru le  or 

a combi natio;; b f  these te:o ru les  i s  us2d. Local t runcztion e r ro r  i s  of the  crder  

5 h i n  a l l  cases ~ i t h  t o r e  than three :oints in the given t a b l e .  Only z2 
a 

has a t r u n c a t i o ! ~  w r o r  of the order h '  i f  t h e w  a re  only three points i n  t h e  

g i v e n  t ab le .  NP dcticn tzkes pl;cc i f  the tzbie  cons i s t s  of l e s s  than three  

.sample points .  

The function t o  be integrated i s  assutxed t o  De continuous a n d  d i f f e r e n t i a b l e  

( three  o r  four t i i ~ e s ,  depending on the ru le  used). 

Forillulas used in t h i s  subroutine ( z .  a re  integral  va lues ,  y f u n c t i o n  values)  
J j 

arc I # b 

3 = 2 :  + ;  I ! 2 5  U .  +. & " .  - G . ' C  U .  1 j J - i  
3 \  J j - 1  JJ J J + I  



3 = -2 1, 
+ -  ( j j - -2  + ' + y j . - ,  4 y j )  (Simpson 's  r u l e )  

j j - 1  3 

.' , ' -  .? > - .  ; < . >  .cr % ? ,  

, i? t+ l l ,ds S l i . , . , ? ~ , s f i ' ~  , * ~ I c  < S  1 S o r  h i - -  , , ,  . , , -  " " *  ' U ' , ' .  

T he l o c a l  t r u n c a t j o n  e r r o r s  of t h e  f i r s t  u r  formulae a r e  r e s p e c t i v e l y  

However, these  t r :*nca t ion  e r r o r s  nay accu:ulate. Th i s  method i s  d i s c u s s e d  in 

References 1 P  3115 25.  

Li kevr isr  tnc s u b r o u t i n e  QTFE p e r f o r n : ~  tire i  n tegva t ion  of an e q u i d i s t a n t l y  

t a b u l i i e d  f ~ n c t ~ ~ : ?  by t r a p e z o i d a l  r u l e .  To compute t h e  v e c t o r  o f  i n t e g r a l  

val ues 

f o r  a t a b l e  o f  func t ion  va lues  yi ( i  = 1 , 2 , .  . . , n ) ,  g i v e n  a t  e q u i d i s t a n t  p o i n t s  

a xi = a + ( i - 1 ) ' h  (i = I , ? , .  . . , n )  , tire tr;rezo'dal r u l e  i s  used.  I t  . i s  assu~oed 

t h a t  the funct io i l  t o  be i n t c ~ r - a t n d  i s  cctitinilous arid can bc! d i f f e r e n t i a t e d  



at 1.2s: ::lice. S tz r t ing  v:ith t h 2  i n t e s r i !  value z, = 0 ,  successive in tegra l  

w i t h  a g:vcn increxeilt h o f  ar~u!:.;nt values. A s  local t runcation e r r o r  a t  

each s tep  i s  

the g l o b a l  t r u n r d i i ~ n  e r ro r  R Tn z n  appears as follovis 

where 1 i s  the ? i n g t h  of thewhole  in'L;;i-ation i n t e r v a l .  See Reference 18 

The DINT subrouti~ie developed by Calspan. (Reference 2 0 )  i s  a var iable  

s t ep  intecjratcr \;i;ich re turns  t o  the ca l l ing  prcgran whenever an estinat.: o f  tile 

variable a t  a specif-icd tirile in terval  i s  achiev2d. The in tegra t inn  procedrf-e 

i s  based on a i c i r  p3rm:eter Runge-Kutta technique which has beer; codif ied 

t o  hand:?  exponzntial behavior in each var iable .  The option i s  avai lable  t c  

use a l e a s t  squarc procedure t o  estimate the parameters. Step s i z e  i s  cont ra i led  

by ordered test:  ,In accelerat ion of one hunen body segcent (magnitude and change). 

A fa ' i lure u f  the t e s t s  causes t h d  s t ep  s i z e  t o  t e  halved unless i t  i s  already 

less t h a n  s~ri:e specif ied value in r.ii~ich case i t  i s  not changed. After  a spe- 

c i f i ed  nuzber o f  successful s t eps  a t  a pa r t i cu la r  t i r e  increr?:ent, s t ep  s i z e  

i s  doubled. 





ginera1 purpcie lo::-pass i i  1 ter ing.  The cha r sc te r i s t i c s  of  typical Buttervorth 

f i l t e r s  a r e  snorin in Figure 3. In tile f igure  cutoff frequency i c  i s  der'ir~ed 

as the frequency a t  shich the attenuation i s  - 3dB. I n  general ,  the cutoff  

frequency should be well above the maximum signal frequency f o r  best gain 

accuracy i n  the pass b a n d .  

The Ecssel f i i  t e r  provides exccll2nt phase-.shift 1 ineari  t y ,  b u t  

the axplitude cutoff i s  n o t  a.s sharp as 3l'i.ter.cqrth o r  Tchebyscheff f i l t e r s .  

Bessel f i l t e r s ,  as a group,  are also referred t c  as a type of " l inea r  phase" 

f i l t e r .  These f i l t e r s  will pass rectangular pulses with a minimum of d i s t o r -  

t ion  and w i  t.h a delay time tha t  i s  l inear ly  p w s ? ~ r t i o n a l  t o  the phase-shift  

charac ter is t ic .  i q a t  i s ,  the time delay throug!~ the f i l t e r  i s  almost constayt 

with frequency 3 r d  i s  equal t o  the slope of the f i l t e r  phase cha rac te r i s t i c .  

The overshcot t o  d step input i s  essent ia l ly  zero f o r  Bessel f i l t e r s ,  where 

Tchebyschefi C l t z s  may exhibi t  rip:-2 thar  2"; overshoot. Because of t t ~ ; e  

characteri sti ,cs Bessel f i  1 t e r s  are  sonetimes rl5ed t o  provide time dt.:zjs. 

Bessel f i l t e r s  are also used fo r  low-pass f i  1te:-ing of rectangular wave- 

forms in p u l  se-width moduiation systems, vo?+cce-to-frequency converters ,  and 

simil ar c i r cu i t s .  "Running-average" f i  1 te1.s !)"-ten require a Bessel -type 

response. Gain atd phase Response curves f o r  Tessel f i 1  t e r s  are  shown in 

Figure 4. 

Since phase s h i f t  i s  the parzneter of i n t t ~ e s t  for  a Bessel f i l t e r ,  the  

cutoff frequency f c  i s  d2fined in t?rr?s o f  phas ,  s h i f t .  The frequency a t  

which the phase s h i f t  i s  one-half the maximum phase s h i f t  i s  defined as the 

cutoff frequency f c .  The maxi~lun phase s h i f t  depends d i r e c t l y  upoil the order 

(no. of  poles) o f  t h e  f i l t e r .  For a ~ e s s e l  f i l t e r  of N poles and phase- 

s h i f t  c ( ~ ) ,  
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Figure 4.  Bessel Linear Phase Response 



l'hss ti;. p i - ~ s e  s h i f t  jt cut$?? f r ~ q u e r , c j ~  f  f 9 r . a  5-pole i3esse7 f i l t e r  would 
C 

"pilase constant!' o r  " c ~ l a y  a i  C L ; ~ L ,  , . i~~~~ & c c d l - i b t  < , ? i ~ \ !  ,, (~jiii.32 cons tan t ) ,  

, , f c  siiou'i; i.2 ti;;;; L ' , , ~ c B  iS .... . . . ~ . , I  ,... ,.. , ,  , ,  . i l .+- l l -J .  

Tchebyscheff f i l t e r s  of fer  a  rnaxirr~lrn at tenuation r a t e  beyond c u t o f f ,  

which i s  achietceci s t  the e x r f n s e  of pass barid r i? ; lc  as shos;n in  the r e -  

sponse curves (Figure 5 ) .  tligher attenuation i-atts outside the pass b a n d  a r -  

accornpanicd by correspondi n y  l y  greater  pass band r i  pple. The step response of 

such f i l t e r s  i s  l iyh t iy  dz; , , , , -  ji'i c;. ;;:.-i~c;;~ is. , , ~ ~ i ; ~ , . t ~ ~ r i h  or  Z c ~ s e l  f i l t e r s  

and wil l  exhibi t  considerable overshmt and ri8?ni7g. Tchebyscneff f i l t e r s  i i l .  

excel lent  fo r  matyl audio applicat ions and others  \/here r i p p l e  in tne pass ba \ ,d  

is not irtiportant, b u t  \!here shar? catoff i s  reqiii red. In general ,  Tcheby- 

scheff f i l t e r s  sholrld nct be used \/here good t rkns ient  response i s  important. 

Cutoff fre,que-z' fc i s  defined as the f r ~ q l ~ ~ - . y  a t  which t h e  gain curve f i r e 2  

departs  ~ ' I G I I I  the specif ied ;na>:irnuin r ipple  band. 

Over 1 QO companies manufacture act ive el  eclroni  c f i  1 t e r s  fo r  one or  another 

appl ica t ion .  l4ost of these ?re i i s t e d  in k . , ' ~ rcnce  27. 

4.1.5 Analog t o  Digital 2nd  D i ~ i t a l  to  A n ~ l ~ o  - - Cgnverters 

Much time i s  spent preparin; d z t a  from l d q e - s c a l e  experirients such as 

crash inpact t e s t s  for  revie:.; by the  t e s t  engir;i.-2r and presentation in repor t : .  

The preparation of graphs, r e d u c t i o ~  o f  data ,  reiding o f  s t r i p  recordings of 

analog data ,  e t c . ,  i s  ~ x d e  eas ier  bihin tii? p0;:2r and speed o f  a d ig i t a l  

coriiputer atid i t s  associated o u t p l i t  hzrii;.iare i s  e,:'ployed. This may be done e i t h e r  

by having the analog signal fcd d i rec t ly  t o  a co,nputer o n  l i n e ,  by prepro- 

cessing the data o n t o  dl'c,ita'i ;r,a:netic or papcr tape f o r  l a t e r  computer proces- 

s i n g ,  or  by ccnnecting t o  a  re.:,gt2 tsl e t y r e  tcrrinal . 
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Figure 5. Tchebyclizff Response 



In a11 t h c s e  cases ,  sn 2 x 1 0 ;  to d i g i t a l  ( T i / C )  cocverter i s  required 
* 

4 :  

' I :  i .  ~.~c+EI';,Ls 2i1 c~,;',:j ~i; , ; ; ' l ;  2 .  sz:,;;ies i t  aL a s e t  r i t e ;  and, 

3 .  outputs the signal a s  binary coded data.  As such, an A I D  converter has many 

of the s a r x  f i 1 t e r  propert ies  as the smoothing operations mentioned e a r l i e r  

i n  t h i s  report which a lso  involve d i sc re te  s e t s  of data points .  Many com- 

panies p;odscc k / D  conversion hardware or  coillporients. One system which has 

been developed srac i f  ical  l y  fo r  crash i p c t  s tudies  i s  the  Thomas Ins t ru-  

mentatl'on Recordir~g Analog Digi t izer  E4odel 1720. The spec i f i ca t ions  of the  

Thomas systen kii1 1 be given as an example o-f relevant  A/D converter proper t ies .  

The AC pol:!er rer,ili resent i s  120 AC volts  and :103 t ~ a t t s .  The arnpli tude accuracy 
-I- i 

i s  - 12 of f u l l  sca le  and the accuracy of the  i ~ m p l e  r a t e  i s  -0.1% of the  

se lec ted  ra t e .  This system allows 512 d i f f e r e n t  sample r a t e s  ranging from 

0.1 mi 11 isccorlds t o  12.8 seconds. The input imp~dance i s  T O O K  ohms and 

the  range of  ;kc analog signal i s  + I 9  vcl ts .  

The standard current  output in ter face  of' the  Thomas systefl i s  compatible 

.wi th  an ASR33 teletype.  As such i t  has buil t - i r ,  logic  t o  provide blocks of 

64 characters  bvacketed by car r iage  return/  I i 7~ feed. The d i s c r e t e  output i s  

coded as 8 b i t  binary values transmitted in :.do characters  t o  allow f o r  h i g h  

dens i ty  and hi$.-s?eed output.  Yet, i t  p e r ~ i  .s the  detect ion of output e r r o r s  

by means of even ~ a r i  t y  checks. 

Often tinies i n  data analysis  or tile prepar?tion of graphic output displays 

i t  i s  necessary tu reconstruct an analog signal from the d i g i t a l  form (dig i -  

t a l  t o  iinalog or  D/A conversion). I n  the simplest procedure ( a  zero-order 

conver ter ) ,  the s ignt i  i s  reconstructed e s  a s e r i e s  of s t eps  between sampling 

points .  Fcr a sinusoidal signal the e r ro r  a t  the peak i s  

e = 1 -  C a -  
77- 

f (r / r )  



at;d th? iris"Lntcrieous error  mid:,!?<y h-.t1;:een t1;io s a ~ p l e  points i s  

\.+-l-r: T i~ t l -2  t ; - ~ ! ~ f f ' ; ' ~  cz r icd  ?c:' T i s  t h ?  s x n l e  period. These errors  

can be plotted (Figure 6 ) .  

In a f i rs t -ordzr  D/A converter, the sisnal i s  reconstructed a s e t  of 

1 i near s i  ~ ~ e n t s  joining samp 1 e points . This arocedure greatly reduces the 

e r ro r  ( ~ i g i : * r  7 ) .  A second-order D / A  con,!?rt:r f i t s  three data points w i t h  a 

c;:l;.,dratic equation fc r the r  icproving the resul ts  (Figure 8 ) .  Furtiler improve- 

ments are inherent as the order i s  increased. For a fourth-order converter 

The error ill rcr,l ' l?str~ction i s  less  t h a n  9.::: ior oiily 70 s i impie~/ ' i j i ie  us 

shown in Figure 9. Further de ta i l s  on r econs t r~c t fon  e r ro rs  in d ig i t a l  to  

'analog conversion are found in Reference 28. 

4 .1 .6  ---- Transdv:.ers (Pccel e r o ~ e t e r s ,  Force I.:ei;!!resent, stc .) 

The purpose o f  transducers in crasht:corthi ~ less  t e s t ing  i s  t o  monitor 

physical quanti til;s such as l inear  accelerati G ~ I  and veloci ty ,  angular acceler-  

at ion and vel oci t - f ,  force,  e tc .  Over we-hundr~d ccnipanies manufactu~e 

transducer hardwar-e :.:hich coul ti be used i n the;? applicat ions.  /.lost types of 

these transducers use one of tha ,fo11o\!ing prinriples t o  produce a signal : 

1 .  wire-i.,ound or piezoresistive s t ra in  gaGes; 2 .  piezoelectr ic crystal  ; o r ,  

3. capacitance. In the case of a cce l e ro~e t e r s ,  a sprung mass i s  used t o  load 

the s t ra in  gages, the c rys ta l ,  or the material i n  the capacitor  g a p .  In 

the case of force transducers, the applied load act ivates  similar  types 

of sensing elerents in t h ~  various types o f  transducers. Their f i l t e r  properties 

will be discussed briefly only as applied t o  ~.cceleron;eters. 



Figure 6 ,  Errors Inher -2n t  i n  a Zero-Order D i c i t a l  t o  Analog Converter. 
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iiorrnalized Sample Rate, T / T  Sarnples/Cycle 

Figure 7. Errors Inherent  in  a Firs t -Order  D ig i t a l  t o  Analog Converent 
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Figure 8, Errors Inheren t  i n  a Second-Order D i g i t a l  t o  Ana log  Cornputer 
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Figure 9. Errors Inherent i n  a Third-Order Digi tal  t o  Analog Converter 



Thc four c r i  t z r j  a f o r  j u ? s i n g  tk  f i  1 t e r  properties of accel ero'eters 

( a n d  tr,? citr,i;r t l . ; i i s i u ~ ~ i - j )  a r c  loici frequency response, high frequency response, 

o u t p u t  signal l eve l ,  and phase s h i f t  propert ies.  Low frequency respGnse of 

s t r a i n  gage or capacitance sensing e'lenents i s  excellent  and they may be 

considered f l a t  t o  DC f o r  n;ost practical  purposes. Crystal or piezoelect r ic  

eletrents are n o t  generally sui red fo r  very 1 ow frequency measurements. 

Host are  unrui tab!  e for  s ignals  1 ess than 2-2P her t z  without substantial  

loss in amplitude. 

High frequency response i s  one of the main a t t r i bu t e s  of p iezoelect r ic  

accel crorneter!~ beczuse of the higher natural frequency. However, modern 

p i  ezoresis  t i  ve s t ra in  gage 3nd capaci ifl;s acce I erometers can compete f a ~ o r a t l  y 

i n  ranges sui table  fo r  vehicle crash tes t ing (e.g. an accelerometer w i t h  a 
4- 

range of 250 G's can have a response from 0 t o  2000 hertz - 5 % ) .  The wire strain 

gage ~ l c ~ c n t s  c r c  d i s t i nc t l y  1 imi ted in h i  fib $requency respmse.  

Piezoelect r ic ,  piezoresis t i v e ,  a n d  capacitive e l e ~ e n t s  are most s f t en  

comparable ~ ~ h ~ n  cutput signal i s  considered. A typical 250 G accelerometer might 

have an output of i0/rni 11 ivol ts/ij .  Again, wire s t r a i n  gage accelerometers 

do n o t  have 9 t h  capabi l i ty .  

The c u t p ~ t  phase s h i f t  as a function of fi-equency i s  a major considerat'on 

i n  the s e l ec t i o i~  #) f  acce1eron;eters. I f  the mass i s  damped t o  0.7, l i nea r  

phase s h i f t  i s  possible. i4any piezoresi s t i ve  nd wire s t r a i n  gage acce lero- 

nletxrs can be su;;?l i ed with tlinse propert ies.  Piezoelectr ic acceleroxeters 

a re  usually und~i;;?ed resul t ing in zero phase s t l i f t  over the practical  r're- 

quzncy range. Great care s h o u d d  be taken to pltrchase hardi.:are with knoitrn 

l inear  or  zero pilase s h i f t  charac te r i s t i c s .  I f  th i s  i s  not possible, the phase 

s h i f t  as a f:r~:ction of frcqaency shc2ld t ; ~  spec i f i ed  in order to  allo:.i coinpari- 
- 

sorl u i  d d i d  yd i i l e r t ' d  di vdrious test iaboratories.  1en:peratur-e var ia t ions  can 

cause s i g n i f i c a ~ t  changes in dam~ing coeff ic ient  a n d  thus in l i nea r i t y  of 

phase respcnsp. 



Speci f ic  prc;zt;ies of  typicai acce1erc::eter; a re  i l l u s t r a t e d  in  a s e r i e s  
-. rn 

of f igures  ( 1  0-1 j) I ne response of an o i  1-da~ped piezoresi s t i v e  accelerometer 

i s  shown i n  Figure 10, I t  should be noted t h a t  the  response i s  f l a t  i n  the  low 

frequency range b u t  t h a t  temperature has a considerable e f f e c t  on the  high 

frequency rance. Th-  range of the  a f fec t  on the l i n e ~ r  phase response i s  

i l l u s t r a t ~ d  in F ~ s J : ~  11. :li thout s t a t ing  s p e c i f i c  e r ro r s  the e f f e c t  of l incnr  

phase s h i f t  i s  sb,c::n in F i ~ u r e  12. I t  sllo~ild be noted t h a t  zero phase , h i f t  

wi l l  y i e ld  a curve w i t h  the sail? shape a n d  a m ~ l i t u d e ,  b u t  displaced i n  time. 

A piezoelec t r ic  a c c e l e r o ~ ~ e t e r  depends on the generation of a charge t o  cause 

a s igna l .  As re lease  of charge i s  a t r a n s i e n t  phenonicnon, responsc t o  low 

frequency zxr,"tatign i s  inherently l imited.  Figure 13 can be used in a 

discussion of low frequency response. The 01~t;l.t vol tage from the  accelero-  

meter wi l l  not r e x i n  constant s ince charge i s  d iss ipa ted  when current  

flows Chrc~12h :112 c i r c u i t .  A n  external c?p;.cii::r,ce, C E ,  helps t o  reduce t h ~  

rate of d ~ s y .  icw-frequency response i s  deterrl~ined by the value of tile prc 

duct R L  CT ( c i r c ~ k  t i n e  cons tan t ) ,  in which Ri i s  the  load impedance and C- 
I 

i s  t o t a l  systeiii capacitance. I t  should be noted hoeiever t h a t  a grea t  incr-lsse 

in CE reduces t r a ~ s d u c e r  s e n s i t i v i t y .  Figure 14 shovs a typical  p lo t  of - o ~ t ; ~ t  

and phzse s h i f t  as  a function of frequency. The theore t ica l  1 ON-frequency 

responsc of a p iezoelec t r ic  a c c e l e r ~ s e t e r  with external  capacitance ?rsing 

a charge c?,yplifier i s  shown in F i g ~ r e  15 where f i s  the frequency i n  h e r t z ,  

R i s  the  l o a d  inpcdsnce in  ohzs, an3  C i s  t h e  t o t a l  capacitance in f a ~ a d s .  

References 2 9 ,  33 and 31 contain fu r the r  d e t a i l s .  

.4 .1.7 Data Transrissicn 

The f a c t  t h a t  tk transducer and the recording system a r e  not in the same 
- 

locat ion le2Ss t o  a n  a ~ d d i t i i i n ~ l  s e t  of f i l t e r i n g  p r o y r t i e s  - those of data 

t r ansn i s s ion .  Three types will  be ~ e n t i o n e d :  1 .  Cable losses ;  2 .  t r ibo-  



y= damping  constant  

Rat io  o f  signal  frequency t o  natural  frequency 

Figure 10. Frequency Respons? C h a r a c t e r i s t i c s  o f  an Oil-Da~ped 
Piezoresi s t i  ve Acceleroi:.e~er. 



K k t i  o  of s i g n a l  frequency t o  n a t u r a l  f requency,  

Figure 11. Phase S h i f t  as a Ft inct ion o f  Frequency R a t i o  and D a ~ p i n g  
t a c t o r .  



z,(x, sh i f t ed  by p 2  = ( 2 )  (15 )  = 30') 
- .- - 

Figure 12. Effec t  of Linear Phase S h i f t  



Figure 13. Pie to2 lec t i ?c  Accelerometer,  External Capac i t ance ,  and 
Load Irnpedznce. 



Frequency - Hertz 

.Figure 1 4 .  S ~ 1 : s i  t i v i  t y  a n d  Phase Propert ies o f  a Typ ica l  Piezoelect r ic  
Aic?lero:xter. 



The Quantity, (FRC)  

Figure 15. Lo~J - f r equency  2esponse versus L ~ a d i n g  for Piezoelectric 
- - Acce1eron;zter. 



electricity; a s ? ,  3. t h?  ef- iccts  o f  tcclc:'.;eterit:,g' dsta. 
. . , , -li',:A ' , , ; I '  - . . - - -  . ,  , - ' "...",, ,, u ~ ~ e  i ; r L L r . l , , i s  L I ~ G  i.f i;,,3u.,i~r t o  t:,,, recordi;;; systcr,; 3:ts 2s  a 

capacitor .  The amount of capacitance varies almost d i r ec t l y  w i t h  the length 

of the connecting cable. Therefore, acce1eroil:eter voltage output wi 11 

vary inversely v,i t h  cable l e n ~ t h ,  and with variat ion in cable capacitance 

( n o t  the case i f  a ch i i r~e  arpl i f i e r  i s  used). Oorzon acce1ercn:eier cables 

have capacitances i x t ~ i e e n  20 a n d  30 picofarzds Der foot .  

In the case of  a  crzh ic;pact t e s t ,  the acceleroineter cables a re  subjected 

t o  severe shock. Noise i s  often observed to. be present in such cases which i s  

related t o  the cable i t s e l f .  Apparently th i s  i i  senerated between the cablc 

' conductor and i t s  i i e l e c t r i c .  Cable noise can i-esul t from f r i c t i o n .  !,l s o ,  

momentary separations of the d i e l ec t r i c  and the conductor can cause achange 

i n  the capacitance, and thus ,  a  change in signal level ( t r i boe l ec t r i c i  t y ) .  

In t e s t s  such 5 ~ h e s e ,  low-noise cahlcs j b t c ; , ; d  be used. 

A n  a i iernat ive  t o  the use of umbilical cables i n  crash t e s t s  i s  telemetry 

The signal fron the transducer i s  usually broadcast fron the t e s t  vehicle 
, . 

using an FM transmitter .  I f  s ignals  are combined fo r  transmission and re-  

cordi n g  by mu1 tf  pl exi ng , each signal has a di'f e rent  frequency response poten- 

. . t i a l  based on t h e  ca r r i e r  frequency used fo r  L ~ C ~ I  channel. 
- .  . . .  . 
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. , - 1  ,. , ,  
,,,A[ p ~ ; , s  G; i ,1>2Sc devices ;re t\:o- varying f i  1 t e r  c h a r a c t ~ i ' ; ; ~ ~ ;  L.L. I l , 2  * l t , l v  

f o l d :  1 .  provide an appropr ia te  s ignai  level  t c  dr ive  the  recording 

device ;  and, 2 .  vatch the -impedance o f  the s-!uj:~al source t o  t h a t  o f  the  

recording device. 

: 3 -! . , ..: - 1  .,. Occzsi~ns.1 l y  (: 2:. ' , . ( ,  .. - - .  ~. , , . cl t ~ 3  g r e s t  t o  

be handled by tk  recording system. An a t tenuzto ;  i s  added t o  t he  c i r c u i t  

t o  reduce the  signal l eve l .  This i s  ~ s u a l l y  acrompl isked by adding si-tunt 

capaci tance.  

Many comnol, t ransducers  such a s  accelerometers a r e  desiglied t o  be 

o f f e red  a much b.~;her impedance than i s  offered by most recording devices .  

In t h i s  case i t  i s  necessary. t o  i n s e r t  2 catbqde- follower o r  charge-type 

preampl i f  i e r  betwxn t h e  tr?,nsducer and the recorder .  For higher impedance 

loads a vol tace- type preampl i f ie r  i s  used. /i t.ypica1 device shov~s an 

5 impedance of 10% X 10 o h ~ s  t o  tk,e t ransducer  a n d  gives 10 v o l t s  t o  a 

10 Kohril J r  higher, load.  For 1o:rer inpedar;ce l:l?cls a cur ren t - type  preampl i f i e r  

is used. A typic 11 device shc i . , ~  siinil ar ir,:ped >r,ccs and output  vo l t ages ,  

only i n t o  a lOCO 3i;m or  l e s s  load. 

.A1 thoug h n o t  ~ e n ~ r a l 1 . y  recorr:;$nded, 10 ' i~  pa:s f i  1 t e r s  a r e  sozetimds 

adued t o  tire c i r c i l i t  before t h e  s i cna l  i c  rec9rii .d.  These a c t i v e  e l e c t r o n i c  

f i l t e rs  have taen di scuised previously.  

Many of t h e  cor,i?anies i,i-ti ctl p r c d ~ c e  t r ansd~ ice r s  a1 so provi de s i  gnal 

conditioning ec,:ri:r?nt t o  t e  used with t h e i r  products.  A typ ica l  exanple 

can be provided by t h e  Er:-1-,l~co I-iodel $40 ?BR system arlpl ~ f i e r  f o r  use as 

a s igna l  ccndi t i i ? !~e r  and ~ i : ; ~ l  i f i e r  f o r  p rezo rcs i s t i ve  acce1ero;:etet-s. 



I t  f e a t u r e s  a w i d e  frecjlicncy response ( 0 . 2  t o  50315 H Z ) .  The source  iriipedance 

i s  5003 ohc:, rizxiril~irn, t h e  r e s i s t i v e  load i s  2500 ohin maximum, t h e  o u t p u t  
+ -t 

v o l t a c e  i s  - 10 v o l t s  ~ a x i t w r n ,  e t c .  The f requency res?onse  i s  - 2% from 

0 . 7  tc, S W ?  I - , C ? ' ~ Z  '::ith .;( stan?:.rd f i l t e r  inclvdcd i n  tC.? c i r c t r i t ,  A t  the 

low end, t h e  s i y a l  i s  dolvn 3 d b  a t  0.03 h e r t z  k r i t h  a 6 d > / ~ c t a v e  r o l l o f f ,  

a t  t h e  high end,  tile a c t i v e ,  2 -po le ,  B u t t e r w r t h  f i l t e r  i s  down 3dB a t  

20 kHz  wi th  a 12dl/o;tave r o l l o f f .  The p h a s ~  response o f  th i s  d e v i c e  i s  

silvwn i n  F i g u r e  i S  i n d i c a t i n g  t h e  n e c e s s i ~ y  o4  t a k i n g  i t  i n t o  account  i n  . 

c c r t ~ i n  hi2her  f requency appl i c a t i o n s .  

.- .. 4.1.9  Data Rccor l i rq  - - and Playback 

A condi t ioned s i g n a l  can t a k e  one o f  s e v ~ r a l  r o u t e s .  I t  can be r e -  

corded f o r  l a t e r  playback or i t  can be recorded a s  a per;:!anent v i s u a l  r e c o r d .  

B o t h  t e c h n i q ~ i e , ~  d;e i n  co!nr,on use i n  t h e  ga ther ing  of c r a s h ~ r o r t h i n e s s  

t e s t  d a t a .  A st;r"mary of a f e ~ r . o f  t h e  important  p r o p e r t $ e s ' w i l l  be g iven  

f o r  each o f  -t:l.!c fol lowing record  ar,cl/crr !.~'~c,:;:J;:k systeins: 1. i l rec t  
. . 

record t a p e  reco :der ;  2. FM t z p e  r e c o r d e r ;  3.  d i g i t a l  t z p e  r e c o r d e r ;  

4. l i g h t  beam o s c i l l o g r a p h ;  5 ,  heat pen strir: , h a r t  r e c o r d e r ;  and,  6 .  i n k  

pen s t r i p  chzut  v c o r c i e r .  Each o f  t t .~cse  devi o.5 has a v a r i e t y  of s i g n a l  

nianipulat.ing e l c r  t r o n i c  o r  e lect ro-mechanical  c i r c u i t s  v;!iich a c t  a s  f i  1 t e r s .  

Direct recor:iiny i s  t h e  process  n ~ o s t c o ~ ~ t ~ n l y  used t o  record  aud io  

s i g n a l s .  A1 thougL1 i t  has very high frequency response, i t  i s  d i s t i n c t l y  

l - im~ ted  in t h e  'cq<rer range.  S i g n a l s  with a fr?c,ucncy of 250 Khz can be 

recorded birt ca re  nust be taken t o  firid a Syct~l ' i  liihich can handle s i g n a l s  

l e s s  than  50 hz. D i r e c t  r ecord ing  is  not coir,,r.~r~ly used i n  s t r u c t u r a l  

crashworthi  n s s  t e s t i n g .  

Probably t h e  rr,ost conr:only used techriique i s  the  e i g h t  o r  nine t r a c k  

FII t ape  recorder .  The response i s  very appropi*iate f o r  s:ost c r a s h ~ ; r o r t i ~ i n e s s  



Figure i 6 .  Tyyy c a ?  Phase S h i f t  Character is t ics  o f  Endevco l:odel 4640 
Sig ; l l l  C o n d i t i o n e r .  
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tes t ing  2 n d  c?n ra11ge S'rcr,] 0 .2 t c  10,CCO hz wi ti] l i t t l e  e r r o r .  The tape 

o r  i t  can be ~igitizei f o r  sopiiisticat.c3 co;npu.t.-r processing. 

recording 2nd  other  d ig i t21  procedures. Digi tal  t ape  recording r e s u l t s  i n  a  

taps  which cai: be processcd by a  corputer ,  o r  i n  some l a rge  i n s t a l l a t i o n s ,  

the d ig i t i zed  s:';p~a! can be processcd d i r e c t l y  by the computer while 

t he  t e s t  proceeds, There a r e  several  1  imi ta t ions  t o  frequency resporise which 

might bc cs:.i:i62rcd \;i-~.icn can be soivcd. 

The prin:ar:, i i:iiitation i s  t he  sanlpl ing rat:! of the analog t o  d i g i t a l  

converter .  As t h e  signal ~ u s t  be d i s c r e i i i e d ,  :he same r u l e s  apply a s  

have been discussed ea r i  i e r  i n  t h z  sec t ion  o n  d-igi t a l  f i l t e r s .  Sampling 

r a t e s  a s  high as 100 Kllz a r e  ava i l ab l e .  This corresponds t o  a  s ignal  of 

about 20 Khz b ~ ' , , g  d i s ce rn ib l e ;  The d i g i t i z i n p  systcm being used i n  t he  

HSRI impact s led  laboratory can  sarnple 2'; 5 Khz t o  minimally handle a 

1000 hz signs:, 

A second I i ~ ~ i t a t i o n  i s  r e l a t ed  t o  the  nlechanics of t he  tape recorder  

i t s e l f .  The analcg t o  d i g i t a l  converter samples the analog s ignal  and most 

cornnody producr, a n  e i s h t - b i t  binary cod? f o r  t h e  s igna l .  This i s  

equivalt 'nt  t c  a l ! , ' , s t  a th ree  d i g i t  number, adequate f o r  most piirposes. 

Each e i 9 h t - b i t  gr..up o r  :.lord i s  s t rung across  the  tape.  The words a r e  then 

strung alorr;  the ~ e n g i i i  of ti-ie tape  f o r  l a t e r  plsyback onto a  d i g i t a l  cocputer 

and ana lys is .  Digital  tapes a r e  usual ly l imited t o  1000 B P I  (b i  t s / i n c h ) .  

I f  maxia;um tape speed i s  1 2 0  i n l s e c ,  120,030 b i t s  can be recorded in a  

rea l  t i r e  seccnd. Thi s corr-cspor~d s t o  15,000 ~ ~ o r d s  per second spy-oxinating 

a 3000 hz f i l t e r .  The h s i c  assunlption i s  t h a t  the  analog s ignal  i s  d i g i -  

t i z e d  ar:d f e d  t o  the r e c o r d e r  cont j !xous!y  ;sing ?.!I c h s n n e ! ~ ,  Digit?! 



tape hzrd:.i:re i s  t h ~ s  rz thzr  sevzrcly i i;nit:?d frequency-wise when c o ~ > a r e d  

b , j $ h  y c : :  r',{ , , ,  , - . - P P . - , ~ -  . , !  -,,:rs i,;),:? ; ! - - J  :r : y ~ : ? - t < y , * ~  t c * , ~ i  . . - 7  , c n .  

data when couple,d isiith permanent rcag;;sti:: storiicje -in 2 s:.::ll con,;;uter. 

In t h i s  case,  the d ig i t ized  signal from one or  zany channels i s  f e d  t o  the  

permanent s toragi .  Each channel may have ti ~'psons? of 20 khz i f  i t  i s  

required.  As the storage i s  f i  11 ed, the tape :s f i 11 ed a t  a s l  obrer r a t e ,  - 

Ti-ie d a t a  m r d s  f r ~ z  several c h 3 n ~ ~ ' i s  c.2: ' - r l j  i F  :...<.,,.- " , - -  
. - ,: .-,.,.. thus ssing a 

s ing le  tape to  bkildle as  many channels as  d c s i y c d .  This extremely 

f l e x i b l e  systein ( k  hich could eventua', l y  el  in~irr;. t.e tape e n t i r e l y  in f;:lor 

o f  a portable ~ a g n z t i c  s torage d i sc  pack) i s  probably the best and most 

f l e x i b l e  available today especia l ly  f o r  t e s t s  wnere complex data analysSs i s  

required. 

The l a s t  three types of 'devices t b  he O ~ S C U S S ~ ~  produce a visual recur d 

These are the l i g h t  beam osci l lograph,  the hea .~  pen s t r i p  cha r t ,  and the  ink 

pen s t r i p  chart They are  l i s t e d  in order 5f dscreasing frequency response -. 

0-20 khz fo r  the l i g h t  beam osci l lograph,  0-:5C hz f o r  heat pen s t r i p  

c h a r t s ,  d n d  les: than 5 hz fo r  ink Fan s t r i p  c : ;a r t s .  The frequency response 

i s  1 imi ied  by the mass of the el  ectrori;echzni c ~ l  systen.  Galvano~eters  

f o r  1 i g h t  beam os:il lographs involve mil mot i r~ns  of a n  extremaly 1 i g l ~ t -  

weight mirror ref lec t ing  a bean onto a n x v i n g  s t r i p  o f  l i gh t - sens i t ive  paper. 

The s ty lus  of the heat pen i s  heavier4 and pri,dul:es i t s  t r ace  on heat 

sens i t ive  paper. Th: heaviest and Slo1ii?st i s  the  standard ink p e n ,  

The adv2ntages of tize systec~s are the perrixr;$nce of the record,  especi;lly 
' i n  the czse of the i n k  pen. The disadvantage i s  the  inzb i l i ty  t o  reproduce 

or  analyze the data i n  any other forni once the  record i s  cor:;pleted. Most 
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I Frequency i n  t i2rtz 
1. 

Figure 17. Filter ? r o p e r t i e s  of a C c d p  of Galvanometers 



F i g u r e  18. Transient Distortion Using Galvanometers 



Figure 1 9 .  SAE J211a F i l t e r  S p e c i f i c a t i o t l s  
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SOY:? exac:ples o f  th,e ixpl  ictitioris of SAE J Z l l a  are given i n  Section 4.3 o f  t h i s  

,.,*....,. + % rr,1'* - 
. I ,  . .  .I : 
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and an  o u i p u t  s isnal  , 

The simplest t e c h n i q ~ e  which i s  n:ost o f tx i  used in compar.isons of crash 

t e s t  data involves visual cor:,parison of the t ~ ; o  s ignals .  A simple, but a rb i t r  r y ,  

three point rat ing system could be used in t h i s  ~ y p c  o t  an analys is :  

1 .  TI,? sf , : : ,~ls  a r e  ~ ; s s i ; ; l i l a r ;  

2 .  The sign?.ls agree in t h e i r  basic f ea t  lrc.; ( s imi la r  h i l l s  and v a i l e ; , ~ ) ,  

and the i r  magnitudes a r e  within 302; 

3 .  All aspec'ts of pu1 se shape and  phase arc  very s imi lar  in detai  1 , and 

magnitudks do n o t  vary by more than 10:; a t  any point in  time. 

A r a t ing  of 2 o n  tk.: a h v e  sca le  i s  often cons'??:zd t o  r e f l e c t  good agreerep<. 

between tw 53ts o t  crash t e s t  d a t a .  A rat ing LJ? 3 s t r e t ches  the s t a t e  of the 

a r t  i n  both crash~iorthi  ness t e s t ing  and safety dzt'elopxent t e s t ing  involving 

A potent ia l ly  superior procedure which el inlinates user visual judgement I 5 

to perform an analytical e,aveform con;pdrison o f  :iie tvio pulses t o  i so ld te  the  

degree of d i s to r t ion ,  phase s h i f t s ,  a n d  arpl i  t udk  iiffe!flences which miy e x i s t .  

Bode plots  can bo u s ~ d  t o  study ~ ~ a g n i t u c ~  a n d  ? h a s ?  \.;he11 the crash t e s t  pulse 

i s  extended so i t  can be r e ~ r e s e n t e d  es a ~ e r ' i o d i c  iiinciion a s  sho!,:n in Figure ?O. 

Averag. or c;zan-sc;liare d i s t c r t i o n  can a lso  Sn dete!"iiiined ana ly t i ca l ly .  

L e f t  f ( t )  and g ( t )  be two s ignals  ~ h i c h  a re  t o  be conipared. They can be 

expressed in Fourier se r i e s  as  
- 
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Figure 20. Expansion o f  Crash Test  Puis? t o  a P e r i o d i c  Form 



g ( t )  cons is t  o f  discre t?  s c t s  of d a t a  points ,  thm 14 depends on the n u ~ ~ b e r  of 

data poitits I f  f ( t )  and g ( t )  are continuous, then i t  should be selected 

based on expected freqdency content .  The coe f f i c i en t s  a*, a l  ,... ,a , b  ,... .c?.c., N 

can be coinpilted h ~ e d  e i t h e r  on d i sc re te  o r  contini~ous data s e t s  a s  discussed 

tly y~fi:, :yi;>2rs (,c:: p : ~  a a .-I.- -.-,.#, L . W ? . , ~  . , . .  , 12,?f:rence 1 G  f o r  a typical  reference) .  The 

e r r o r s  inherent in trm~ncation can a l so  be computed and studied which should be 

a standard ;?rocedurqe in signal colnparisons using :his technique. 

The functions f ( t )  and g ( t )  can be r e w i t t e n  as 

where 

-1 Q; . = t a n  - 
1 b; 

Plots  a f  amplitude ra t ios  a n d  phase s h i f t s  (Eode p lo t s )  can then be prepere'd 

t o  conpare basic properties of the t ~ o  s ignals .  Scherilatics of these p lo ts  a re  

shown in Figure 21. 

Another technique f o r  the analy t ica l  co:c?arison of t ~ o  :oiaveforrns i s  through 

the  ncasure of  d i s to r t ion .  Agairr l e t  f ( t )  a n d  g ( t )  be two functions t o  be 

conjpared. I n  t.liic c a c ~  tj:?;~ ?\-p r(~f-i!?nrl_ f e y  n < t c T  2nd 2yn ~ e y :  f 2 r  t \T .  



A ~ ~ p l j t u d e  R a t i o  P l o t  

(+.i-ci) 

1 1 
W l  " 2  (U3 8 0 0 "14 

Phase  S h i f t  P l o t  

Figure 21, Schematic ,O>s:?litude R i i t i o  a n d  Phase S h i f t  P l o t s .  



In  thc case of d iscre te  data a s  might be produced using analy t ica l  procedures 

d e f i n e d  as ',. 
i I 

C 

where N -1- 1 i s  t h z  nuixber of d a t a  points a n d  A t  i s  the  time incrcr:cnt. For 

continuous f u ~ c t i c n s  , 

To accen tua& the co~:parison i ;l terms o f  meiin s q u ~ r e s  , the fo1 1 owing re1 a t i o n s  

can be used for  d i sc re te  data s e t s .  

For continuous dz.ts, 

Tho techniquks jus t  presented a re  intended t o  demonstrate s m e  of the  

r e l a t i v e l y  s i cp le  toc~l  s vhich are  avai lable  f o r  an l ly t i ca l  waveform comparison. 

Several o f  the pote:itial appl ica t ions  of these n rxedures  a re :  1 . development 

o f  an  objec t ive  cwf:edure f o r  c o ~ p a r i s o n s  of t e s t ;  representin; t h e  sane 

physical event; 2 .  developxent of an objective procedure f o r  val idat ing the  

predict ions of math.;in:atical xodels and corre la t ing  the predict ions with t e s t  

resul ts ;  a n d  3. defining range o f  performance c r i t e r i a  f o r  the cont ro l  o f  

s t a t e  var iables  in inipact t e s t s .  



4.3 EXFl;,;:,LE CC:;?AZiSr,!;lS GF FILTER P E R F O ~ : * : ? ~ ; I C E  

In order t o  denonstrate physically how c i  i i e r e n t  f i  1 t e r s  a f f ec t  an 

i n p u t  sign21, a s m l l  ccr32uter progran bras vrritten t o  operate on the pulse 

P = C1 s i n ( ~ ~ t + c ~ ) + ~ ~ s i n ( ~  2 t-k 2 ) + ~ ~ s i n ( ~ ~ t + $ ~ )  + C 4 s i n ( ~ 4 t + + 4 )  

Input data for  t h e  program are  i n i t i a l  and f i l t e r ed  amplitudes ( C l  ,. . . , 
C 4 ) ,  f r sq~ ;enc ies  ( . , ,  pli3seshifi: (; , , * + +  s4 ) ,  and time. O u t p u t  

fron the p r a g r a ~  \/ere tabliiar 1 istirlgs a n d  C?l~;ap plots  of amp1 itucie v:rsus 

time fo r  the f i l t e r ed  pulse. 'The exarnples \,;ere selected t o  i l l u s t r a t e :  

1 .  the range of f i l t e r  perforin~nce allowed ucder SiiE J211a; 2 .  the e f f ec t  

of f i l t e r  hardware on an i n p u t  signal ; 3 ,  t h ~ - - . r ^ f e c t s  generated by differen.; 

types of fii t e r s  on the szEe signal ; 4.  t h 2  e f f c t s  of phase s h i f t ;  a n d ,  

5. the e f f ec t s  o f  ser ies  f i l t e r i n s .  

The baseline t e s t  pulse shol;rn in Figure 22 'is represented by the formula 

P 35t3.?.,!,5t).t2j~.ilj('i5t)i-12.5si n(593-1.:.1"5si n(50+3t) 

This pulse contains many features of crash dcceierat ion pulses found in the 

l i t e r a t u r e .  The fundazental frequency i s  5 hertz.  The resul t ing sine wave 

r i s e s  t o  an amplitude of 25G's a t  503s and i s  i ~ d u c e d  t o  zero a t  IOOms. 

A th i rd  harmonic cor;ponent (15 hertz)  i s  sup2rl'~~posed v:hich suppresses the  id- 

d l e  o f  the 5 hertz p?rl se yielding a signal vri t ' ~  two peaks reminiscent of cr-ast~ 
-. 

pulses. the 50 and 500 hertz pulses sample the frequency spectrum in ranses often 

yielding r.:ajor conipone:~ts of t h e  crash pulse. hrxplitude i s  reduced t o  12.5Gis 

f o r  these co:;:ponents. 

Figure 23 shoiis the resu l t s  vrhen the SAE J211a f i l t e r  lirnits ( c lass  

60 f i l  t c r )  a re  applied t o  t h e  baseline pulse. I t  should be noted t h a t  the 

upper bound on the Clzss 60 f i l t e r  has l i t t l e  e f f ec t  even o n  the 500 hertz 

pulse Docau5e of the grad931  r o l l o f f .  A substantial  d r o p  i n  average anipli- 

tude can bc noted xhen the 10:ier l i ~ i t  i s  applied as r e p r ~ s e n t ~ d  hy t h p  d n t t ~ r j  

l i n e  o n  Figure 23. 



TINE, SEC 

Figure 22. Baseline Example T 2 s t  Pulse 



TIME, SEC. 

Figure 23. l'pper a n d  Lo:ier SAE J211a Fi lke l -  L i i n i t s  Applied t o  Baseline 
Pulse.  



Figure 24 sholi/s ';hc e f f e c t  of a 3-pole Eessel f i l t e r  with a 60 hertz 

cutoff  freqvency on t h o  b2seline p ~ t l s e .  The amplitude and phase resDonse of 

quency coqponent 2nd the nearly l inear  phase s h i f t  of the pulse  can be noted. 

The phase s h i f t  ~ z s t  b? kno\,;n accurately i f  dat? from accelerczeters  subject  

to  the variety o f  f i l t e r s  inherent in any e l ~ c t \ o n i c  data ac?uis i t ion  system 

a re  t o  be t i L e  correls;t?d w i t h  high spee;! i;s:i~r'i picture da ta .  The phese .shi f t  

in t h i s  e x a ~ ; l l e  is about 7~1s. 

Figure 25 coKpares the f i l t e r i n g  of the 60 hertz Bessel f i l t e r  described 

above with t h a t  of a  3-pole Butter~:oj th f i l t e i  ;iith a 60 hertz cu to f f .  These 

tbra types of f i l t e r s  a re  in corzon use a t  crash t e s t  f a c i l i t i e s .  The charzc- 

t e r i s t i c s  of the 7uttervrorth f i l t e r  are shol+!n in Figure 3. THe Butterworth 

f i l t e r  has a s h a r p r  r o l l o i f  but i t s  phase s h i f t  propert ies  are not as l i n e a r  
r e v  as the Bessrl , ; ~ . i c r .  The aiife;4e;:c:s 3r.z ~ . ~ s . i l j ,  cbzerved i n  rigurc 25 i n  . ; : h t  

the phase s h i f t s  a re  d i f f e r e n t  f o r  t h e  two f i i t : r s  and the 50 hertz osc i l l a t ion  

i s  suppressed mare in the Bessel f i l t e r  than th,. ~ u t t e r ~ o t ~ t h  even though 60 , 

hertz has been selected as the cutoff value. 

Figure 26 and 27 evaluate the e f fec t  of r i ~ a s e  s h i f t  on f i l t e r  performance. 

Figure 26 sho1(;s the perforinance of the 60 he r t i  Zessel f i l t e r  with i t s  nearly 

l inea r  phase s h i f t  a s  a  dotted 1 inc. Ths solid l i n e  on the  curve represents 

the same changes i n  anlpl itlide of the f o i ~ r  s'ine csmponents o f e  t h e  baseline 

pulse b u t  ~ ! i t h  zero phase s h i f t .  I t  should hc roted tha t  sor~:e f i l t e r  hardv:are 

i s  b u i l t  with zero phzse s h i f t  and a lso  tha t  mzny d i g i t a l  coxputer processes 

y i e ld  zero phase s h i f t ,  The shape of the p ~ l s e  i s  affected by the presence 

o r  lack of a phase s h i f t  a s  i s  shobrn in Figure 2 7 .  That f igure  suparinposes 

the t ~ o  curves to  i l lustr i i te  t h i s  mjs r  e f fec t .  

The  a~p!ica.ticn of f i l t e r s  i n  se r i e s  c?r!lle.d t o  d i f f e r e n t  verc innc n f  

the sanx t e s t  data.  A hypothetical case \/iic;.rc !.his mzy occu)-  i s  i n  t h e  plsy-  

back of t e s t  d s t a .  F i r s t ,  a n  " * ! n f i i  tered" si,;r,;,l i s  recorded o n  t ~ p c .  



Baseline 
____- 60 hertz Bessel F i l t e r  

TIFIE, SEC. 

Figure 2 4 .  E f f e c t  o f  Bessel 6Nie r t z  F i l t e r  on Easeline Signal. 



TIME, SEC. 

-- 
Figure 25. Effec.; o f  Bessel and  Butter:rortll 100 hertz Fi l ters  on Bhseline 

S i g n a l .  



Zero Piiase Sh i f t  
----- Linear Phase Sh i f t  

Figure 26. Co~parison o f  Eessel 60 hertz F i  : re rs  with Linear and  Zero 
Phase S h i f t .  



- Phase S h i f t  
----- Zero Phase S h i f t  

Figure 27, Super~osi t ion  o f  Bessel 60 hertz Fi!.;ers w i t h  a n d  w i t h o u t  Phase 
S l l i f t  t o  Silc~,: tile E f f e c t  011 i iave S i ~ ~ i i ~ e .  



, Second, i t  i s  played through a f i l t e r  into a l i gh t  bearn oscillograph where 

a quickly-c~btained record can be reviei.ied often published s?rbsequently in 

the oe?n  l i t e r a t ~ l r ? ) .  Third, i t  i s  ~ l a y d  t h ~ ~ u y h  t h 2  f i l t e r  t o  a corncuter 

f o r  d igi t iz ing and zny one of many proced~res  fo r  data analys is .  I t  i s  

doubtful ,  hxever ,  i f  t h z  d ig i t a l  prsccdilres y i e l d  t he  same reccrd or f i l t e r  

the signal in t h e  s?n:z rxnn?r as the galvzncmters in the osci llograpn. 

Figure: 23 ? I  C1 2 9  : , h ~ : ' i  t h 2  e-r-'scts of sc r i es  f i l t z r i n g  v ~ i t h  a Bessel 60 hertz 

f i l t e r .  The incre2sed phcscl s h i f t  a n d  t h e  s l i gh t  ai-cplitude reduction a re  

apparent in the so1:'d l ine of Figure 28 and .in the superposition of the waves 

i n  F i g u r c  29. 

Soze conclusions can be drawn on the basis of these simple examples. 

The f i r s t  conclusicn i s  t ha t  c lea r  understanding must be demonstrated o n  t.[r~ 

par t  of crash t e s t  engineers and data analysts  of the  amplitude and phase char- 

a c t e r ' s t i c s  of the i ~d ' v idua?  filtc;.;  ii: 2.:; zcquisftion and analy>is 

system. I ne second conclusioi~ i s  t ha t  speci f ica t ions  more complete t h a n  

SAE J211a, which ices  n o t  include requirements on phase s h i f t ,  should be 

developed t o  pro 1-idc t e s t  data of su f f i c ien t  c l a r i t y  .:or comparison with t he  

predictions of mc,lk?~atical cras hwr th i  ness nodel s .  



F i  l t e red  T w i c e  
------ F i  1 tzred Once 

TIF,lE, SEC.  

F i g u r e  28. E i i ? c t  on Baseline Pulse o f  O n  and Two Applications o f  a 
Bessel 1 0 0  hertz F i l t e r .  



TINE,  SEC. 

Figure 29. S ~ i p e r p o s i t i o n  o f  One a n d  Tvio Appl ' lca t i  ons o f  a Bessel 100 
h e r t z  Fi l ter  t o  tile Bzselice Pulse. 





4 .  Analyt ical  t2ci:ni;lies s l?o~l ld  i;. ds9;eloped for kiaveform cornparison 

and a:,:pi i ttide c h s ~ i ~ e .  These procedures could  be used in developing 
. , 

s ; i ~ i f  i i a i ~ i . ~  c f  ti;? accu;..azy ; ; , - t~ci i  i;;ust be drn;onstrated by an 

ana ly t i ca l  model i n  p r ed i c t i ng  a physical event. 



~ ~ : ~ ~ 1 ~ ~ i ~ : , ~  Y , ,I,,,,.. , -  I- - 3 : i l  o n  ti,? rl:aiua"iion o f  tile s t a t e  of t h a  z r t  

. . G.y . . -  - . . ,- - . , 
> .  , L & < - ,  : ,  - ,  L , , ;  "-: L.:.*: ,,., - . , ,  :: ..k ;;,.,i.:;: is folio\;=: 

1. Techniques for retr ieving structural  crash response data from 

t e s t s  s p n  the range  of electron~echanical motion, veloci ty,  accelera- 

tiour, ;:A fdrce transducers a s  we1 1 as optical recording techniques. 

2. Cor~ t ro~  of s t a t e  variablss  such as i n p a c t  velocity i s  highly impor- 

tzilt i~;! :? q ~ ' - i . i - w ~ -  ,,-, L ! L , i i ; . ~  pr. : l rn iin f g l l  sc;lt. crash t e s t s .  

3. The ccrlfidence level of a phys.ica1 sim~llat ion technique as a 

real is t ic  indicator  of the crash e v e t 1 2 a n  only be estimated roughly 

a t  best.  Two of the reasons for  t h i s  z r e  t h e  var ie ty  of real world 

accident s i tua t ions  and the lack of c r i t e r i a  f o r  comparison of data 

gather54 in d i f fe ren t '  t e s t s .  

4 .  Crash~iflr thiness tes t ing  i s  expeiisive, usually costing a minimum 

o f  $1000 foi* simple substructural con?~nsn t  t e s t s .  

Recomrn~nSdf,ioils on the relat ionship of physical tes t ing  t o  mathematical 

crash:.!orthiness r:sdel ins are sutxarized as fo l l  oivs: 

1 .  Guide1 ; r?s  fo r  ver i f ica t ion  expcrinents should be develo?ed which 

define a real i5t ir .  band  of expected agreenient betwen experirnental r e su l t s  and 

model preaictions ',?szd or1 the accuracy of riiodel input data as well as f i l t e r  

properties o f  the s ~ s t ~ r n s  producing b o t h  ths expsrinental and the cozlputer- 

generated dz  t a  . 
2 .  Crash:.rortl\iness ~:odel ccfiputer prograrns should i nc1 ude user-oriented 

preprocessor subpragrams f c r  aiding in the preparation of input data and post- 

processor sub-progr:l,,ns to  present output in a forn co:!?ati'ble with experixental 

data. 



3 .  Techniq~12s sho213 be d.velcj;.ed f o r  e s t i m t i n g  the  overall  propert ies  

quant i fy in ;  tc? v e r i i i a i i i  i t y  c f  a n;adel before the f a c t  and the level 

.,.. . -  
0.' ,,, :, ,,,, Y-.vILC~i , i \ l ~ i  ; I - E ~ ~ C L ~ C I : S  and ex;erin;ental r e s u l t s  a f t e r  

the f a c t .  

4,  A body o f  data on the force-deformation proper t ies  of vehicles 

and t h e i r  co:nponents should be con~piled as  an a id  t o  crashworthipes; 

modelers and m d e l  users .  

$ ,  i,c,,., l i . . - C  ,n s , ~ ) ~  , - , , -  I c L? cc;;~;ic';ed t o  u;,;r:de op t i ca l  techniques fo r  three-  

dirnens'oi~cl position ~ e a s u r e n e n t  a ~ c i  tile associated computer data- 

processi :,g sof tirare. 

6 .  Research should be i n i t i a t e d  to  develor~ new techniques of force 

measurem~nt wi th in  s t ruc tures .  

7. Rese?r;h should be i n i t i a t e d  t o  d ~ \ f m ! r p  techniques f o r  ver i f  ica':! 1.1 

u i advdzced f i n i t e  el enient model s . 
In conductins t h i s  study the irtportance of f i l t e r i n g  both experimental 

and conputer-=-3nerated data became apparent and resul ted  i n  four additiona! 

s. 

I .  Develor catalog of speci f ica t ions  for  analy.tica1 procedures 

such as 'ntegrat ion and  d i f ferent ia t ior ;  as \:el1 a s  f o r  a l l  types of 

e1ect ron. i~  a ~ d  trznsducer harduare used in crashv!orthiness. t e s t s .  

2. Because t i l t e r s  a re  in s e r i e s  5 n  an analysis  or an experinlent, a 

f- i l  t e r  system s p e c i f i c ~ t i o n  should be developed which includes the 

e f fec t s  of a l l  f i l t e r s  in the analysis  or the experiment. The functions 

of a speci f ica t ion  o f  t h i s  type wou ld  be t o :  a .  assiyn f i l t e r i n g  .- 
l imi t s  t o  analyiiczl and experirientzl proct.durcs; and, b .  ease the  

expected between an  experinent and a n;athexaCical predict ion.  



3 .  E x j s i i n ;  ~ ; l  I , 2 L L  cr s- - - : c '  , I C ' ~ ~ G ! I S  S ~ C I I  as  SkE J211a sho~ld be updated 

arid ~ ' A ~ : : ~ L &  :LO ' i i i c i d i e  irli: e f fkc -2s  o f  prIdse s h i f t  afid d i s t o r t i o n .  

4 .  Analyt ical  technicjues should be developed f o r  waveform comparison 

in order  t o  nutnerically d e f i n e  the  degree  of d i s t o r t i o n ,  phase s h i f t ,  

and ariiplitude change. These procedures could be used i n  developing 

s p e c i f i c z t i o n s  o f  t h e  accuracy v;hi ch n s t  be dernonst.rated by an 

c ~ a l y t i r 3 1  m3del i n  predicting a phgs i ca l  e v e n t .  
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