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Task 4 of thz study, "Modeling, Sirulation aad Verification of Impact
Dynamics," posed five questions directly and one question indirectly to define
the state of the art of crasaworthiness testing. These are:

1. HWhat techniques are used to cvbtain tect specimens?

2. Hhaf techniques are used for physic~iiy simulating crash loading?

3. MWhat techniques are used for retrieving structural crash response

data from physical tests?

4. How are state variable controlled and the data retrieved from

a test?
5. Mhat is the confidence level of physical simulation techniques
as a vealistic indication of the crash event?

6. Huw doos nne verify the predictions of a crashworthincss mathzmatical

modei using test procedures?

The first five of these items are discus.ad in Part 2 of this report,
"State of the Art of Impact Testing." The a.proach used has been to combine
similar testing methods, data acquisition precedures, and data analysis
procedures and present the state of the art o* impact testing in the compact
package necessary for developing an overview.

Several questions arose when the subject of confidence level of physical
simulation technicues was gonsidered. The rivimary one was a basic guestion,
"How does one compare the results of twoe impact events, whether they be
experiment, computer prediction or real world crash?" The answer to this
question is basic to developing quantitative measures of confidence in
test results. Its answer is also basic to verification of crashworthiness
computer models by test, the subject of Question 6 above. As part of the

attempt to answor this question, it was foun:d necessary to study how real data



is altercd eitnzr by a caia gathering/processing systsm or by computational
Processes in a conpdter pregean.

The chapter on physical test techniques is therefore supplemented by
two additional chapters designéd to probe further the state of the art of
physical testing. Part 3 shows the relationship between mathematical crashworthi-
ness modeling and physical testing and also where the relationship needs to be
strengthened. Parrt 4 reports the results of a preliminary study of filtering and
signal comparision. Recommendations and cénc]usions reached elsewhere in the
report are summarized in Part 5. This report "ias been prepared simultaneously
with References 1, 2, and 3 to form the total report for NHTSA Contract No.

DOT-HS-031-2-481, "Modeling, Simulation and Verification and Impact Dynamics."
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1. Techniques for obtaining test specimens;
2. Techniques for physically simulating crash loading;
3. Technigues for retrieving structural crash response data from
physical tests;
4. Control of state variables in the test and data retrieval systems
relative to the state variables. —
5. Confidenze level of physical simulation techniques as a realistic
indication of the crash event; and,
6. Assessment of the economics of the various forms of crash testing
and ouner empirical structural crash simulation techniques.
TWo .proaches might be proposed for conducting a study such as this.
The first is to obtain detailed information abcut every test facility, testing
technique, aad all related hardware which is in use at the present time. This .
obviously wonld bz an immense task and easily be beyond the scope of the entire
budget for thic project. The result would be several large volumes of infor-
‘ mation in the form of a compendium which could serve as a reference document.
The second approach is to lump similar testing methods, data acquisition
procedures, and cata analysis procecures together and present the étaterof-the
art of impact testing in a compect package which is more suitable for
developing an overview. This second anproach has been zdooted for the curren:
]
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eucstion, "Umat Toorirs g Toen?2t ey dogt o meencturs desionsed to dunlicate

a potential dynamic structural crash event is inclucad. Thus static tests

designed to reproduce siructural damace which may occur in a crash should

(7

'..Q

be considered. This breadtn is justitied because of the relevance and use
of both stutic and dynzmic test procedures in che gathering of input data for
use with mathematical crashworthiness rodels.

Seven classes of testing techniques relating to crashworthiness assess-
ment have been evaiuated including:

1. impact sleds such as those used in industry (Ford, GM, Chrysler,

American lotors. Eaton, etc.), research orcanizations (HSRI, WSI,

Calspan, Scuthwest Research Institute, Dvnamic Science, Trans-

portaticn Research Centcr, cie.). 2rd the government (Air Force,

Army and tavy installations). Three classes of sleds are included

in the tabulation: deceleration, acceleration, and impact with
rebound.

2. flat, pole and angle barriers. A1l barriers are lumped together

because of the general similarity of oropulsion and data acquisition
techniquas.

3. SAE test procedures (JS57a, J850a, J9v2, J996, J374, J367, and

J980).  Thzse cover roliover tests, barrier tests, inverted vehicle

drop tests, car roof crush tests, deor system crush tests, and bumper

[Tp)]

evaluzticn tcavs. Sowa ars dvninic and scme static but all involve
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Passenger Cars), i3S 215 (Exterior Protection - Passenger Cars), and
MVSS 216 (Roof Crusn resistance - Passenger Cars).

Motor Vehicle Safetv Standards. Only one additional motor vehicle

safety standard has been included in this review -- MVSS 208.
The testing procedures are similar to those mentioned previously
but the data retrieval and analysis procedures are very specific.

Vehicle crushers., Although a vehicle crusher is a subset of static

test technicues. it has been included in this list because of its
importance in obtaining input data for certain mathematical crash-
worthiness rodzls.

Dynamic Testing Machines. These are standard laboratory devices or

macihincs i . the cepability of applvinu ~/namic loads. They are
included to compare their potential for load magnitude, load rate,
and specimen size with the other procedures. The facility at HSRI
is incluced as a specific example.

Static Testina Machinas. These are standard laboratory devices for

applying lo.ds and deformations to structures and materials in a
highly contro'led, but very slow, wmanner. “hey are included as a
class for comrarison with the other types o7 procedures particularly
relative to lcad and speciven size capadilitcies.

Evaluation Schers for Each Testina Procedure

Each one ¢7 thzsz

(4]

rnig.es nas been rated with respect to ten items

-
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4. Method of loading (e.g. specimen accelerated to a test velocity,

spaciran loeded statically between platens, etc.);

5. Panoe of leoads;

6. Equipment used. for data gathering and retrieval;

7. Techniques of data analysis;

8. Estimated test cost;

9. Typicai test programs;

10. Confidenze level of physical simulation technique.

Although the various classes of testing techniques have been discussed
previously it ramains to provide a description of the tabulation relative
to other items such as test cost and confidence level. The classification
of test cost is a simple 1, 2, or 3 rating:

1

cost less than $50.
£ = cost lotween $50 and'$1000.

3 = cost greater than $1000.

. The idea is to ciassify tests costs as: 1. minimal - requiring only a few
man-hours .and *nexpensive test fixtures and test pieces; 2. moderate
requiring more than one person to accomplish the'test and probably more than
one day total eapsed time as well as relatively expensive test fixtures and
specimens; and, U. expensive requiring major management decisions as to man-
hours to be experded and hardware to be used.

" The remaining item is to classify the confidence level of physical
simﬁ]ation techniques as a realistic indication of crash events. In order
to accomplish this it’is necessary to define what is meant by "physical simu-
lation techniques" and "crash events" as well as to develop a measure of

“confidence." Physical sinulation techniques and crash events have been

defined in the broadest sense to include seven types of physical simulation




techniques and all types of crash events renavdless of direction and velocity

of irpact.
Throo $42~s5 con bo rrenond o S of tho confidznce leve
one may develep for a particular toot proczfvrar 1. the acceleration of

the occupant compartment in the test as compared with real crash events;

2. equivalence of damage produced in the test and in reality; and, 3. freguency
of simulated crash event in the real world of crash events. It is difficult

to attach numarical rating schemas Lo 70~ three 1U07s.

It may be argued that the spectrum of -simulation techniques and crash
eventswhich has been selected is too broad. Cccupant compartment acceleration
has been selected because crashworthiness désign is ultimately related to
occupant protection; equivalence of test camage for obvious reascns; and,
frequency of the crash event being simulated in order tp allow test pro-
cedures as Civerse as a full-scale harricr crasi and a roof drop test to
be evaluated within the same framework. The fact that accident type fre-
quency is included rather than merely a statemant of accident type adds «
dimension to the evaluation -- that being the 1ike1ihoéd that the physicaily
simulated event might represent a real case.

A variety of techniques may be preoposed o compare occupant compartmeat
accelerations. The simple, but somewhat arbit-ary three point rating syster
which has been selected is:

1. Test does not produce acceleration of the occupant compartment;

2. Test produces a pulse shape with the basic features of the actual

pulse (similar hills and valleys), and reproduces magnitude within
30%
3. A1l aspects of pulse shape and phace are very similar in detail,

- m I . X .

- - & - - R - .. B v Aar v . . . .
aind magnitudes ¢o not vary by wore than 1C7 al any point in time.




A far superior procedure wouid be to pervtorm an analytical waveform com-
parison of the two pulses to isolate the degree of distortion, phase shifts,
and amplitude differences which may exist. The effects of occupant com-
partment acceleration differences on occupant protection could then be
quantitatively evaluated using any one of several man motion models developed
at HSRI or e]seﬁhere. Pulse shape differences have been studied as part of
the evaluation of analog and digital filtering procedures included in Part
4, X

The equivalence of the damage produced offers visible evidence of the
similarity of the crash events and the resulting energy absorption patterns.
The arbitrary three point rating scale which hac been selected is:

1. Dissimilar patterns of damage (buckling modes, regions of large
deformzticn or collapse, locations of riastic yieiding, etc., are
different).

2. Generally similar damage patterns withoot faithful reproduction
of all details (buckling modes, locatiuns of material yielding, ane
deformation are the same but details of the extent of deformation
may vary). .

3.. Similar damage patterns including detai’.

The frequency of the crash event itself is "1so included in the rating
scheme. This allows assessrent of the payoff of a proposed test procedure
with respect to the overall collection of accideit types. Sample data de-
scribing accident frequency as a function of direction have been obtained
from HSRI Accident Data Banks and are based on data gathered in Washtenaw

County, Michigan during the period 1958-1970 and include 9840 accidents.
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TABLE 1°

REVIEW OF IMPACT TES" PROCEDURES (Page 5 of 10)

Type of Static or Method of Range of |Data wathering- Techniques of Test Typical Confidence
Testing Technique |Test Specimens | Dynamic Loading Loads Ecuirme it Data Analysis Cost Test Program Leve!
L —
7. SAE J €50 (a) Motor vehicles |[Dynamic |Vehicle 1s towed [Loeding is |[Same as 4. Same a¢ 4. 3 a. Vehicle 3, 3,1
Barrier Collision [often including into a barrier. [not con- crashworthiness
Tests dumny passen- Barrier is con- (trolled. It development.
gers., structed from is a result b. Occupant
reinforced con~ |of the kine+ restraint system
crete, at least |tic encrgy development.,
10 ft. wide, 5 of the ve- c. Compliance
ft. high and 2 [(hicle. The testing.
ft. thick with |juajor con-
200,000 1b. of trol vari-
earth fi1l behindable is
barrier. thevefore
Sarrier facing [inpact ve-
is 3/4 "ncin Tocity
plywood. which must
be rigidly
controlled,
| 20 wph is
{ recommnended. h
| -~ - —_ S
1
{8. SAE J 972. Fully instru- |Dynamic |A flat faced Loading is [Same as 4. Same as 4. 3 Same as 7. 3, 3, 2.
iloving Barrie- rented auto- moving barrier |not con-

Collision Tests.

nobile often
with test
dummy occu-
pants.

weighing 4000 1b.
is towed into
the rear of the
stationary ve-
hicle. The ve-
hicle reacts as
it would on a
roadway and the
moving barrier
is braked to a
ston.

trolled. It
is a result
of the kine-
tic energy
of the
moving bar-
rier which
is most of-
ten towed

at 20 mph.
The major
control
variable is
impact ve-
Tecity «hich
LISt oe
rigidly con-
trolled
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A simple two point scheme has been selected as an accident frequency

indicator:

1.

Test procedure reflects the most common direction of impact (frontal).

Relationship of damage and injury caused by a test barrier crash to the real

accident envirormzat is not yet established.

2.

TABLE 2. ACCIDENT TYPE PROBABILITY

direction of impact probability
front 39%
right front cblique - 15.8%
left front obiiaue 14.2%
right lateral 5.4%
left lateral 4.9%
right rear oblique 2.4%
left rear oblique 2.4%
rearand 2.3%

Test procedure reflects an uncommon accident type.

The last column in Table 1 contains a rating of confidence. In eac:

case three numbers are given. The first results from the three point ratiry

of occupant comparunent acceleration, the second from the damage pattern

rating scheme, and the last from the accident fraquency indicator.

2.3 Conclusiors and Qbservations

The following represents a collection -of conclusicns and observaticns

as they relate to the six items included under the statement of Task 4.

1.

The test specimens used in most of the procedures are large
ranging from fully equipped automobiles to major sub-structural

components. Tnis might seem to make scale modal testing attractive.

For a complere vehicle this wou:d be very expensive a

ct

c hn
-~ v

forming techniques would be necessary to construct a scale model as

are used to fabricate a full size vehicle. Scaled test specimens ~ay
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2.

be useful ir scw2 conponent testing as has already been

Cootastio. . 0 Liwoczze of burpers, At the prasent time, however,

it appears that the primary source of vehicle crashworthiness test
specimens will be the assembly line or the prototype shop.

To physically simulate crash loadings it is necessary to possess

a large energy source. This may bz an accumulated energy source
cepable of progrermad delivery (Hy-Ge impact sleds and dynamic testing
machines), a towing assembly usually powered by gasoline engines
capable of imparting a velocity to a cusi specimen, screw or hy-
draulic powered platens in the case of static test machines,

gravity 'oading applied as an energy source through the mechanism

of 8 falling weight, and any other technique of imparting loads

or motions to an ohject.

Techniques for retrieving structural crash response data from the
tests spans the range of electromschanical motion, velocity, ac-
celeration, and force transducers as well as opiica1 recording tech-
niques. The standard is to record the dynamic data on FM tape for
later prncessing. The event itself usvally lasts less than 1/2 second
with a fraquency content ranging from ¢bout 3 cps up to at most

10,000 cps -~ this last occurring rareiy. Motion picture cameras are
operated nost frequently at 500 fps, 1000 fps, and sometimes 2000

fps or more.

Control of state variables is highly important and a particular
problem in the full scale crash tests. Most experienced impact

sled crews are able to control immact velocity and the deceleration
pulse wilh nigh acuracy. A

for ba.rier test sites has been a problem in the past. The best
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technique is to run the vehicle through a velocity window prior to
jmpact such that the test can be aborted if velocity is not within
tolerances. Some information on velocity is nececsary as the test
vehicle is being accelerated and stabilized at test speed and

this must be fed back to the towing control. Static and dynamic
test machines, properly maintained and cperated, have a high level
of .ontrol available on load and dnformation rates.

The confidence level of a physical simulation technique as a
realistic indicator of the crash event can only be estimated
roughly at oest. It is certainly possible to conpare the final
damaged state of tested vehicles with accident-damaged vehicles.

A precise comparison of the deceleration pulses is not yet pos-

sible. The greatest problem may be that inherent in a statement
made previously. "Relationchin o7 potential damage.and injury
caused by a test barrier crash to the rzal accident environment
is not vet established." Beyond this. only a miniscule percen-
tage Of reé] world accidents are siniiar to a f]at, pole, or
angle Larrier test. Real world accidents may be even less relatable
to the other testing procedures.

Crashwort! iness testing is expensive. .11 full scale tests will
cost a bare minimum of $1000. It may be possible to conduct some
of the SAF tests for less than $1000. The static tests, the un-
instrumanted tests, and the tests using static and dynamic test

machines are generally the least expensive.
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3.0 THE NEED FNR PHYSICAL TESTING
* TN THE UST MND VERTFICATION 0F
RATHIDATICAL CRASHLORTHINESS "COELS
Frysicad testing s daciaataly invelved »ith modeling procedures.  First,
physical data is reguired as input to the computer programs. Second, the output
generated should be comparable wfth feasible physical measurements wherever
possible. The following three studies have been made:

1. Definiticn of the physical input data requirements for representativce
models evaluated during this project;

2. Determination of the types of outpuz data which are produced by
the models either by direct computation or by post-process procedures;
and,

3. Determination of the availability and accuracy of experimental tech-
niques to provide input data for model xecution and to provide datﬁ‘
for comparison with modai outpu. oz we'l as estimation of the ertects
of experirental inaccuracies on the ability to conduct verifications.

3.1 COMPARISON boTWEEN 1MODELING CONCEPTS
A seriés of ~omparisonsof input required and output produced has been
made between fivc mmathematical crashworthiness models (See Tables 2-6).
The mechanism used for these comparisons is a series of tables described
in the text which “ollows. The models are those developed by Emori (Ref. 4),
IBM (CSHP, Ref. E). Battelle (FMCCH, Ref. 6), Calspan (Shfeh, Ref. 7), and Pnilco-
Ford (Young, Ref. 9 and Melosh, Ref. 9). These five models have been selected
to approximate the five levels of model sophistication outlined by McIvor
(Ref. 2), The format used in these tables can be applied to other existing

models as well as help in defining models for future development and use.
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The
1..
2.
3.

4.

INPUT teble includes four columns with the following headings:
Diput gquaneiy,s

Source of data,

Techniques for determination, and

Accuracy of technique.

The reader of this table will be able to determine the ease and accuracy

of preparing a da’» set for any of the models considered. For any input

data quantity, the source can be an experimental number, a hypothesis,

a guess,

or one in a series of parameter variations. Possible techniques

for determining the various quantities are listed as well as estimations

of their

accuracy. If experience of the model user is believed to be an

important factor in conducting a successful exercise of the model, this is

also indi
The

headings:
1.
2.

9.
10.

cated.

OUTPUT “able covers two pages for e2ch model and.has the following

Output quantity,

Mode,

Computational technique,
’resentacion,

Computational accuracy,
Probable accuracy of results,
Related experimental variables,
Technique of measurement;
Accuracy of meésurement, and,

Potential for verification.

If a particular output quantity is produced automatically, optionally, or

only usin

under "mo

G special post-processing me
de." The heading "computational technique" refers to whether the

- 23




quantity is computed directly as a solution to the problem (e.g., a
devendent variable in a system of eaquations) and also to the numerical
analysis techniaues used, The "presentation" of output may be tables,
hard-line agraphs, printer plots, CRT displays, etc. The "computational
accuracy" of the numerical procedures used in producing the output is also
estimated while "probable accuracy of resuits" refers to the level of
confidence the user may have in his results based cn the input data.

The second OUTPUT sheet considers the relation between model output
and experimentally measured data. If physical data can be obtained which
is related to output quantities, this is indicatec under “"related experi-
mental variables." The "technique of measurement® and "accuracy of measure-
ment" for the physical quantities is also indica‘ed.

The user of these tables has at his disposal a list
of cutput variucies, a list of related experinental quantities, and
accuracy estimates on both of these. The last calumn considers the
"potential for verification" for all the output quantities. Besides
being a mechanism for isolating research and ievelopment needs with
respect to refined experimental measurement and data analysis procedures
as well as advanced post-processing of model outnut, this last column
give the model user an idea of the applicability of a particular simulation
to the problem at hand. In other words, it helps him to answer the
following question, "Can the model estimate improved performance trends,
explain observed performance with accuracy, provide the accuracy and
reproducibility necessary in a compliance procedure, or serve as an

explicit tool in optimizing a design?"
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displacement
‘of venhicle

motion pictures

QUTPUT QUANTITY RELATED TECHNIQUE OF ACCURACY OF POTENTIAL FOR VERIFICATION
EXPERIMENTAL MEASUREMENT MEF SUREMENT
VARIABLES

A](t), x2(t) - Same High speed Probably 5% Good. The major problcm is locating

a target on the intact portion of the
vehicle.

£2

TABLE 2. EMORI MODEL (Sheet 3 of 3)




INPUT QUANTITY SOURCE OF DATA TECHNIQUE FOR ACCURACY OF TECHNIQUE
DETERMINATTO.N
L —
Differential equa- Anatysis orv not applicable not applicable
tions of motion 1in physical problem
terms of gencralijzed .
coordinates end time
derivatives
 Physical corstants Experiments or not applicable not applicable
in enuitions hypothesis .
Tnitial conditions Experiments or not applicadle not applicabTe
on ceneralized hypothasis
coovdinantes
SeTection of” soTution Experience w'th not applicahle not applicabTle
procedure anc its physical system
accuracy and its behavior )
V' Salction of outout Deperds on purpose not apnliceble not applicabTe
tovari o.2c znd tehular of simulation
©or print-plot oresen-
|_tation

~no
[@e]

TABLE 3.

APPLICATION OF CSMP- (Sheet 1 of
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OUTPUT QUANTITY RELATED TECHNIQUE OF ACCJRACY OF POTENTIAL FOR VERIFICATION
EXPERIMENTAL MEASUREMENT MEASUREMENT
VARIABLES
Force, defleztion, Force exerted | Force will be For well-defined In most cases verific~iion wi'l be
and deflecticn rate | on masses difficult to measure lenergy-absorbing difficult at best. Prchably 1
of energy absorbers | by interconnec-| in the deforming elements, such as a greoatest potential is for ver ficatino
ting components| energy-absorbers. visceous shock absorb- of the impact force e rtcl ¢ the
and relative In some cases, er in series with a barrier and the resulting dec 'lerati-
motion between | strain gages and bumper, force and de- of the occupant compar.ment. oriuna 2
masses. force links may be [flection measurements these are probably the two me.t dwrpor
uscd. Indirect shculd be accurate with- |tent variables althousn occur it cour -
measurement may be  |in 5%. For deformable ment motion is limited to onc direct!
possitle by measu- nassas with questionable
ring the effect of |targa2ting and complex
the force on a mass |geoimtry, accuracy
element using 1s difficult to judge.
acceleroneters

€€

TABLE 4. BATTELLE MODEL (Sheet 4 of 4)
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3.2 VERITICATION OF THE ACCURACY CF CRASHUORTHINESS IJDEL PREDICTION

Clincit Simie Ui 1 Al

In this part of the report, the content of the tables presented in
section 3.1 are evaluated in order to establish the current state of the art
of the verifiability of crashworthiness model predictions. The five models
which have been selected for this study approximate the five simulation
levels described by Mclvor (Ref. 2). Hence, thoy represent the complete
range of sophistication found in current crashworthiness models. The
Emori model represents Level 1 and consists of one mass and one spring
describing each vehicle. CSMP can be used to mplement Level 1 models and
possibly Level 2 models consisting of lumped masses and the associated
interconnected snrring elements. The Battelle model can be classified
somzplace between Levels 2 and 3 as it uses only a few lumped masses and
generalized rcesiziances representino specifir vehicle components. However,
rather general representations of component fcvee-deformation behavior
can be included. The Shieh model might be usea to represent total vehicle
behavior atlevel 3. Hovever, if a single ccmronent is simulated, the Shieh
model would be satisfactory as a Level 4 mcdule. The very general finite
element rodel of i'elosh should be satisfactor as a Level 5 module.

There are two problems in the verificaticn of the Emori model - one with
input data and the other with experimental techiique. The structural crush
properties of the vehicle are based on fitting a curve to a collection of
crush data obtained in full scale tests and comprise one of the two majorsets of
input data quantities. A verification experiment involves measurenent of
vehicle motion or displacement of the vehicle relative to a barrier or another
vehicle. Targeting a collapsing structure (hopofully the occupant compartment
does not deformextiensively and iainiains straicht Tine motion) and measur ing

the resulting motion can result in a gross verification at best.
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The Battelle nodel reveals more detailed problems in verification.

fondn 4 8
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toochioin Torce-
links. ine force is difficult to cbtain and the defori:ation even more

SO CanoCially wala Wz cnzvrgy-asioioing menber consists of a geomelriciily clugica
1ink between two deforming masses. It was estimated that mass deflection,
velocity, and acceleration, force in ensrgy-absorbing links, as well as link
deflection could ba predicted within 10% at be.t. Using a model at the Tlevel

of sophistication of the Battelle model, it is possible to obtain input data

for a well-defined errangement of masses and lirks and to design a verifi-

cation experiment. Force measurements will be veey difficult to obtain in tha
verificatimexperiment except for impact force exerted on a barrier and de-
celeration of an occupant compartment on the other end. Fortunately, those

are probably the iwo most critical quantities. At the present state of the

art it should i .ossible to establish agrezm.t between predictions and fests
involving simplifiad structures within a band representing 10-25% of wne signal
maximum amplitude for a few of the key variabiec if careful control is exerted

over the processing of both the test and ccrpuier-generated data.

D

The Shieh modal represents an increase in the sophistication of input data
requirements as a structural definition is atts.ned to the linkage between
the mass points. For a verification test using a structure which develops
well-defined hinges it should be possihle to reduce the band of uncertainty
between pradiction and experimant to 10%. Processing of the photometric data
appears to be the procedure with the greatest pcssibility for error because
of itsrelativelyundeveloped state of the art. It does not appear to be possible
at this time without further study to estimate the accuracy with which the
Shieh model can reproduce the results of a full-scale unmodified vehicle

crash test,
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'gst of the com=ents made concerning the Shieh model are also applicable,

%

Lo L. oLl fon MBedosiY ogooozatoroloezs to the hichly sophisticated
finite elejent representation of structure necessary as input data. The user

0F THE 1ei05h o4E) wudD H3VE EavEnst.o €Ll ionce with Tinite element prece-
dures in order to select a representation with the most 1ikely chance for accurate
reproduction of structural response. It is possible that this problem may

be reduced with the implementation in the model of state-of-the-art software

for aiding the user in setting up his input structural gridwork. Again, it

does not appear to e possible at this time without further study to estimate

the accuracy with vhich the Melosh model can reproduce the results of a full-
“scale unmodified \chicle crash test. In other applications, finite element
models have been used to predict structural response With high accuracy.

Three additional items should be mentioned which can have a major
influence on the 2ccuracy of crashworthiness =~.el predictions. These all
relate to tne user himself. First, it is necessarv for the computer user
to have experience in using numerical integration procedures and also to have
first-hand knowledge of the specific program which is using these procedries.
Second, it 1s necessary for the engineer user to have experience with the-iouel
input physical paremeters and their measurement. Third, it usually requires a
competent computer-user-engineer experienced with the particular model to
interpret the output beyend a superficial overview. These three properties
seldom occur in any one individual emphasizﬁng the teamwork necessary in the
development, operaticn, verification, and application of crashworthiness
mathematical models.

3.3 RECONI'ENDATIONS TO ADVA‘CE THE STATE OF THE ART OF MATHEMATICAL

CRASHYWORTHINESS MODEL VERIFIABILITY

Seven recomnzndations conclude Part 3 of this report based on the pre-

ceding tables and discussions. Their intent is to advance the state of the art
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of mathena

1.

tical crashworthiness model vecifiability.

oo fop - oot veoificrtion ogerioonts should be deve
Provision of noacl cutpul variables which relate directly to
measurable physical quantities.

Estimation of the potential accuracy of the prediction based

on the accuracy of the input data.

Estimation of filter properties of the data gathering and
procescing system to determine modification of the real physical
siani;

Estimation of filter properties of model computational procedures
to determine modification of the signal described by the equations
of motion;

Definition of a realisticband ~f agreement between experimer sl
resuilts and model prediciicas before the fact based on the

four preceding steps.

Crashworthiness mathematical model computer programs should be

requirea to possess the following three features:

a'

Presrocessor  subprograms for aiding in preparation of input
data (e.g., the finite element grid or the structuring of crasn
test data in the appropriate format);

Postprocessors to present the output as variables compatible

with experimenta]]y'obtained data.

User-oriented documentation containing model analysis, explanation

of program function, and detailed user instructions.

A11 three of these features require considerable research effort. Feature

"a" is a discipline in its initial state of develonment which has been forced

because of the input requirements of large scale computer programs. Feature
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"b' has been largzly nezlected in development of computer progrens because

N e~ 9

mental.

K PSR - TP I S L3 A " PR
izal sUraiiwiog OF riillich iowas as eitlcr analytical or experi-

)
-

Feature “c" is anotner discipline in its infancy for which guidelines

shouid be Geveicped.

3.

Techniques should be developed for estimating the overall properties
(transfer function) of a system of filters in series to aid in
quantifying the verifiability of a model before the fact and the level
of agrecient between model predictions and experimental results

after ihe fact. -

A body of data on the force-deformatinn properties of vehicles ana
their components should be compiled as an aid to crashworthiness
modelers and model users.

Research should be conducted to upgrade three-dimensional optical
positicn measurement technioues anu une associated‘computer sefitere
required to process the data.

Research efforts should be initiated to develop new techniques of
force measurement within structures.

Research should be initiated to develop techniques for verification of

advanced finite element models.
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4.0 THE BCLE OF THE FILTER IN CRASHLORTHILESS
Aol YOLS Aand EAT L4420

The design and conduct of a meaningful verification experiment to deter-
mine the exient to wnich a crashworthiness analytical model predicts real
structural resonse is an extremely difficult problem. Many of the com-
plexities relate to a subject area which will require considerably more
research before wzsessment of model verification can be totally guantitative
rather than a qualitative measurement. The subject is the role of the filter
in crashworthiness analyses and experiments,

Three types o7 studies must be conducted to gain understanding in this
subject arca: 1. a study of the transfer functions of analytical, numerical,
and electronic filtering procedures; 2. the ability to quantitatively measure
the similarity of two time-dependent curves which may have been produced
using different 7iltering procedures (On c.e nand the filtering procedurcs
may yield the digital output from a comguter model. On the other hand, they may
‘be related to electronic filtering used in data gathering, storage, and analy-
sis); and, 2. development of logical procedures to estimate model verifiubility
while the physical model is being chosen as well as to measure verificatior
after computer output has been generated (This will be based on mcdel prope -
ties, availability of input and output, and the accuracy as well as detail of
comparison experiuents). A study of this nature will yield an aid to the ex-
perimental designer, the mathematical modeler, the hardware designer from the
viewpoint that he can assess the suitability of a particular model as a design
tool, the sponsor of cdupled experimental and analytical research projects,
and the developer of compliance procedures.

The following text attempts to survey briefly the types of filtering

processes wiich nay be related to crashworthiness modeling and experimentation.

48




The work accomplisned represents an initial attempt at defining the scope
of the first two studies outlined above. Demonstrations of the performance
of specific filters are included. In addition, means for rating filter
performance and comparing signals are proposed. This work serves as a basis
for the third type of study mentioned above and included in a section of this
report covering recormendations. |
4.1 COLLECTICH AHD TABULATION OF FILTERING TELRNIQUES

Filters have been grouped according to the following categories:
1. digital filters; 2. smoothing operations; 3. integration and differentia-
tion procedures; 4. active electronic filters; 5. analog-to-digital and
digital-to-analog converters; 6. transducers (particularly for measurement
of force and acceleration); 7. filters occurrini because of data trans-
mission over a distance; 8. signal conditioning equipment; 9. data recording -
equioment such o5 FM tape recorders: 10. data plavback equipment includinu
the galvanometers in 1ight-beam oscillographs; v¢nd, 11. specifications and
standards developed to control filtering procedires. Assessment of the prop-
erties ofall filters included in each of thesc classes of filters is a larg:
task well beyond the scope of this project. In fact, entire books have been
written about filters in some of the categorie:. Rather, the objective is 12
show where filtering will occur in crashworthinessanalyses and experiments
and to demonstrate the extent to which real structural behavior may be masked.

4.1.1 Digital Filters

The idea of a digital filter is that it passes all frequencies, f, such
that lf|<:ﬁ; without change and deletes all frequencies greater than o
where f. is called the cut-off frequency. In mathematical form a filter

is describod by
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where
e L. Ly
Gliy is wz inguc function
Qi) 19 Lhd vuipuve duieLiving T
H(f) is the transfer function for the filter
For an ideal filter,
H(f)= )1, Ifl<fc (2)
0, Ifl>fc

A \ rTT.
G EIGES Ttop=g()*n(t) (3)
-~
where g(t) is the input function or data in the time domain and h(t) is
called the weicht function. As seen in Equziion 2, the ideal transfer fure-

tin has a jump discontinuity which will cause Gibb's phenomenon. In order

to avoid this, H(f) must be approximated by a continuous function defined

as follows )
] 0sfsfe ()
monotonic decreasing fc<f<fr
Hf)=1 g fyfc
H(-f) <0

where f; is called the termination 7recuency. The monotonic decreasing
function used in this formulation describes the rolloff properties of the
filter.

A digital filter is based on a discrete date set. The output of

Equation 3 can be restatsd as
- 2 a
{:W\“ )\y\ ‘Jm-rn (5)
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where

K ' R A . £ P SN U | NOR 1}
f oo thoovtreteelue of dila i Mm

It

hy is the vizigat function (cefined below)

Gap 18 The Tuiviaadue of caua it “iAn .

N is the number of weights chosen by the user.
Essentially this process reflects the fact thatl input data around the point
"gn" are necessaly to describe functional kehavior in order to form a basis for
the application of the filter properties contained in the function "h."

This discretized fonn of the weight function is determined by

h"{;h( 7’35) (6)

where fs is the sampting frecuency. In terms of the transfer function H(f),

a(t)ek(t) - SinT (Frife)t (7)
7t
fr -fe
2 2nift
. K(f)e af (8)
k(th= ¢ g
2
£ 4 f1+fc .
H(F)= 2 k(@)ez , (9)
£ - f1 +fc
2

A more ceneral anc complete description has buen given by Anders (Ref.10).

In order to Lse the digital filter given 1r Equation 5, a set of equally
spaced data, 9 is required wnich must satisfy the following three conditions:
1. iﬁ arises from a function g(t) defining a generalized function; 2. it is
band limited; and, 3. the desired signal spectrum and the unwanted spectrum
of g(t) are disjoint. Besides satisfying these conditions, editing of 9,
may be necessary Lbecause of missing or "wild points" in the set. The most
common practice is to replace each missing or wild value using a linear

interpolation petweer the nearest data values on each side ot the missing value.
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In additicn to a data set several control parameters must be specified

1. The largest freguency, i » which is present in the data. This

[¢7]

15 Clowetiy Tound Ly vosuzlly deterwnining the shortest period in tne data.
2. The sampling frequency, f S which must be at least »fx .
3. The cut-off freqguency, fc, which is chosen to be at least as great
as the highest freguency of interest present in the data.
4  The termination frequency, f . This should be chosen such that

o)

eitner no Tregusncics present in the data are in the interval (fc, .
or frequencies apzeiring in (fc, T ) have no significant amplitude.
5. The number of weights, 2N + 1 of the filter. Guidlines on weight

selection must te developed on an individual basis for each type of filter.

Among the many digital filters which have been located in the open
literature, sevc.al have been examined including the Ormsby filter {Refersncol0),
the Martin-Grahai filter (Reference 10),the Kaiser filter (Reference 11),
the Blackman filter (Referencel?), the Schulz filter (Referencel3), and the
Robinson filt.r (Reference14). In addition a general formulation of the
processes invelved in digital filtering is contained in a book by Horrisan
(Reference15) This subject is of great current research interest as evidenccd
by publications =::anating from organizations such as Bell Laboratories.

A session at the kpril 1973 meeting of the Acoustical Society of America yas
devoted to related topics. It is recommended that a more detailed evaluation

of this subject be conducted than is possible under the current contract to
establish the level of masking of structural dynamic resonse waich may occur

in both analytical procedures and in the difficult area of structural dynamic
leasurements.

tn-Gradias Filter {Reference 10)has be

data from both crashworthiness and human rotion mathematical models developed
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under NETSA contract. The transfer function for this filter is given by

1 ffc

0
2

H(f) = ]/,r: Al i - -
KU‘ROD jfjr—_?E*J fe<f<fr

1/2E+cos r.(f+fcﬂ “frwe-fe

fr-fc

fyfr (10)

A plot of the output-input ratio as a function of frequency is shown ac
Figure 1.

4.1.2 Smoothing Operations on Diaitized Data

Smoothing operations are often performéd on a set of data g(nat) where n
is the number of & particular rember of the set and At is the time increment
between members. The simplest form of smoothing is carried out by the data
user when he plots each point on a graph and than fits a line through the
points. There is no control on the mathematical properties of the smoothing
proccdure wacn thic technique is used. Mathematically sopnisticated i-ch-
niques are also in use which remove unwanted iiformation, often of a random
nature, from thc discrete set. It is obvious that smoothing operations
and digital filiers possess the same fundamen®ai mathematical properties
given in the previous séction of this report.

The artificcl separation of smoothing operations from digital filters
in the present discussion reflects common prob?ems usually censidered separately
in dynamic maasuvemants. Digital filtering is most often applied to remove
unwanted frequency content from a signal which often originated as an analog
electrical signal before digitization and data processing. Smoothing is
usually related to removal of random observational errors introduced in a data
preparation process where a human is an integral part of the data-gathering
system or where substantial random noise may be superimposed on the signal.

A "smooth" ploct of the resulting data is yenerally more palatable to the pro-

ject supervisor and to the sconsor.
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Several typical technigues for data smoothing have been reviewed briefly.
One ponuler techaicue for smoothing a secuence of date uses a least-squares

polyroniel ever thz renge (Rzference 16)

. txzronles of sroothing formula are:

Voo ., . N -»_L N N
l. Vil ol v 3' /’-—-'f'»"’-f‘ o v i

'l
'F':J(; (53"”131‘33)
‘F-ﬁé (3ecr + 3i + it , (= 2, 3,00, n)
7(:“:'4'? (- Ju-x *2 G0y + 5%)
g foromuder,
fﬁ’l}(gﬁr"lﬁx ‘*‘35‘35)
fz=f;(‘f3.+3gl+x33+m)

/

()

‘Fi:“éf(ﬁi—x*ﬁa-; + 9+ Jip ¥ 3&1’3.) ) i:S)t&)*" n-2
- L

P 7o (Guest 2 9uea ¥ 3900, +49,)
| 1

Fu s (‘ Joce * Jueg + 200 + 3jn)

3, 3nd oiwfm) 5—W {M&,

Bz (6990449, ~¢ _q;

2 3 I3 +43¢-95)

'F;.‘"-

[
Py > 9,4+ 279 Firygy - 29y 4.;_35)
ti

[}

A e
‘3‘}( 3Fia t G HiTgs *""3&+4‘33i-u>

fo" (::3)4)n'-)h-_l

h=2 v ) Q;tb ‘\,3)
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Tha first tuwo seis of formulae use a straight Tine to approximate function be-
LVIOY s wE Lo Lo T feia il vtnge o datorest. The third uscs a third-
degree poiynomial and should provide a better fit in most cases. A simple
version is in use &t KSAL 7or tne analysis of hign speed photographic data
gathered during impact sled tests (Reference 17), The filtering properties of
these three smoothing cperations are comparad by an example in the next
section of this report. Several standard software packages are available in
most computer systems. Two typical routines will be mentioned which are
contained in the 13i Systen/3€0 Scientific Subroutine Package (Reference 18).
The first is subcoutine SMO which calculates the smoothed or filtered serie:.

" given a time serics Al, A2,..., An, a selection integer L, and a weighting

series W1, W2,..., Wm. The smoothed data are given by

m .
Rfjﬁlpb W

(34)
p=jL - L + k
k=1 - IL + 1
i=IL to IH

ko=l

IH=n - L%Etl)
and L = & given selection integer. (For example, L = 4 applies weights
to every 4th item of the time seriés).
m = number of weights, an odd integer.
h = number of items in the time series.

-

Equation (14) is a restatement of Equation (5) with the weights supplied by

the program user. The subroutine EXS!'0 provide triple exponential smoothing
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xny and a sucothing constant ®. The subroutine has two stages for i=1,2,...,

vy [ S R IR T o I T U S R AN R
R . SLTL D ettt miven b o DTt T oTute
ratically by woz saircutine. The Tirst stags is o Do 51 ror o2 pericd
ahady

Si =A+ B+ 0.5 (15)

The second stage is to update A,B,C
A= X+ (:—o()3 (Si -X;)
L= B+C =15 (x)* (2= )(S; = Xi)

C=C“ (°(>3(Si‘xi>“ (16)
where« = a smoothing constant specified by the user (0<«<1).
A final representative smoothing technique, "Jvich has been applied (o
automotive safety research involving photogrammetric analysis, uses the
Gaussian distribution function to establish a weighting procgdure (Reference 19)
This method is ba<- on the fact that, given a c.ntinuous integrable function
g(t) normalized to satisfy the requirement

@
JS g(t)dt =1

-l
for any continuous integrable function f(t)

then ,QA/W\ —OE- .F.(‘C)ﬁ(lj’l)d{t = 4{‘ (t)

T—0

-

" t- nat). ()
) & %l% 5( O‘HAT%(”M)

or

-F(i)(t) /.\O‘TZN j}; 3(t;_nm>]{l(nm)

Pavi —
~o
h=¢0
N (18)
AT < O/ t-naT Nn,
(S 3] o~
0 n=09°



The function g{t) can be chosen asafhe Gaussian distribution function

. T
faN L b - o
Givy = L& e (19)
Uoar
This £ochnioon con by vead *a evaluzte dorivetives of £(t). For examdle,

if f(nat) is the displacenant, it can be sroothed by Eguation 17. Velocity
and acceleration can be computed using Equation 18. The values of ¢ and

N depend on the sempling rate and the convergence of
g

)

The effect of smoothing procedures can be illustrated by a frequency versus
input/nutput ratic graph in the same manner as other filtering procedures.
Figure 2 shows the characteristics of the three least-squares procedures
as applied to sine waves. The sampling freaquency is held fixed at approxi-
mately 5000 samples/second while freguency is increased. In other words a
sampie s taken every .2 mililisecond. s each half cycle of a 600 ci.
sine wave is describad by about four data points. It should be noted that the

first degree, uiree point and the third-degree five point formulae do not
degrade a 600 cps sigral component more than 20:. However, the first-degree,
five-point methios is unsuited to handle a 600 cps signal unless a smaller time
step is used. Ti's appzars logical in that all 5 points on a half-cycle are
included in compu:ing the fit. The third-degre2 technique introduces curva-
ture allowing a batter fit to the data even for the same number of points.
Great care mus. L2 taken in choosing sample size and cut off frequency.
Guidelines should be prerared for the application of these procedures to
crashworthiness test data reduction.

4.1.3 Integration and Differentiation Procedures

A Targe variety of integration procedures are in use, each of which has

its own filter properties. Many of these are available as package subroutines
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in digital computer libraries such as IBI-SSP (Reference18). Similar inte-
pesd o esendemsbevs e e Toeed b vesespeh erganizztions (for exemple,
imiTSA contractors such as HS2I and Calspan) for use in specialized computer

Vo ue nueirical diiiorenticcion procodures sre not so cennon as they

tend to propagate errors in experimental or computed data and must be used
with great care. A study should be conducted to determine the suitability

of obtaining acc:leration data for a rigid body based on position measurements

taken on the object using high-speed motion pictures. This procedure is
usually coupled with smostaing procedures which also act as filters.

A Timited rumier of integration procedures will be discussed including
DHPCG, RK1, QC2, CSF, and QTFE (all from the IF'-SSP Reference18), DINT
developed by Calspan (Reference 20 which is used in crashworthiness models,
and the package developed at HSRI for use with mathematical crash victim sim-
ulators. (Refer-.uce 21),

In DHPCG, th2 evaluation is done by means of Hamming's Modified predictor-
_corrector method. It is a fourth order method using four preceeding points
for computaticn of a new vector of the dependent variablies. A fourth order
Runge-Kutta metherd suygested by Ralston is used fbr adjustment of the initial
increment and f-r computation of starting values. This subroutine automa-
tically adjusts ::e increment during the computation by halving or doubling.
References 22 ana 23 by Ralston describe the analytical features.

“The subroutine RK1 integrates a given function using the Runge-Kutta

technique and procuces the final computed value ot the integral. The ordinary

differential equation

%%= f(x,y)

with initial condition y(X,)= 3Ois solved numerically using a fourth-order
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Runge-Kutta integration process. This is a single-step method in which the
valus o€ vt wmy, ds utnd tnocomoute Y = g’(x,3+4 Y and earlier

Values ¥, s Ypops €FC. are not used.  The relevant formulec are

= U ) 0 { f ! Y
,Jy\"r’fé' (;20+14‘?,,+l,«¢l+4[¢3/

where for step size h,
ho=h F(x., 44)
Qhwt#(xn‘r'l;‘;&iﬁ&-g)
N ht xn*',l':‘» ffn—f-;;_—>
)2,3 bt (xnvhy Yo = B,)

The method is dascr.bed in Reference 18,

(1]

h

Subroutines such as QC2, QC3, ..., QC10, DQG4, DQG8, DQG12, DQGl6,
DQG24, and DQG32 perform the integration of a given function by Gaussian
quadrature formulas.

To conpute
b

‘:;'-fmw

o
Gaussian quadra -ure formulas withn = 2,3,..., 10 (or n = 4,8,12;16,24,32)

points are used. Transforming the range xza...b into t=-1...1 by

2 x= (a+b) b-a b+ a
L S——————— = =
T vy > — t+

the result is
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. . (n) . {n) o {n ,
witn coerricients Hk‘ *and noces t,° / (note that tp‘ ) are the recots of

’

Legendre polynomials of degree n), the result is tne approximations
g poly g

& ;l“J T(n) Z
TR
£ 5

Lo

ﬁn = (b-c

which are exact vhenever f{x) is a polvnomial un to the degree 2n-1.
The Ak(n) and tk(n) are symmetric with respect to t =0

n (W) (h)
/ 2'1. V\-fz-p |

h-fz"i"

This method is described in Reference 24.
Subroutine QSF performs the integration of an eguidistantly tabulated

function by Simpson's rule. To compute the vector of integral values

X
2&: E‘(X().: f j(X)OlX Z ‘
A (:‘l l).n)n

. - |
w-v./"?o_ XL':Q,‘I-((")") J

for a table of function values yi(i—],Z,...,n), given at equidistant points
xi=a+(i—])h(1=T,?,...,n), Simoson's rule togeinar with Newton's 3/8 rule or

a combination of these two rules is usad. Local truncation error is of the crder

h5

in all cases with more than three points in the given table. Only Z,
has a truncation arror of the order h4 if there are only three points in the
given table. No action takes place if the tebie consists of less than three
_sample points.

The function to be integrated is assumed to pe continuous and differentiable
(three or four times, depending on the rule used).

Formulas used in this subroutine (zj are integral values, yj function values)

are [
"L.‘A‘:%.' n+—h

e

TS 2% 1 N



- “) . . i
Z. - : <§jJ L+ Y + EjJ) (Simpson's rule)

R o COIPICETUNE TR
I R RV R R

(ewoon's 3/¢ rule)

- Wy 0
EJ-.ZJ,5+~§~(3J‘5-f3‘275 Yi-4 + Q-GIS'HJ-S

Somatines Swwpsca's ~ule ds v Tl UL T DLy fom
2 e ‘g" (‘:fJ L I ifJ'.u)

The local truncation errors of the first four formulae are respectively
.=r ht 3'“<§> (€ 0xgerga])
i Wy H (f+ €010 5])
R -3 V () (f€lxi, x(1)

Ry = 'tw% 4" %»)\3ﬁ~éLXJ‘” J])

_However, these trincation errors may accumulate. This method is discussed in
References 1¢ und 25.

Likewise, tne subroutine QTFE performs the ihtegration of an equidistantly
tabulated funct .o by trapezoidal rule. To cempute the vector of integral

values

i=1,2,3,...,n)

with x; = a + (i-1)h

for a table of function values yi(i =1,2,...,n), given at equidistant points

X; = at (i-1)"h (i = 1,2,...,n), the trapezoidal rule is used. It is assumed

that the function to be integrated is continuous and can be differentiated



at least twice. Starting with tho integral value 2y 7 0, successive integral

L d
.t PR E roo~ A - . ' R PP
Vool ot 2 Cavgsengin] wite e ouwoouy WUST
\ L Y h ’ -

1

e .
o tropezoidal rule in the

following forn

, .
%i:'ziﬂ +'z ( 9i+ ﬁi~|) y L= 2,3,:, N

with a given increment h of argument values. As local truncation error at

each step is
3
Ri=- 5. 0 4 (f), fee Drieosxd]

the global truncalion error R in z, appears as follows

Re- ook g"(f) , felxnx]

or

- ;41 L«
Re- = bty (§)

where 1 is the length of the'whole inizgiation interval. See Reference 18

The DINT subroutine developed by Calspan (Reference 20) is a variable
step integrater which returns to the calling pregram whenever an estimatc of the
variable at a specified time interval is achieved. The integration procedire
is based on a four parameter Runge-Kutta technigue which has been modified
to hanalc exponantial behavior in each variable. The option is available tc
use aleast square procedure to estimate the parameters. Step size is controlled
by ordered tests on acceleration of one human body segment (magnitude and change).
A failure of the tests causes the step size to be halved unless it is already
less than some specified value in which case it is not changed. After a spe-
cified number of successful steps at a particular time increment, step size

is doubled.
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Tre HSRI intcgration preccduves ere based on HPCG with sore simplifi-
Calidis Gl Sume <ALZHZien3. oo LisiC Didne-tiaraing integration procedure
is used although some updating is eliminated resulting in a much faster routine
without great loss in accuracy. Upon selection of an appropriate switch,
the classical Adams-Monlton procedure may be used in cases where great solu-
tion stability is needed. Three starting methods are available based on the
expected voletility of the solution. These are & Ralston-Runge-Kutta method,
a classical Runge-Kutta method, and a final method which uses the Euler
method for the second point, the trapezoidal method for the third point, and
Simpson's rule 10+ the fourth point, all combined with a regular predictor-
corrector to estavlish convergence at each level. See Reference 21 for
extensive details and operational characteristics.

4.1.4 Active Electronic Filters

Active Electronic fiTters.consist of a:. ciectronic circuit specifinaiy
designed to remove a certain.range of frequencies from an analog electronic sig-
-nal. Usually they are designed to remove 1ow'frequencies (high pass filters),
high frequencies (low pass filter), or some band of frequencies (band regect
filters).

Three of the most common tyces are Bessel, Butterviorth, or Tchebyschefr
filters based on =heir response characteristics. (See Reference 26). Low-
pass Butterworth Tilters have excellent gain accuracy in the lower portion of
the pass band and reasonably well-behaved phase-shift characteristics. They
provide the flattest possible amplitude response obtainable without having gain-
ripple in the pass band. The attenuation rate beyond the passband is set
by the number of poles-for N poles the rolloff is N X 6 dB/Octave. They are

recommended fer low-pass filtering of signals that are to be processed by

analog to digital converters or other data acquisition equipment and for
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general purpcse low-pass filtering. The characteristics of typical Butterworth
filters are shown in Figure 3. In tihe figure cutoff frequency fc is defined

as the freguency at which the attenuation is - 3dB. 1In general, the cutoff
frequency should be well above the maximum signal frequency for best gain
accuracy in the pass band.

The Bessel fiiter provides excellent phase-shift linearity, but
the amplitude cutoff is not as sharp as B iter.arth or Tchebyscheff filters.
Bessel filters, as a group, are also referred tc as a type of "linear phase"
filter. These filters will pass rectangular pulses with a minimum of distor-
tion and with a delay time that is linearly proucrtional to the phase-shift
characteristic. That is, the time delay thrbugh the filter is almosi constant
with frequency ard is equal to the slope of the filter phase characteristic.
The overshcot to a step input is essentially zero for Bessel filters, where
Tchebyschef? filters may exhibit more that 259 overshoot. Because of these
characteristics Bessel filters are sometimes used to provide time delays.
Bessel filters are also used for Tow-pass filtering of rectangular wave-
forms in pulse-width modulation systems, vol+ace-to-frequency converters, and
similar circuits. "Running-average" filters n“ten require a Bessel-type
response. Gain ard phase Response curves for essel filters are shown in
Figure 4,

Since phase shift is the paremeter of interest for a Bessel filter, the
cutoff frequency fe is defined in terms of phas~ shift. The frequency at
which the phase shift is one-half the maximum pihase shift is defined as the
cutoff frequency fe- The maximum phase shift depends directly upon the order
(no. of poles) of the filter. For a Bessel filter of N poles and phase-
shift clf),

~re\ s
; T T e NI/ NTT
SICNE - (= NT .
e l YA, = \‘{. J\M‘
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n = No. of Poles

Linea” Frequency scale

Figure 4.
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Thus the phase shift at cutoff frequency fc for-a 5-pole Bessel filter would

P - -

Eo o0l - vy T oo CheT s e e T S e
"pnase constant” or "aelay ai Cu.si . Fur alCura.g weiay (pnase constant),

v
fc SHOUTT B2 @30ul ThiCZ &S i wo vie tnwn tiwn Siyiies it eyuiviivg «

Tchebyscheff filters offer a maximum attenuation rate beyond cutoff,
which is achieved &t the expsnse of pass band ripple as shown in the re-
sponse curves (Figure 5). Higher attenuation rates outside the pass band ar:
accompanied by correspondingly greater pass band ripple. The step responée o7
such filters is 1ightly daineow i Clopariltn W0 —dctarnorih or cessel filters
and will exhibit consicerable oversheot and ringing. Tchebyscheff filters ar2
- excellent for man audio applications and others where ripple in the pass band
is not important, but where sharp cutoff is recuired. In general, Tcheby-
scheff filters should not be used where good transient response is important.
Cutoff frequency fc is defined as the freouer_v at which the gain curve firc:
departs Tiow the specified maximum ripple band.

Over 100 companies manufacture active electronic filters for one or another

application. lMost of these are Tisted in Rofarence 27.

4.1.5 Analog to Digital and Digital to Analnc Converters

Much time is spent preparing deta from ‘arge-scale experiments such as
crash impact tests for review by the test enginecar and presentation in reporte.
The preparation of graphs, reductior c¢f data, reading of strip recordings of |
analog data, etc., is made easier wnen the bower and speed of a digital
computer and its associated output hardware is evployed. This may be done either
by having the analog signal fed directly to a computer on line, by prepro-

cessing the data onto digital nagnetic or paper tape for later computer proces-

sing, or by cennecting to a remote teletype terminal.
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In all tnese cases, an analog to digital (A/D) converter is reguired
wnich: T.oreceivis an andivty Signaly 2. sewples it at a set rate; and,

3. outputs the signal as binary coded data. As such, an A/D converter has many
of the same filter properties as the smooihing operations mentioned earlier

in this report which also involve discrete sets of data points. Many com-
panies produce A/D conversion hardware or comporents. One system which has
been developed spacifically for crash impact studies is the Thomas Instru-
mentation Recording Analog Digitizer Model 1720. The specifications of tﬁe
Thomas system will be given as an example of relevant A/D converter properties.
The AC power resuirement is 120 AC volts and i0) ~atts. The amplitude accuracy
is T 19 of full scale and the accuracy of the sample rate is 10.1% of the
selected rate. This system allows 512 different sample rates ranging from

0.1 milliseconds to 12.8 seconds. The input impedance is 100K ohms and

the rance of ifc analog signal is +10 voitis.

The standard current output interface of the Thomas system is compatible
_with an ASR33 telatype. As such it has built-ir logic to provide blocks of
64 characters bvacketed by carriage return/iine feed. The discrete output is
coded as 8 bit binary values transmitted in tvo characters to allow for high
density and higk-speed output. Yet, it permi.s the detection of output errors
by means of even »arity checks.

Often times in data analysis or the preparation of graphic output displays
it 1§ necessary to reconstruct an analog signal from the digital form (digi-
tal fo analog or D/A conversion). In the simplest procedure (a zero-order
converter), the signal’is reconstructed as a series of steps between sampling

points. For a sinusoidal signal the error at the peak is
T

(T/7)

e = |-
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and the instantaneous error midway batween two sample points is
. N ) T
C - /../"4 o
b (r/T)

vhors T ode the vayeforn rerded end ¢ s th2 sample period. These errors
can be plotted (Figure 6).

In a first-order D/A converter, the signal is reconstructed a set of
linear sigments joining sample points. This procedure greatly reduces the
error (Figure 7). A second-order D/A convertor fits three data points with a
cuadratic equation further improving the results (Figure 8). Further improve-

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

- L I . AT YT
G--/;M———m--{»‘—lomv\—""-%——-———“]
b T/t e T/t T/T
o ~ |- L ot e~ Cpq —2TT
P~ 3 1 T/T T/C

The error in recenstruction is less than 0.27% for only 10 sampies/cycle as
shown in Figure 9. Further details on reconstruction errors in digital to
"analog conversion are found in Reference 28.

4.1.6 Transdurers (Acceleromatars, Force Measurerent, etc.)

The purpose of transducers in crashworthiness testing is to monitor
physical quantitizs such as linear acceleration and velocity, angular acceler-
ation and velocitr, force, etc. Over one-hundred companies manufacture
transducer hardware which could be used in these applications. Most types of
these transducers use one of the following prin-iples to produce a signal:

1. wire-wound or piezoresistive strain gages; 2. piezoelectric crystai; or,

3. capacitance. In the case of accelerometers, a sprung mass is used to load
the strain gages, the crystal, or the material in the capacitor gap. In

the case of force transducers, the applied load activates similar types

of sensing elements in the various types of transducers, Their filter properties

will be discussed briefly only as applied to 2ccelerometers.
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The four criteria for judging the filter properties of accelerometers
(and tne olner trensducers) are low vrequency response, high frequency response,
output signal level, and phase shift properties. Low frequency response of
strain gage or capacitance sensing elements is excellent and they may be
considered flat to DC for most practical purposes. Crystal or piezoelectric
elements are not generally suited for very low frequency measurements.

Most are uncuitable for signals less than 2-20 hertz without substantial
loss in amplitude.

High frequency response is one of the main attributes of piezoelectric
accelerometers beceuse of the higher natural frequency. However, modern
piezoresistive strain gage and capacitive accelerometers can compete favorably
in rangessuitable for vehicle crash testing (e.g. an accelerometer with a
range of 250 G's can have a response from 0 to 2000 hertz ! 5%). The wire strain
gage eloments ave distinctly limited in hioh “reguency response.

Piezoelectric, piezoresistive, and capacitive elements are most cften
comparable when cutput signal is considered. A typical 250 G accelerometer might
have an output of 10/millivolts/u. Again, wire strain gage accelerometers
do not have %hi's capability.

The output phase shift as a function of frequency is a major consideration
in the selection »f accelerometers. If the mass is damped to 0.7, linear
phase shift is possible. lMany piezoresistive ¢nd wire strain gage accelero-
meters can pe supplied with these properties. Piezoelectric accelerometers
are usually undamped resulting in zero phase shift over the practical fre-
quency range. Great care shoudd be taken to purchase hardware with known
Tinear or zero phase shift characteristics. If this is not possible, the phase
shift as a function of frequency should be specified in order to allow compari-
son of dala gathered al various iest laboratories. Temperature variations can
cause significant changes in damping coefficient and thus in linearity of

phase response.
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Specific properties of typical accelercmeters are illustrated in a series
of figures (10-15). Tne response of an oil-damped piezoresistive accelerometer
is shown in Figure 10. It should be noted that the response is flat in the low

frequency range but that temperature has a considerable effect on the high

1

frequency range. The range of the affect on the linear phase response is
illustrated in Figure 11. Mithout stating specific errors the effect of linear
phase shift is shown in Figure 12, It should be noted that zero phase >hift
will yield a curve with the same shape and amplitude, but displaced in time.

A piezoelectric accelerometer depends on the generation of & charge to cause

a signal. As release of charge is a transient phenomgnon, response to low

- frequency excitation is inherently limited. Figure13 can be used in a
discussion of low freguency response. The out;it voltage from the accelero-
meter will not remain constant since charge is dissipated when current

flows throuch the circuit. An external c/pacitance, CE,'helps to reduce the
rate of decay. Low-frequency response is determined by the value of the pre-
duct R CT (circut time constant), in which RL is the load impedance and CT

is total system capacitance. It should be noted however that a great incr-ase
in CE reduces transducer sensitivity. Figure 14 shows a typical plot of -output
and phase shift as a function of frequency. The theoretical low-frejuency
response of a piezoelectric acce]érometer with external capacitance using

a charge amplifier is shown in Figure 15 where f is the frequency in hertz,"
R is the load impedance in ohms, and C is the total capacitance in farads.
References 29, 30 and 31 contain further details.

4.1.7 Data Transnissicn

The fact that tle transducer and the recordind system are not in the same
location leads to an additional set of filtering properties - those of data

transmission. Three types will be mentioned: 1. Cable losses; 2. tribo-
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electricity; and, 3. the effects of telenetering data.

The Cable aleoluing Lne Transadcer 10 tae recoruing system acts as a
capacitor. The amount of capacitance varies almost directly with the length
of the connecting cable. Therefore, accelerometer voltage output will
vary inversely with cable Tength, and with variation in cable capacitance
(not the case if a charge amplifier is used). Common accelerometer cables
have capacitances between 20 and 30 picofarads per foot.

In the case of a crah impact test, the accelerometer cables are subje&ted
to severe shock. Noise is often observed to be present in such cases which is
related to the cable itself. Apparently this 15 cenerated between the cable

“conductor and its dielectric. Cable noise can result from friction. Also,
momentary separaticns of the dielectric and the conductor can cause achange
in the capacitance, and thus, a change in signal level (triboelectricity).
In tests such 25 these, low-noise cahles sheiid be used.

An aiiernative L0 the use of umbilical cables in crash tests is telemetry
The signal from the transducer is usually broadcast from the test vehicle
using an FM transmitter. If signals are combined for transmission and re-
cording by multiplexing, each signal has a di“ferent frequency response poten-

tial based on the carrier frequency used for eich channel.
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4.1.8 Sigral Conditioning
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varying filter characterisiivs. Tha purpi..s of inese devices are two-
fold: 1. provide an appropriate signal level tc drive the recording
device; and, 2. match the impedance of the signal source to that of the
recording device.

N

Qccasionally & oo 7 0 001 oo 22t a1l T2l too great to

be handled by the recording system. An attenuator is added to the circuit
to reduce the signal level. This is Lsually accomplished by adding suunt
capacitance.

Many common transducers such as accelerometers are designed to be
offered a much hiher impedance than is offere” by most reéording devices.
In this case it is necessary to inserti = cathrde- follower or charge-type

_preamplifier betw:en the transducer and the recorder. For highér impedance
loads a voltage-type preamplifier is used. A typical device shows an
impedance of 1000 X 106 ohms to the transducer and gives 10 volts to a
10 Kohm or higher load. For lower impedance 1vads a current-iype preamplifier
is used. A typicil device shcws similar impedinces and output voltages,
only into a 1000 >hm or less load.

-Although not generally recormendaed, low pacs filters are scmetimes
adued to the circuit before the éigna] i< recorced. These active electronic
fikers have been discussed previously.

Many of the companies wiich produce transducers also provide signal
conditioning ecuiprent to be used with their products. A typical example
can be provided by the Endovco Model 2540 VBR system amplifier for use as

a signal conditioner and amplifier for prezoresistive acceleroneters.
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It features a wide frequency response (0.2 to 5000 Hz). The source impedance
is 5000 ohm, maximum, the resistive load is 2506 ohm maximum, the output
voltace is t 10 volts maximum, etc. The frecuency resronse is ! 2% from

0.2 to EN7D hortz with a stendard filter dincludod in the circuit., At the

Tow end, the signal is down 3db at 0.03 hertz with a 6d%/cctave rolloff,

at the high end, *he active, 2;p01e, Butterworth filter is down 3dB at

20 kHz with a 12du/oztave rolloff. The phase response of this device is
shown in Figure 35 indicating the nacessiivy of taking it into account in
certain higher frequency applications.

4.1.9 Data Recordirg and Playback

A conditioned signal can take one of sevaral routes. It can be re-
corded for later playback or it can be recorded as a permanent visual record.
Both technique. ave in common use in the gathering of crashworthiness
test data. A surmary of a few.of the important properties will be given
for each of thz following recoid ard/or wiayback systems: 1. dirvect
record tape recorder; 2. FM tape recorder; 3. digital tape recordef;

'4. 1ight beam oscillograph; 5. heat pen strir chart recorder; and, 6. ink
pen strip chart recorcer. Each of these devizes has a variety of signal
manipulating elcciironic or electro-mechanical circuits which act as filters.

Direct recording is the process most commonly used to record audio
signals. Although it has very high freguency response, it is distinctly
Timited in the icwer range. Signals with a fraquency of 250 Khz can be
recorded but care must be taken to find a sy<tem which can handle signals
Jess than 50 hz. Direct recording is not commonly used in structural
crashworthiness testing.

Probably the most commonly used technique is the eight or nine_track

FI tape recorder. The response is very appropiiate for most crashworthiness
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testing end can range from 0.2 tc 10,000 hz with little error. The tape
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or it can be digitized for sophisticated computer processing.

A prococure cetliing increesingly ceunon is the use of digital tape
recording and other digital procedures. Digital tape recording results in a
tape which can be processed by a computer, or in some large installations,
the digitized siznal can be processed directly by the computer while
the test proceeds. There are several Timitations to frequency respornse which
might be consicered out which can be solved.

The primary Tinmitation is the sampling ratz of the analog to digital
convercer. As the signal must be discreiized, the same rules apply as
have been discussed eariier in the section on digital filters. Sampling
rates as high as 100 Khz are available. This corresponds to a signal of
about 20 Khz be®.g discernible. The digitizino system being used in the
HSRI impact sleu laboratory can sample 2t 5 Khz to minimally handle a

1000 hz signal.

A secon” limitation is related to the mechanics of the tape recorder
itself. The analcg to digital converter samples the analog signal and most
commoaly produce, an eight-bit binary code for the signal. This is
gquivalent to alwst a three digit number, adequate for most purposes.

Each efght-bit gr.up or word is strung across the tape. The words are then
strung along the 1ength of the tape for later playback onto a digital computer
and éna]ysis. Digital tapes are~usua11y Timited to 1000 BPI (bits/inch).

If maximum tape speed is 120 in/sec, 120,000 bits can be recorded in a

real time secoend. This corresponds to 15,000 words per second approximating

a 3000 hz filter. The basic assumption is that the analog signal is digi-

tized and fed to the recorder continuously using all channels. Digital

2
1T
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tape hardware is thus rather severely Timited frequency-wise when compared

R PYIER hR BN pm Al a Loy ~nd A - ~= v YR
vith reodl tire B ronovdors b v soon yorl-tivn davice,
Y N O ) [N L - - + RPN | At e
Although Timiicd to 20 khz by tha onorlo, %0 dicitol convartar,
R 4. R N < ' ;- e e s
thlbt-! Loew Sy0LLNS il Coaplide GV o . Ll S N

data wvinen coupled with permanent magretic storage in a sus
In this case, the digitized signal from one or many channels is fed to the
permanent storag.. Each channel may have a resonsa of 20 khz if it is
required. As the storage is filled, the tape s filled at a slower rate.-
The data words frea several channels c2~ Do 7ot ir o-qvonct thus using a
single tape to huindle as many channels as desired. This extremely
flexible system (vhich could eventua.ly eliminzie tape entirely in favor
of a portable magnatic storage disc pack) is probably the best and most
flexible availavle todayespecially for tests where complex data analysis is
required. ’

The last three types of ‘devices tu we discussed produce a visual recuru
‘These are the light beam oscillograph, the hea. pen strip chart, and the ink
pen strip chart They are listed in order of dzcreasing frequency response -
0-20 khz for the iight beam oscillograph, 0-150 hz for heat pen strip
charts, and less than 5 hz for ink pen strip ciarts. The frequency response
is Timiled by_the mass of the electromechanicel system. Galvanometers
for light beam os:illographs involve small motions of an extremely light-
weight mirror reflecting a beam onto a moving s*rip of light-sensitive paper.
The.sty}us of the heat pen is heévier and produces its trace on heat
sensitive paper. The Eeaviest and slowest is tne standard ink pen.
The advantages of thme systems are the permanence of the record, especially
in the case of the ink pen. The disadvantage is the inability to reproduce

or analyze the data in any other form once the record is completed. Most
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plications of SAE J211a are given in Section 4,3 of this
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4.2 CCHPARISCN OF SIGHALS
Foveviste o7 qantedo s mns by me e T me s Te 0 Ty 5000
wiich are 10 be corgared nay result Tronan coaayeical proCeéudre Gad an enperi-
cliee ALLLER BPLITCETION  molld Lo TO Cull o iivct pow, wivies UWETLG G INRUL
and an output signal.
The simplest technique which is most ofteon used in comparisons of crash
test data involves visual comparison of the two signals. A simple, but arbitiary,
three point rating system could be used in this type ot an analysis:
1. The signzis are aissimilar;
2. The signals agree in their basic featires (similar hills and valleys),
and their magnitudes are within 307;
3. Al aspectsof pulse shape and phase ar¢ very similar in detail, and
magnitudes do not vary by more than 107 at any point in time.
A rating of 2 on th. above scale is often consiZe-ed to reflect good agreemsrt
between tvo cets ot crash test data. A rating uf 3 stretches the state of the
art in both crashworthiness testing and safety dsvelopment testing involving
dummies.
A potentially superior procedure which eliminates user visual judgemert 1s
' to perform an analytical waveform comparison of Lhe two pulses to isolate the
degree of distortion, phase shifts, and amplitude differences wnich may exist.
Bode plots can be used to study magnitude and phasz when the crash test pulse
is extended so it can be represented as a periodic function as shown in Figure 20.
Average or mean-sguare distortion can also be determined analytically.
Left f(t) and g(t) be two signals which are to be compared. They can be

expressed in Fourier series as

)= a . .
£(0) F+e cos_]t+a2c03“2t+...+aNcosW“t

1

sinmvt

A\l

+b]s1nw]t+b251n,)2t+...+bN
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Figure 20. Expansion of Crash Test Pulse to a Periodic Form
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Crovo nds Anc bisn o o T iddn s s lvais. IF F(E) and

g(t) consist of discrete scts of data points, then N depends on the number of
data points. If f(t) and g(t) are continuous, then it should be selected

based on expected frequency content. The coefficients :he a1,...,aN,b seeestlc.,
can be computed based either on discrete or continuous data sets as discussed

by many authors (Sze Hildohrond, Ref:ren:e16_for a typical reference). The
errors inherent in truncation can also be computed and studied which should be

a standard procedure in signal comparisons using this technique.

The functions f(t) and g(t) can be rewritten as

f(t) = _%gﬁ C1Sin(u]t+¢])+C25in(w2 +¢2)t
.rC”sin(uNt+¢N)
g(t) = _%g.+D]sin(u]t+$])+Dzsin(w2t+;2)t
.+ DNsin(th+©N)
where ‘
G = a? ¥ g?— 6 = £an'L:;%

_” 2, oo , -1 A
D =1A; + B % =t 5

Plots of amplitude ratios and phase shifts (Bode plots) can then be prepared
to combare basic properties of the two signals. Schematics of these plots are
shown in Figure 21, |

Another technique for the analytical comparison of two waveforms is through

" the measure of distortion. Again let f(t) and g(t) be two functions to be

compared. In this cace H*.’!y are definad for o¢ter and are zevo for o,

R R ] . .. “
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In the case of discrete data as might be oroduced using analytical procedures

. :
I e T g ot T T L S R TRt R DR
£ T Y O G N N A0 R NC T O BT

defined as o

where N + 1 is thz number of data points and At is the time increnent. For

continuous functicns,

Dy = fE’f(t)-q(t)ldt
SE)FIE) dt

x 100

To accentuate the comparison in terms of mean squores, the following relations

can be used for discrete data sets.

For continuous data,

Dys = ff Ef(t)'g(t)]zdt x 100
c Lf(t)]%dt
The techniaques just presented are intended 0 demonstrate some of the
relatively simple touls which are available for amalytical waveform comparison.
Several of the potential applications of these nracedures are: 1. development
of an objective procedure for'comparisons of tests representing the same
physical event; 2. development of an objective procedure for validating the
predictions of mathematical models and correlating the predictions with test

results; and 3. defining range of performance criteria for the control of

state variables in impact tests.
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4.3 EXAirLE CONPARISZHS OF FILTER PERFORMANLCE
In order to demonstrate physically how different filters affect an
input signal, a small computer program was written to operate on the pulse
P = C] s1n(w]t+¢1)+czs1n(w2t+¢2
Input data for the program are initial and filtered amplitudes (C],...,

) + C3sin(u3t+¢3) + C4sin(w4t+¢4)

C4), frequencies (u],...,w4), phase shift (¢],...,¢4), and time. Output
from the program were tabular listings and Calcomp plots of amplitude virsus
time for the filtered pulse. The examples were selected to illustrate:
1. the range of filter performance allowed under SAE J211a; 2. the effect
of filter hardware on an input signal; 3. the 27fects generated by different
types of filters on the same signal; 4. the effects of phase shift; and,
5. the effects of series filtering.

The baseline test pulse shown in Figure 22 s represented by the formula

P = 2bsi {5)+255in{15t)+12.5sin(50+ 2412, 551n(500t)
This pulse contains many features of crash dece’eration pulses found in the
literature. The fundamental frequency is 5 hertz. The resulting sine wave
rises to an amplitude of 25G's at 50ms and is veduced to zero at 100ms.
A third harmonic component (15 hertz) is supzrimposed vnich suppresses the iwid-
dle of the 5 hertz pulse yielding a signal wit" iwo peaks reminiscent of crazh
pulses. The 50 and 500 hertz pulses sample the frequency spectrum in ranges often
yielding major comoonents of the crash pulse. Amplitude is reduced to 12.5G's
for these components.
Figure 23 shous the results when the SAE J211a filter limits (Class

60 filter) are applied to the baseline pulse. It should be noted that the
upper bound on the Class 60 filter has little effect even on the 500 hertz
pulse because of the gradual rolloff. A substantial drop in average ampli-
tude can be noted when the lowar Timit is anplied as renresented by the dotted

Tine on Figure 23.
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Figure 23. Upper and Lower SAE J211a Filter Limits Applied to Baseline
Pulse.
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Figure 24 shows the effect of a 3-pole Beése] filter with a 60 hertz
cutoff freauency on the baseline pulse. The amplitude and phase resoonse of
this filter are shown in Ficure 4, The effective reduction of the hich fre-
quency component and the nearly linear phase shift of the pulse can be noted.
The phasa shift must bz known accurately if date from accelercmeters subject
to the variety of filters inherent in any electionic data acquisition system
ere to be tirme correlated with high speed iotion picture data. The phase shift
in this example is about 7ms.

Figure 25 compares the filtering of the 60 hertz Bessel filter described
above with that of a 3-pole Butterworth filtei with a 60 hertz cutoff. These
two types of filters are in common use at crash test facilities. The charac-
teristics of the “utterworth filter are shown in Figure 3. THe Butterworth
filter has a sharper rolloff but its phase shift properties are not as Tinear
as the Bess~? {iter. The differences are e2sily cbserved in lMigure 25 in That
the phase shifts are different for the two filt:zrs and the 50 hertz oscillation
is suppressed more in the Bessel filter than the Butterworth even though 60
hertz has been selected as the cutoff value.

Figure 26 and 27 evaluate the effect of rhase shift on filter performance.
Figure 26 shows tre performance of the €0 herts Bessel filter with its nearly
linear phase shift as a dotted line. The solid line on the curve represents
the same changes in amplitude of the four sine components of the baseline
pulse but with zero phase shift. It should be roted that some filter hardware
is built with zero phase shift and also that many digital computer processes
yield zero phase shift. The shape of the pulse is affected by the presence
or lack of a phase shift as is shown in Figure 27. That figure superimposes
the two curves to illustrate this major effect.

The anplication of filters in series can lead to different versione of
the same test data. A hypothetical case where this may occur is in the play-

back of test data. First, an "mfiltered” si;nal is recorded on tipe.

104



Baseline

———=——60 hertz Bessel Filter

.\.\u
-
- e
O o IR
\\\\ ——— ST I T
- IR e—— g
Pt — s ST
- -
-
—
-~

P ————

~—a
-~
AT we—. -~ -~
-~
— EEp—— ~
NPy -_—
—— ——— . . )H.... R S
——TII
[intim—
- be szl -
- | S ———— g
7 e I
Vs —— = = T..I|".|||H[.I
1 o TSI Deeasem -~
-, LTI T
N LTI T e
i R
—— S fumsonsere—JE S ERIN
—T T
—— e s
N ——— —
TN s
St —
T TSI T e
P e e
— T TSR sty
- s T i
- ey
- - B e
- ..
-
7 - —n
Pl ——i ST -
— —— -
B
a———— AT
. ~~~
—— T T S~
ot - ~
B ———— ~
T ) et ~
—— e T ~ —
TR e Y\
S——s e »
s = Y —
——errt TIIITTTTT p
Y e e R S
e I TN
T I
e
—— T T
. n o S— S —— " Iqllll
——. TTTTTTT T N -
LTI e s e
P -~
-— T ~.
e —— e * S
— e e J

60.00 —

50.00 {—
£.00 |-

S.9 3ANLITdWY

-10.00

-20.00

03 .04 .05''.06 .07 .08 .09 .10

.02

.00

TIME, SEC.

Effect of Bessel 60 hertz Filter on Baseline Signal.

Figure 24.

105



AMPLITUDE, G's

60.00 — Butterworth

————— Bessel
50.00

40.00

30.00

20.00 ¢

10.00

.00

-10.00 +—

-20.00 | | | l | | | ] I |
.00 .01 .02 .03 .04 .05 .06 .07 .08 .09 .10

TIME, SEC.

Figure 25. Effect of Bessel and Butterworth 100 hertz Filters on Baseline
Signal, .
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Figure 26, Comparison of Bessel 60 hertz Filters with Linear and Zero
Phase Shift.
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Second, it is played through a filter into a light beam oscillograph where
a quicklv-obtained record can be reviewed (and often published subsequently in

the open literatura). Third, it is nlayed throuch the filter to a computer

(

for digitizing and any one of many procedures for data analysis. It is
doubtful, however, if tha2 digital procedures yield the same record or filter
the signal in the sam2 manner as the galvanometers in the osciltlograpn.

Figures 22 2. ¢ 29 shov

==

the eifects of series filtering with a Bessel 60 hertz

(]

filter. Ths increzsed phase shift and the slight amplitude reduction are
apparent in the solid line of Figure 28 and .in the superposition of the waves
in Figure 29.

Some conclusions can be drawn on the basis of thease simple examples.
The first conclusicn is that clear understanding must be demonstrated on the
part of crash test engineers and data analysts of the amplitude and phase char-
acteristics of the individual filtcirs in the d2ta acquisition and analysis
system. 1lne second conclusion is that specifications more complete than
SAE J211a, which cces not include requirements on phase shift, should be
developed to pro’ide test data of sufficient clarity for comparison with the

predictions of mathematical crashworthiness models.
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Figure 28, Erfact on Baseline Pulse of One and Two Applications of a
Bessel 100 hertz Filter.

110



AMPLITUDE, G's

60.00
50.00
40.00
30.00
20.C0

10.00

<
(]

-10.00

-20.00

Figure

Filtered Once
————— Giltered Twice

I I ! I l i | I | J

.00 .01 .02 .03 .04 .05 .06 .07 .08 .09 .10

TIME, SEC.

29. Superposition of One and Two Applications of a Bessel 100
hertz Filter to the Baseline Pulse.

m



4.4 SUMMERY AND RECO!T'ENDATIONS

It bos boen stoted

ct

hat 2 variety of the proble~s vhich c-2n1 to be
pocrvrine dn the cnndiet of Mrarroduaihle cpashonpthie oo s s o ket Sy
the develeoorent of "verified corputer sirulations" se.m to b2 ralated to
the understanding of electronic and digital filtering. The study which has
Just beenpresented wes designed to take a preliminary look at these problems
from four paintc of view: 1. identificaticn or the characteristics of digital
end electronic filtering procedures; 2. available and rctential msans for
comparing waveforms to study test reproducibility, mathematical model verifi-
ability, and f{lter performance; 3. developmert of simple cxamples of filter
performance using a waveform having similarities with a crash pulse; and, 4.
demonstration of the extent of the role of filters in crashworthiness analy.es
and experimants.
Four recynendations can be inade oo NHTSA for the follow-up of this wuovk:
1. Develop a catalog of specifications for analytical procedures such
as irtegration and differentiation as well as for all types of
electranic and transducer hardware 'sed in crashworthiness tests.
2. Because filters are in series in an e2aalysis or an experiment,
a filter system specification chould be developed which includes
the effects of all filters in the anaiysis or the experiment.
The furctions of a specification of this type vould be to:
a. asign filtering Timits to analvtical and exparirental pro-
cedures; and b, ease the task of determining the possible level
of agreerent which should be expected between an experiment and
mathematical prediction.

3. Existing filter specifications such as SAE J211a should be undated
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4.

Analytical techninues should b2 developed for waveform comparison
LGt L LT Ll do s of gasiirtion, rhase shift,
and amplitude change. These procedures could be used in developing
speciiications of the accuracy waich must be demonstrated by an

analytical model in predicting a physical event.
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1.

5.0 SUMIARY OF CONCLUSIONS AND

FAAVII= I~ ~ e P At A
Drp mT

JRSI

Tusicas rouchad bascd on tiz evaluation of ihe state o7 the art

S Lol Ciduii, Ll ose aimiiid os follows:

Techniques for retrieving structural crash response data from

tests sran the range of electromechanical motion, velocity, accelera-

tion, &od force transducers as well as optical recording techniques.

Contro: of state variables such as impact velocity is highly impor-
icui

tant and a2 narticul

.

ALY

ar prociom in full scale crash tests.

The conticence level of a physical simulation technique as a
realistic indicator of the crash even* can only be estimated roughly
at best. Two of the reasons for this are the variety of real world
accident situations and the lack of criteria for comparison of data
gathercd in different tests.

Crashworthiness testing is expensive, usually costing a minimum

of $100C for simple substructural component tests.

Recommendations on the relationship of physical testing to mathematical

crashworthiness nodeling are summarized as follows:

1.

Guideliras for verification experiments should be developed which

define a realistic band of expected agreement between experimental results and

model preaictions tased on the accuracy of model input data as well as filter

properties of the ssstems producing both the experimental and the computer-

generated data.

2. Crashworthiness model ccmputer pregrams should include user-oriented

preprocessor subprograms for aiding in the preparation of input data and post-

processor sub-programs to present output in a form compatible with experimental

data.
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3. Techniouzs should be davelored for estimating the overall properties
Lo T iy dT e sishi o Titiaes dnoseries to aid din
quantitying tne verifiadility cf a model before the fact and the level
07 @il ciy Livnz2h ool predicticns and experimental results after
the fact.

4. A body of data on the force-deformation properties of vehicies
and their components should be compiled as an aid to crashworthiness

modelers and model users.

5. Res

(4]

arch shoula be cencucted to upgrade optical techniques for three-
dimensional position measurement and the associated computer data-
processi~g software.

6. Research should be initiated to develon new techniques of force
measurement within structures.

7. Reserr.n should be initiated to dev~lcp technigues for verificatic.
vi advanced finite element models.

In conducting this study the importance of filtering both experimental

and computer--znerated data becams apparent and resulted in four additiona’

v :

recommendations. e
1. Develor & catalog of spe;ifications for ana]yticaiyprocedures

such as integration and differentiation as well as for all types of
electronic and transducer hardware used in crashworthiness. tests.

2. Because filters are in series in én analysis or an experiment, a
filter system specification should be developed which includes the
effects of all filters in the analysis or the experiment. The functions
of a specification 9f this type would be to: a. assign filtering
limits to analytical and experimental procedures; and, b. ease the

task of determining the nossihle lavel af acrenment which chould he
g ! orecmant ch should be

expected between an experiment and a mathematical prediction.
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Yy

Existing filter spccifications such as SAE J217a should be updated
and eapanced L0 inciude tne effects of phase snift and distortion.
Analytical techniques should be developed for waveform comparison

in order to numerically define the degree of distortion, phase shift,
and amplitude change. These procedures could be used in developing
specifications of the accuracy which must be demonstrated by an

cn2lytical model in predicting a rhysical event.
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