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ABSTRACT - A linear. visco-elastic, distributed mass model dcveloped to 
producc values of local stress. strain, strain energy density, and other 
traditional material failure indicants as a function of time has bcen 
cxposed lo a wide range of cxpectcd impact sccnarios. The results of 
thcsc analytical cxperiments are then used to determine the abilily of 
scveral currently popular injury indices. such as TTI and V*C, lo predict 
thc extent and severity of structural damage within the modcl based on 
each of the traditional failure indicators. 

Additional issues, such as ( 1 )  effects of geometrical changes on the 
performance of the current injury indices, (2) temporal relationships 
between the current indiccs and the various material f ailure indicators, 
and (3) spatial distribution of the predicted failure within thc 
structure, are addressed and evaluated. 

Conclusions and rccommendations arc off ered on all of the above 
subjects. 

INTRODUCTION - Currcnt automotivc saf ety evaluation practices subject 

mechanically based human surrogates, commonly referred to as test dummies, 
to specified crash circumstances and measure on or within thc dummy a 
varicty of cngineering parameters, such as f orces, accelerations, and 

displacements. These measurements are then interpreted lo predict or 
limit the degree of human injury severity or risk. The injury 
interpretations are accomplished through the use of analytical functions 
that relate the engineering measurements to the various variables 
classifying the pathophysiological consequences. These rclationships are 
commonly rcf erred to as either "injury criteria," "injury tolerances," or 
"injury indiccs." 

Because of thc difficulty of characterizing in detail both the 
geomctrical and material properties of the human anatomy as weil as 
observing its dynamic rcsponse to impact, current irnpact biornechanics 
research practice for dcveloping "injury indiccs" is to conduct a series 
of impact tests on biological specimens; obtaining characterizations of 
the structurc's impact response by instrumenting and/or observing the 
structure's motion at a number of locations, determining the extent and 
severity of the resulting path ophysiology by post test physical 
cxamination; and developing indices by using statistical procedurcs to 
form empirical relationships between thc enginccring response parameters 
and the injury cvaluations that characterize the outcomc. 

Since both accurate injury charactcrizations and impact response 
inf ormation is desired from each test conducted, the majority of 
measurcment schemes obtain data from instrumentation on the external 
surfacc of the intact structurc. Invasivc instrumentation, while having 
thc prospcct of providing a more precisc and detailed characterization of 
local structural rcsponse, invariably introduccs artifactual trauma cither 
during installation or during thc dynamic cvcnt itself. Becausc this 
artifactual trauma is impossible to differentiale from the true impact 
induced trauma. intcrnal instrumcntation has not seen wide application. 

Being limitcd to surfacc measurements and readily availablc 
measurcmcnt tcchnolugics has rcsultcd in injury indiccs using paramctcrs 
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such as local pcak accelerations. relative and absolute vclocities. and 
relative dcfleclions. These realities are evidenced by the various injury 
indices currently being proposed for use witb side impact, i .c., the TTI 
whicb uses the peak acccleralions f rom two points on the surface. tbe v•c 
which uses both relative deflection and vclocily between a point on the 
impact site and a point on the far side of the structure, and relative 
deflcclion alone. 

In lhc promotion and dcbale over thc efficacy and lcchnical bases of 
these various crileria. a variety of claims and counlerclaims have bccome 
attachcd to cach of them: 

TTI 0 

0 

0 
0 

v •c 0 

0 
0 

0 

0 

While the peak accelerations used do not specifically 
correspond to the time of occurrence of the aclUal injury, 
the TTI correlatcs weil with the occurrence and sevprity of 
thoracic/abdominal injury as  defined by the AIS,  ( 1 J 
The TTI has not been associated with any specific local body 
phenomenon (stress. strain, etc.) ,  [ l J  
TTI lacks biomcdical basis, 1 2 1  
Peak accelcrations do not  reliably describe injury risk, (2J  
V*C is associatcd wich the maximum instantaneous cnergy 
dissipated by the viscous elements representing the 
torso, [3 1  
V*C 1s not rclatcd lo the viscosity of the thorax, 14 1  
V * C  is found related l o  the peak (elastic) energy storing 
rate of the lhorax, (4 1  
Viscous rcsponse relales to the actual etiology of 
injury, [5 J  
V*C can successfully indicate the time during the crash when 
the risk of soft tissue injury i s  the higbest, ( 6 1  

l t  i s  the intent of this study, tbrough the development and interrogation 
of a linear, visco-elastic, distributed mass model. to begin to examine 
thc validity and rcasonableness of thcse various claims by examining how 
weil externally derived mcasuremenls from the model. such as v • c  and TTI, 
corrclate with the magnilude of the model's local, interior, material 
state variables ( tha t is, Stress, strain, and/ or strain energy density ) ;  
that are associated with classical material failurc criteria. 

DESCR IPTJON OF THE MOPEL - lt was decided that thc model should, as a 
reasonable compromise bctween complcxity for the sake of accuracy and 
realism. and simplicity for ease of development and execution. bc 
configurcd as a eo-linear, seven-mass, linear visco-elastic system as 
illustrated in Figure 1. While this model is admittedly not a true 
rcprescnlation of the human thorax. cither structurally or materially, it 
was f clt that it would be a good lest of tbe basic claims and 
counterclaims now associated with the various criteria. If these claims 
could be demonstratcd using this simple model. then their extension to the 
true anatomical structure would at least have the possibility of being 
true. Likewise. the antithesis would also bc applicable. Thal is. if a 
concept could not be shown to be viable on such a simple model as the one 
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proposed. Lhen Lhe probabilily of a claim bcing viable on Lhe 
substantially more complex human structure would be extrcmely low. 

The model was dcsigned to simulate conditions represcntative of the 
variety of conditions Lhat have bccn used in side impact tcsting, i .c .. 
wall impacts at specificd initial velocitics and pendulum tests into Lhe 
free standing body slruclure. In the model. M0,(Lhe left most mass of 
Figurc 1 ) ,  rcpresents the wall or the pendulum. is assignc<l an initial 
velocity, V 0, and allowcd to inlcract with thc other masses represenling 
Lhe body which arc initially al rcsl. When inlcraction with a constant 
velocity wall was dcsired. Lhc mass of M 0 was sct arbitrarily high (6300 
Ibm.) while when a pendulum simulation was <lesired, M0 was sct at 63 
Ibm. To simulate a variety of interface conditions between Lhc striking 
surface and the simulated body, a variable elastic interface, (k 0 in 
Figure 1), was used. I ts stiffncss characteristic was varied bctween an 
extremely stiff setting represcnting a rigid wall  and a soft setting 
reprcsenting a surfacc with a consi<lerable amount of padding on i t .  

The modcl's represcnlation of the body was accomplished by 
distributing 63 pounds of mass ovcr the remaining six masscs. The first 
five masses were assigncd a value of 9 Ibm. while the sixth, or the far 
sidc mass. held a valuc of 18 Ibm. The elastic stiffness betwcen each of 
the simulaled bo<ly masses was set a t  1500 pounds-f orce per inch ( this 
represents an  overall stiffncss of thc total body of 300 lbf /in) and each 
inter-mass linear dampcr characteristic was sct a t  10 lbf-scc/in. 
Throughout all subsequent simulations, al l  parameters defining the bo<ly 
were hcld invariant and only the initial velocity and mass of the i m pactor 
and the stiffness of the interfacc were varied. 

The local material state variables were defined and calculatcd by the 
f ollowing methods: 

Strain - the relative displacement between any two adjaccnt body 
masscs divided by a gage length (2 in.) at any time " t "  

during the simulation. 
Stress - the total forcc (the instanlaneous sum of the clastic and 

v1scous force) transmitted bctween any two adjacent body 
masses at any L imc "t" during the simulation . 

Elastic Stress -
The forcc transmittcd by thc elastic component bctween any 
two adjaccnt body masses, (directly proportional to strain ) .  

Viscous Stress -
The force transmittcd by the viscous clemcnt bctwcen an<l two 
adjaccnt body masses. 

Local Strain Energy Density -
The work cxpendcd in  compressing both Lhe elastic and 
viscous elcments from time zero until time " L "  between any 
two adjacent body masscs. 

Local Viscous Strain Encrgy Dcnsity -
The cnergy dissipatcd by the v1scous element bctwcen any two 
adjacent body masscs from time zcro to Lime " t " .  

Total Absorbcd Encrgy -
Tbc sum of all fivc Local Strain Energy Densitics a l  time 
"t ll . 

Total Viscous Absorbc<l Encrgy -
Thc sum of al l  fivc l ocal Viscous Slrain Encrgy Dcnsitics al 
time " t " .  
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The valucs of thc various in1ury indiccs for each simulation wcre 
calculated using only data dcrivable or available from masses " 1 "  or "6". 
Thal is, TTI was calculatcd as the average of the maximum accelcrations 
obscrvcd on mass " 1 "  and "6", v•c was calculated. as  prescribed by the 
originators. as the maximum instantaneous product of thc relative vclocity 
and normalized dcflcction bctwcen mass " 1 "  and "6." Total exterior 
dcflcction was calculatcd as the relative displaccmenl bctwcen masscs " l "  
and "6." 

D EFINITION OF FAILURE - All major anatomical structurcs -- becausc they 
are structures that musl bc provided with a variety of physical materials 
for nourishmenl, cleansing, protection, etc. via an  intimate. doscd loop 
circulalory system, musl bc providcd innervation f or functional input or 
output. must maintain a specific and uniquc cellular configuration to 
achieve their unique life function for the body - - are not homogcncous or 
isotropic in any stretch of thc imagination. Rather thcy are intimalc 
inLCrmingling of many different structural cnlitics thal all  contributc a 
structure's architecture and function. Thcrefore, as mechanical 
disturbanccs from impacl propagatc through such structures, their effccts. 
whcthcr dysfunctional ur deslructive, effecl cach of the sub-anatomical 
cntitics al  different limcs and with different scverity. Howevcr, when 
these individual cffects are vicwed as a whole and graded by a coarsc 
scverity grading scheme such as the AIS,  the overall rating of injury 
sevcrity appears to increasc gradually with increasing mechanical 
intensily of the impacl cvent rathcr than having a distincl threshold 
bclow which nothing occurs and above which total catastrophic dcstruction 
and/or disfunction occurs. 

Since the modcl being interrogated in this study is cxtremely simple 
and does not represcnl any specific anatomical reality, the dcgree of 
failurc or injury severity, for the sake of this study, will be considcred 
to be proportional to the magnitudc of the material state variables 
dcfincd and no specific thrcshold failurc levels will be assigned lo any 
state variable. The characteristics of thc model will rcmain linear and 
invariant rcgardlcss of thc intensity of the simulated event. 

TEST MATRIX - The modcl dcscribcd above was exerciscd using a full 
factorial lest malrix with thc following variable ranges: 

l m pactor Mass. ( M0) 
6300 Ibm ( l o  rcprcscnt wall  tcsl ) or 
63 Ibm ( to rcpresenl pcndulum) 

Interface Stiffncss. ( k0) 
400, 800. 1600, 3200. ur 6400 lbf /in 

Initial Velocity, (V 0) . 1 0, 1 5. ur 20 mdes per hour 

For each of the 30 simulations. all dcscribed material statc variables 
and associatcd 1n1ury indiccs werc calculatcd and rccorded. 

DISCUSSION OF ANAL YTTCAL TEST R ESULTS 

Tempora( Rclationships: Details of thc t ime rcsponsc of various stale 
variables al each of thc five scctions thal constitutc the total lcnglh of 
the body arc il lustratcd in Figurcs 2 through 4 .  This sct of figurcs 
rcprcsents only thc modcl's responsc from onc tcst condition. ( 15 mph wall 
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impacl witb a padding stiffness of 1600 lbf/in ) for thc sake of clarity. 
Tbe sequential propagation of thc various state variables along the length 
of thc model was evident in all impact conditions modeled. only thc sbape 
and magnitudes obviously varied somewhal. 

ll is easily recognizcd from cxamination of these local statc 
variables verses time plots that the effects of the simulated mechanical 
impact. whether local stresscs or strains. propagate tbrougb the lcngth of 
tbe body with some velocity that is detcrmined by the modcl 's  dcfining 
paramcters. Thercfore, if one were to associate failure with a specific 
thrcshold levcl associatcd with a particular state variable, it is obvious 
that this thrcshold lcvel is excecded at diff crcnt limes at  different 
locations in the body. This would suggest tbat there is no uniquc time 
after the initiation of thc impact at which thc total body is at grcatest 
risk because each local body region reaches the prescribed risk levcl at  a 
different time. As a result, the assertion that "V•c can successfully 
indicate the time during the crash event when the risk of soft tissue 
injury [rcad internal lcsion l is thc highest" [6J  is not supportcd by this 
analysis. 

lnjury Critcria vcrscs Statc Variables: To cxamine the predictive 
capabililies of tbe various injury indices in the most vchicle like sidc 
impact simulalion, tbe constant vclocity wall, all three injury indiccs 
were cross-plottcd against cach of tbe material state variables over the 
range of in terfacc stiff ncss ( 400 to 6400 lbf /in)  for thc th ree initial 
velocities ( 10, 15, and 20 mph).  The rcsults are prcscnted in Figures 5 
through 1 1 . Ninc curves arc presentcd on each plol. A sct of threc 
curves for cach injury mcasure corresponding to tbe threc initial 
vclocilics and each curve rcprescnting the range of interf ace stiffncss 
f rom thc sof test ( usually tbe lef t most point) to tbe stiffest ( on the 
right). 

Tbe predictive capabilitics of eacb of the injury indices for tbc wall 
simulations are easily observed in tbe figures. l t  is obvious tbat no one 
index predicts all material state variables perf ectly. Tbat is, tbe 
indices do not possess linear or non-linear, singlc valued, monotonic 
rclationships with a state variable. l t  is equally obvious that all threc 
indices havc some predictive capability. In gcneral. it can also be 
stated, that the predictivc capabilities are least in the simulations 
associated witb the sliffcr interface conditions. 

Examining Figurc 5, which dcpicts Peak Local Stress, indicatcs that 
all th ree indiccs a re poor perf ormers. If the two stiffcst tcst 
conditions are ignored. botb Dcflection and v•c would have tightcr bands 
of points (with Deflcction bcing the best) and a ppear to be bettcr 
predictors than TTI. Figurc 6, wbich dcpicts Maximum Local Strain. 
illustratcs that total dcfection is the best and most linear predictor of 
local strain. If thc two stiffcst conditions were ignored, thc 
capabilitics of tbe othcr two predictors would improve sligbtly. 
Considcring Peak Local Viscous Stress. Figure 7, illustrates the almost 
perf cct linearity of TTI with tbis measurc while thc other indiccs perform 
poorly. .-\gain. rcmoving thc two stiffcst interfacc conditions improvcs 
the V"C's performance substantially but witb only a small improvcmcnt in 
thc predictive capability of Dcflcction. 

Examining the performancc of thc injury indiccs with rcspcct to thc 
various strain cnergy dcnsity functions again shows that thcy possess 
varying prcdictive capabilitics. S pecifically, considcring Maximum Local 
Absorbed Encrgy ( clastic and viscous combincd) in Figurc 8. it can bc sccn 
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that all critcria divergc from thc perf ormance of a n  ideal function. i.e„ 
single val ued and monotonic. Aga in. neglecting some of the stiff cst 
interf aces im proves the perf ormance of all criteria with none having a 
substantially better pcrformancc than any other. In the specific casc of 
Maximum Local V i scous Absorbed Energy (Figure 9),  TTI appears to bc the 
hest performer over the cntirc range of simulations. As elimination of 

the stiffer interface conditions is made. TTI improves most readily, 
f ollowed by V •c, and dcflcction really never becoming a good performer. 
Since Maximum Ll)Cal Strain Energy is proportional to the squarc of the 
local strain. cvaluation of thc performance of the indices on Local Strain 
Encrgy will bc the same as those give on strain above, i.e., Dcflection 
the best. followed by TTI and then v•c. 

If  injury were rclated to thc total absorbed cnergy of the body 
regardless where or when it was absorbed, examination of Maximum absorbed 
energy would be most appropriate. Figure 10 illustrates Maximum Total 
Absorbcd Energy. Here v • c  performs the best with Deflection close 
behind. TTI's performancc docs not improve until the two stiffcst 
interfacc conditions are eliminated. The a bility of the various criteria 
to prcdict the maximum total absorbed viscous energy (which has been 
suggcsted as thc true etiological factor by Lau. (5])  is shown in 
Figure 1 1 . Hcre, a l l  indices arc poor performers when all interface 
conditions are considcrcd. Elimination of the two stiffest conditions 
appcars to improve TTI and v•c substantially, but deflection never obtains 
a reasonable f unctional rclationship. 

Effects of Mechan ical  Confi1rnration on Response: To assess the effccts of 
changing the stimulation environment f rom a constant vclocity wall to the 
substantially lighter pendulum type test, individual cross-plots of cach 

injury measure verses the various state variables f or thc entire range of 
initial vclocities and intcrface stiffnesses for both the wall and 
pendulum were madc. 

Figure 12. which shows the peak local viscous stress verses TTI for 
both wall and pendulum illustrates that for the same TTI values, the same 

level of viscous stress is  generated. This perf ormance suggests several 
things: that TTI is a fairly robust mcasure when used to predict this 
specific state variable and that pendulum tcsts would bc as appropriate to 
use in dcveloping a n  experimental data base a s  would the wall tcsts. 

Figure 13 illustrates v•cs relationship to peak local Stress for both 
pendulum and wal l  type impacts. What is  obvious is that for a given level 
of peak local stress in a wall test. a higher valuc of v•c is produccd 
than in a pendulum tcst. This performance also suggests scveral things: 
( a )  v•c is not a robust predictor of this specific state variable, ( b )  
that pendulum tests a r e  substantially different from wall tests to produce 
two different values of v • c  for thc same level of peak local viscous 
stress. ( c )  and using pcndulum tests as an experimental cnvironment to 
develop a data base f or predicting injury in wall type tests may he 
mislcading. 

The above cxamplc of the TTI's good and the v • c s  poor pcrformance 
i l lustrated a bove on the comhined sct of wall and pcndulum tcsts was not 
meant to suggcst that this was thcir behavior for a l l  state variables 
cxamincd. Rather. i t  was givcn as an cxample of good and poor performance 
of an indcx as lest conditions arc varicd. The ovcrall pcrformancc of 
each of thc various indiccs va ric<l and <lcpendcd on with which statc 
variable it was bcing comparcd. 

Scvcral commcnts arc appropriatc at  this juncturc. First. thcrc arc 
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substantial relative differcnces between the mechanical environment that 
pendulum tcsts present lo an invariant mechanical system and the 
environment presentcd by wall tests. That is, it is not possiblc to 
create an event totally cquivalcnt to a wall impact with a pendulum. Only 
ccrtain charactcrizing parameters can be equivalent while others must bc 
differcnl. For example. if relative impact velocity is to be the same. 
total energy managed cannot bc the same, nor can the distribution of 
maximum viscous induced stress within the body be the same. Second. 
because of thcse diffcrcnccs, dcvelopment of empirical injury indiccs. 
such as TTI and v •c, using data generated in a mechanical cnvironmcnt 
substantially different from the one where the index will be applied. may 
lead, dcpending on which fundamental state variables actually rclate to 
injury scverity, to thc use of an erroneous and inappropriate injury 
indcx. 

The antithesis to this last statement is also true. Thal is. thc 

inappropriateness of an injury index may not be demonstrated by thc f act 
that it cannot perform weil in an environment for which it was not 
designed. If the perf ormancc of the index has, by whatevcr cvaluation 
criteria used. been judgcd adequate for use in a specific environment, thc 
fact that it does not perform weil in another cnvironment has no 
relevance. 

SUMMARY - Comparing the rcsults of this analytical investigation with the 
various claims and counterclaims attributed toward the three injury 
criteria studicd. the following, within the context of thc modclling 
assumptions, can be stated. 

l. [f relating to thc actual ctiology of injury can be construcd to 
mean that an injury index exhibits a strictly linear or 
non-linear, singlc valued. monotonic relationship with a state 
variable over the entire range of compliances. all  initial 
vclocities, and both tcst cnvironments, then, of the three 
indices studied, TTI (because of its linear, single valued 
relationship with peak viscous stress) and Deflection (because of 
its linear, single valued relationship with strain) may be 
considcrcd possible ctiological variables. Because v • c  did not 
demonstrate such a singlc valued relationship with any of thc 
examined state variables, its possible status as an etiological 
variable has not bcen cstablished by this study. 

2. Because the effects of impacting a viscoelastic, distributed mass 
system propagatc through the length of the body and occur a t  
various instants in  time, any claim that v • c  c a n  identify an 
unique instant in time when total body injury risk is the highest 
is unsupportable by this study. 

3. The claim that any of the externally derived indices is a good 
correlate of injury cannot be refuted by this study. That 1s, 
without making a prejudgmcnt on which state variable, or 
combination of variables. are the etiological paramete r ( s )  
related to injury, every externally derivable parameter examined 
did correlatc. with a varying dcgrce of rigor, with at  least somc 
of the state variables cxamincd. 

4. Whilc v • c  does correlatc with the various state variables 
associated with the viscous components of the model. thc TTI 
generally had a better corrclative ability with these particular 
state variables. Thcrcforc. thc claim that V*C is associated 
with thc viscous absorbcd cncrgy is supported by this study. Thc 
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claims lhal TTI lacks biomecbanical basis and that peak 
accelerations do nol reliably describe injury risk are not 
supportable in tbe conlext of this study. 

5. While tbc originators of thc TTI indicated that thcy bad not 
associated thc index wilh any specific local body phcnomcnon 
(slress, strain, clc.) ,  this study indicates that TTI docs 
correlatc weil with scveral local and overall state variables. 

CONCLUSIONS - Current experimental biomechanical praclicc l imils 
practicablc instrumenlalion lo tbc surfacc of lest specimens lo avoid 
artif actual trauma interfcring with injury assessmenl tcchniques. This 
has resultcd in currently proposed injury indices utilizing measurcmcnts 
dcrivable from tbe surfacc of the the specimen. Since lhe lruc etiology 
of failure is most likcly associated with local material state variables 
and a strict functional rclationship between tbese local phenomenon and 
lhe surface responses has not been demonstrated, tbe determination of the 
efficacy of any empirical injury index can only be bascd upon thc goodness 
uf its correlative power with a specific injury measure and dctermined 
from a data sct which encompasscs the conditions of anticipated use. The 
usc of data gcneratcd in a mechanical cnvironment that is substantially 
different from thc one of intcndcd use, to either provide creditability lo 
a given index or lo discrcdit another, is highly speculativc, not 
scientifically rigorous, and fraught with danger. 

Within thc limitcd complcxily and rcalily of the modcl utilizcd, the 
claims critical of TTI appear unfounded. Also, without additional 
evidcnce lo suggest that onc particular local state variable is thc only 
onc associatcd with injury, this analysis cannot rule out any of thc 
proposcd criteria from bcing viable injury indices. l t  appears, 
thercfore, that the only true method currently available lo assess thc 
efficacy of an injury indcx is to evaluate and judge its pcrformance on a 
data base derived from experimental tests that encompass the expectcd 
rangc of its operation. 
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