AD-AO12 761

BLUNT TRAUMA DATA CORRELATION

Victor R. Clare, et al

S T T e R

| § Edgewood Arsenal
| |
. "
‘ Prepared for: g
1 Law Enforcement Assistance Administration

May 1975

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE

N /
it kil it N i PR) PRV -




Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Department of Commerce
Springfield VA 22151




TR . T T IR T TR IR T o

RO TR TR Rl Sl anad il il oo A

AeevaNEe e e s ke

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Enteved)
» READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING * ORM
[T REFORT NUNBER 2. GOVT ACCESSION NO| §. RECIPIENT'S CATALOG NUMBLR
EB-TR.75016
4. TITLE (and Subtitle) 8. TYPE OF REPORY & PERjOD CUVERED
Technical Report
November 1973 1974
BLUNT TRAUMA DATA CORRELATION 6 PERFORMING om.Ma!:rom NUMBER
7. AUTHOR(s) 8. CONTRACT OR GRANT NUNMAER(s)
Victor R. Clare Alexander P, Mickiewicz
James H, Lewis Larry M, Sturdivan LEAA-J-IAA-005 4
9. PERFORMING ORGANIZATION NAME AND ADPRESS 0. PROGRAM ELEMENT, PROJECT. TASK
AREA & WORK UNIT NUMBERS

Commander, Edgewood Arsenal
Attn: SAREA-L".BS
Aberdeen Proving Ground, Maryland 21010

11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Command.r, Edgewood Arsenal May 1975
Attn: SAREA-TS-R 13, NUYBER OF PAGES
Aberdeen Proving Ground, Maryland 21010 5 l
. MONITORING AGENCY NAME & ADDRESS(If differen: from Controlling Office) 18. SECURITY CL ASS. (of thia reflort)
UNCLASSIFIED
15a. DFCLASSIFICATION/ DOWNGRADING
SCHEOULE
NA
16. DISTRIBUTION STATEMENT (of thie Report)
Approved for public release; distribution unlimited.
17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, il ditierent irom Report)
18. SUPPLEMENTARY NOTES
This was a data correlation task,
18, KEY WORDS (Continue on reverse aide il necessary and identity by block number)
Blunt irauma Discriminant Model Blunt impact
Soft armor Dose Serious injury Correlation
Backface signature Response . Physical parameter Assessment ‘
Multiplicative Criteria Physiological parameter Nonpenetration

20. ABSTRACT (Continue on reverse side if necessary and identify hy block numbert)

The purpese of this task was to assemble and correlate blunt trauma data with primary emphasis on the
relevancy of the data to the goals and objectives of the overall Lightweight Soft Body Armor Program. Secondarily,
the applicability of these data to projectile-induced blunt trauma generalizations was considered. The task was
carried out in two related phases. The first was a review phase during which the data were evaluated by a mixed
discipline team to establish the validity and applicability of each data set to the objectives of this task. Tl.e second
phase involved the analysis of those data sets identified as most relevant during the review phase and resulted in two

(Continued on reverse side)

FORM
DD | an 7y 1473  =0iTiON OF 1 NOV 88 13 OBsSOLETE UNCLASSIFIED
l o SECURITY CLASSIFICATION OF THIS PAGE (When Data Bntered)

R AL B 3 i Wk

i




W

T

i
r-,mmﬂ"’ N

UNCLASSIFIED
SECURITY CLASHFICATION OF THIS PAGR(Whan Du'a Bntered)

provisional multiplicative madels, One, u four-parameter model, represents the maximam number of parameters
common to all dita sets and has suggested application for generalized projectite-induced blunt trsuma to the thorax.
It predictive to the extent that all of the parameters which may be measuted experimentally can #'io be ussumned.
The same model, with approprisate  adjustment  of the discrimmant  line intercept, was extended to
Nacture ‘no-tracture data for the hver, The second model incorporates the cight parameters measured in the
Lightwerght Sott Body  Armur Program  and  provides better live/die  discimination in animals  than  the
Tour-parameter model. Coupled with data derived through methodology developed in the Backface Signature Task of
thas program, 1t provides a belind-thesirmor predictive (preexperimental) tive/die capability for unimals based on the

“physical™ parameters, and a more sensitive, though atipredictive, discaminant capability given postexperimental
Uphysiological”™ measures.

A oen

t9

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When L.«ta Entered)

A s i b A
o s b
it i bAAmbe AL R a2k

. i o Ak i
ek i b

[P S

e ke Ak s it e ot



rrmxnwxmn—- EremmeiT o wmmmsimmem - Ss S S e merme s s meTIe C SESSSUTYETS T Mg T UMD CEERCUTITT Y g troT ot R R Rl e B e ot o e A s _\.1

]
|
T
L
\
|

SUMMARY
Purpose

The purpose of this task was to assemble and correlate blynt trauma data with primary emphasis on the
relevancy of the data to the goals and objectives of the overall Lightweight Soft Body Armor Program. Secondarily,
the applicability of these data to projectile-induced blunt rrauma generalizations was considered.

‘ ScoE

This correlation effort was centered around but not limited to data generated by the following
organizations thought to be the most lik.ely sources of relevant, projectile-induced blunt trauma data.

(1) Calspan Corporation, Buffalo, New York

(2) Edgewvod Arsenal

(3) Land Warfare Laboratory, Aberdeen Proving Ground, Maryland

t (4) Lovelace Foundation for Medical Education and Research, Albuquerque, New Mexico
(5) MB Associates, San Ramon, California

(6) United Kingdom

A list of the documents reviewed is contained in the bibliography.

Met hodo!og

The task was carried out in two related phases. The first was a review ptase during which the data ‘vere
organized as to type (research, test. empirical, theoretical, etc.) and were evaluated by a mixed discipline team to
: esiablish the validity and applicability of each data set to the objectives of this task. This phase resulted in interim
r conclusions and recommendations within a 2-month period.

T T

The second phase involved the analysis of those data sets identified as most relevant during the review
phase and resulted in two provisional multiplicative (parameters multiplied rather than added) models. The
correlation analysis involved objective functions based on misclassifications and/or zones of mixed results for
positive (death) and negative (survival) responses in animais struck in the thorax by nonpenetrating projectiles. The
starting point for the analysis was with two parameters (minimum logical parameters) and proceeded through
successive combinations of “physical” parameters to a level of five (maximum available). Three *‘physiological”
parameters were also correlated with response. The models were validated using available, independently obtained
data for sirnilar and dissii,-ilar projectiles as well as for different animal species. Extension of the four-parameter
model to liver impact data was attempted and validation within the limits of available data was accomplished.

Results and Co.cclusions

The four-parameter model represented the maximum number of parameters common to all data sets. These
data sets include three animal species and twelve projectile variations. The model has suggested application for
generalized projectile-induced blunt trauma to the thorax and is predictive to the extent that all of the parameters
whichmay be measured experimentally can also be assumed. The model is of the form:

K P(r) = f((MV?/WD)
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where
P(r) = probability of response (death, serious injury ., ete.)
= mass of the projeciile in grams
= impact wlocity of the projectile in metess per second

body mass of the animal in kilograms

T £ < =X
"

#

diameter of the projectile in centimeters

The saine model, with appropriate adjustment of the discriminant line intercept, was cxtended to
fracture/no-fracture data for the liver, The model discriminated low, mid, and high regions of response/no response.
These data spanned three animal species und twelve projectile variations.

The second model, consisting of eight parameters, is one of threv that initially resulted from an Army
Materiel Command-Edgewood Arsenal basic research program in projectile-induced blunt trauma of the thorax. A

mudification (the substitution of projectile diameter D for projectile arca A) suggested by the current correlation

« ftort resulted s a model with *‘physical™ measures of M= */TWD and * ‘physiological ™ measures of L/W X %APQ, X
“VPO-,

where
M = mass of the projectile in grams

V = impact wlocity of the projectile in meters per second

T = tissue thickriess over the vital organ impacted in centimeters
W = body mass of the animal in kilograms
D = diameter of the projectile in centimeters

L/W = total lung mass/body mass of the animal in grams per kilogram

"

7%APO, maximum deviation in arterial oxygen pressure from control value

%VPO, maximum deviation in venous oxygen pressure from control value

This model incorporates the parameters measured in the Lightweight Soft Body Armor Program and provides better
live/die discrimination in animals than the four-parameter model. Coupled with data derived through methodology
developed in the Backface Signature Task of thic program, it provides a behind-the-armor predictive
{preexperimental) live/die capability for animals based on the ‘‘physical” parameters and a more sensitive
discriminant capability given postexperimental **physiological’™ measures.

Although the above models represent the best correlations thought possible with the available data base.
tne insutficiency and inconsistency within that data base permit only restricted model formulation and validation.
For this reason, pending availability of additional data for further validation, the models presented in this report
should be considered provisional.
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PREFACE

The data correlation task described in this report was authorized under contract LEAA-J-IAA-0054. The
task was sturted in November 1973 and completed in May 1974, Data sources reviewed are listed in the
bibliography; sources of data used in the actual correlation are listed on the individual data tables.

The use of trade names in this report does not constitute an officiul endorsement or approval of the use of
such commercial hardware or software. This report may not be cited for purposes of advertisement.

Reproduction of this document in wholy or in part is prohibited except with permission of the
Commander, Edgewood Arsenal, Attn: SAREA-TS-R Aberdeen Proving Ground, Maryland 21010; however, DDC

and the National Technical Information Service are iuthorized to reproduce the document for US Government
nurposes.
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BLUNT {'RAUMA DATA CORRELATION
I.  INTRODUCTION.

Blunt trauma litecature, as svidenced by the review efforts by MB Assuciates, Land Warfate Laboratory,
Biophysics Division, and others, is to a large part inade up of dats applicable to auto crashes and blast. typically with
total body and total or even multiple organ involvement, The differences in mass, velocity, and pethaps dose and
dose application times® provide reasonable doubt as to the applicability of these data to projectile-induced blunt
trauma with noniotal body involvement or even, more typically, with only discrete areas of single organs involved.

This Blunt Trauma Correlation Tazk was, therefore, carried out with primary emphasis on the relevancy of
the overall Lightweight Soft Body Armor Program, ongoing under Interagency Agreement No. LEAAJ-JAA-Q05 -4,
The goals are to have protective garments that will .vithstand the thieats of a .38 caliber special and a .22 caliber
handgun and to characterize and reduce the blunt trauma effects. The c’jective of the program is to develop
lightweight protective garments for use by public officisls and law enforcement personnel. Secondarily, the
applicability of these data and snalyses to projectile-induced blunt tr2:;ma generalizations was considered.

Il. PROCEDURE.

This task was carried out in two related phases, a review phase ard an snalysis phase.

A. Review.

Duting the review phase, blunt trauma data were acquired, organized as to type (research, iest, empirical,
theoretical, etc.), and reviewed by the mixed discipline team to esiablish the validity and applicability of euch data
set to the objectives of this task. In this manner, consensus-determin:d interim conclusions and recominendations
were available and presented from a large volume of data within the 2-month period as required. Interim conclusions
and recommendations were necessary early in the program so that any modifications to the methodology of the
other tasks indicated as a rosult of the correlation task could be accomplished before program termination. The
interim conclusions and recommendations are given in appendixes A and B, respectively.

B.  Analysis.
vanmrmbrer

The analysis phase used only those data sets identified as most relevant during the review phase and was
carried out in the following steps:

I. Correlation Model Selection. A multiplicative (parameters multiplied rather than added)
discriminant mode] lormat was chosen based on experience gained during a ssgment of an Army Materiel Command
(AMC) basic research program in blunt trauma conducted by the Biophysics Division during FY73. From this study,
data for 30 ;mpacts on live goat thoraces by four noncompliant, nonpenctrating projectiles, each impact having five
“physical” and three “physiological” measurements, were chosen as the basic data set. Since this AMC program was
specifically designed for basic reseurch in projectile-induced blunt trauma, it had available the greatest number

(cight) of related parameters recorded for any given impact of any of the studies reviewed. Obviously, models with
fewer parameters could also be derived from this data set.

* The bioresponse-to-travma problem is essentially one of a dose/response nature where the input “dose" Is some injury-pre? . g
quantity and the “response is the occurrsnoce of an adverse effect on the human, such as tisiue damage, incapacitatica, or
lothality. As used in this report, projectile-in Juced blunt trauma “dose™ is a multipararaetered relationship consisting of at least
the projectile impact velacity mulciplied by the projectile mass in various combinations with the other parameters of: projectils
diametor, body (targe!) muss, and wall thickness, Although it is folt that other , *tameters may also have relevancy to
projectile-induced blunt trauma “‘dose,” they were not determinable within the scope of this study.

Preceding page blank 9
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The two-parameter model, using projectile mass (M) and wlocity (V) was chosen as the statting point
timmmeam Jogical patameters) for the correlition analyses. Suecessive combamations of sncreasing “physicat”
parameterns up to the maximum available (hve) were fitted GeL placed m the numerator or denottiinator) e then
proper selationshop according to theory . The values of these ive parameters can cither be measured or assumed . the
medel thetefore represents a predichive capability  tor generalized projectile-induced blunt tisuma. The three
“physiologweal”™ pargmeten are not merely different assorted parameters but are different measures of blupt trauma
10 the thorax. Smce these parameters must be determined experimentally, that portion of the madel, though gving
good discrimunation. does not have predictive capability . Since the set of cight parameters, initially establish.d
dunmg the AMC.Edgewood Arsenal (EA) effort, sre availuble elsewhere only in the Soit Armor Provean, the
cortelation ettort on an eight-parameter basis s hiited in sample size and obviowly is ot appropnste for some
patameter sets tound in other stadies

2. Determination of Parameter Rclcv;w_g_y As tasked. the correlation was for existing data only with
apphicabihty to:

a. Generatized projectile-induced blunt trawma
b, Blunt truuma behind soft armor (Keviar)

The objective tunctions of “tewest nusclassiticitions™ (MC) and/or “smallest zone of mixed results” (ZMR) were
used throughout the analyses to detenmine the best model tit of existing data. The best model it ut cach
combination level was assumed to contain those purameters most relevant to blunt trauma response discrimination.
Throughout the AMUC-EA data correlation plots (figures | through 6) the solid line, whidh is an “eychall™ fitis the
discriminant hine with the dashed line(s) demarking the zones of mixed results,

3. Determination of Relative Powers of Parameters.  Physical theory and empirical data it were
combined throughout the unalyses to arrive at the two provisional models. To fucilitate this, natural log units were
used tor all of the piots. In this manner. the s'ope of the discriminant line provided an indicator of the exponent of
the velocity parameter relative to the other parameters.

4. Validation of Models.  Once the relevancy and relative exponent of the wvailable blunt truuma
parameters of the AMC-EA data set were estyblished. the model which provided the best disctimination was assumed
to represent the best availuble correlution, Necessary validation for the generalized model was achieved by subjecting
live 'die and liver fracture/no-fracture responses from independently obtained, nonarmored. projectile impuact data
sets to the model and observing iff discrimination misclassifications and 2ones of mixed results weie maintained at
reasonable levels,

The substitution of the projectile diameter tur area ia the four-parameter model was slso applied to the
cight-patameter sott armor application model. Independently votained data to prove this model were availuble only
from the Backfuce Signature Task and, despite the small sumple size, validated the model reasonably well,
Subsequent application of the model in the continuing Back face Signature Task should provide additional validution.

1. RESULTS.

The results of the correlation analyses by parameter level are presented in figures | through 6. Throughout
this series of plots, the same n = 30 data set 3s used (sce table 1), Animals surviving for a 24-hour period after the
nonpenctrating impact to the thorax are represented by sn open symbol: and nonsurvivars, by a solid symbol, The
traction beside each symbol denotes the mass of the projectile in the numerator and the diameter of the impact
surface in the denominator (.g.. 50/40 = 50 grams/40 mm). In all cuses, the projectiles were noncompliant
cylinders. The discriminant (solid) line wus fitted to the datu to separate positive and negative responses with he
tewest misclassifications consistent with the theory of the relationship The zone of mixed results is denoted by the
dashed line(s) parallel to the discriminant line.
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latle 1. Biophysics Division Fhoracie tmpact Data
(Noncompliant Cyhader = Gout. Basie Set)
Datsource. BIOPHYSICS DIV-AMCEA-BY 731 (reference 2)
i
Nl speaaes. GOAL Projectiie: NONCOMEYVIAN T CYLINDE RS :
PLOTEED Bapures U2GA B amd CL A AB and O 4,807, 1L 12 11 17 LK, 19,20, 0
E
Projvd e farget Tarpet 1
Al Werght Tissue Lung weight [Artenal O | Venous O Respunse. Moy
No \“,‘x‘\ \\‘:‘\‘;"“)' l)“:"';\;m tmass) ”‘i‘fk_“““ Body weght | devition deviation dvith sy tihol
W) th (W) (APO 5 VI, i
e m sy mm hy on gm g “ oos . i
i
1ouvg0 S0 Kol 40 s2.2 AR 7.30 5.0 273 - o i
[RAUT A LEXTN $) 470 38 R K3 140} ss ~ 3
19911 so| xS0 40 47.2 hK ] 10.04 Mo 120 - i
et | oso| 779w 40 0K 20 12.20 ATK AR ' = ]
(RN S0 7.8 40 RELK ) 2.4 13493 RE 423 + i
19850 S0 8§93 40 N.X 1.7 14.08 95.0 ud.2 + i
JURTS 200 RRRE.} 40 4n S 1.7 0.02 4.3 LR - ¥
19589 M) RREAY 40 9.2 20 7.89 22 73 -
19K90) 200 40.13 40 434 2 8.71 14.5 ISy - .
1984] N 44.76 30 S1.8 3 AR 16,3 IX4 :
19X 20 S19? 40 48.0 27 12.04 4.8 RRRY - ;
1990 | 200 S5.16 40 494 3.0 10.04 129 17.8 -
19908 -0 So.13 40 RERY] AKX 13.62 AR 404 -
19904 200 54.73 40 43.0 2.2 18.37 R)4 LY. + A
19906 200 §4.93 40 2402 1K 16,98 920 KXY +
19000 200 SE 4 J0 RE 1.9 12.13 [N} S8 +
1OR7? | 200 REINI 80 ax.3 2.4 12.42 1.2 13 - 0
187X 200 In.73 80 8.0 A .00 10.3 14.7 -
19892 200 44.38 L {V] 84 3.9 10.95 40.0 0.7 -
19893 200 47.90) 80 38.7 1.8 1194 417 6.7 - |
19894 200 £31.42 RO 4K.2 3% 9,78 42.0 30.0 - :
19903 200 §7.21 RO 46.8 2.3 10.81 15.1 27.3 - ‘
19915 200 S5K7 80 RARY AN ) 18.88 438 63.2 + [
19919 200 59.59 80 31.0 1.4 17.10 SR* 6.8 +
198497 200 60.92 80 4.4 29 19.62 74 6.6 +
19896 200 61.64 KO IR.2 .6 ~ 2026 719 39.6 +
IRLE L] 200 63.34 8O 36.0 20 21.89 %06.0 87.2 *
19926 128 77.46 63 4> 34 121 o9 4.6 - v
19928 125 79.06 63 IRK 3.2 15.46 S1.8 54.7 -
19927 125 81.17 63 264 1.7 2220 85.3 86| v

¢ No control reading. Caleulated value from mean control of 83.0.
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A.  Parameter Relevancy.

1. Two-Parameter Fit,

The MV plot (figure 1) resulted in six misclassifications with 25 of the 30 points falling in the zone of
mixed results. The grouping of the three discrete projectile masses of 50, 125, and 200 grams is onite vbvious at this
two-parameter level. Of additional interest are the six points at the extreme upper left .»:rtion of the plot
representing the 50/40 projectile. These data indicate that the three animuls (0) that surviv] were subjected to
higher velocity impacts than the three animals (®) that died. This would appear to be contrary both to logic and
theory. Further examination of these data poinis revealed that the three surviving animals had body masses of 47.0,

7.2, and $2.2 kg, whereas the animals that died had body masses of 284, 32.8, and 38.4 kg. This was an
experimental verification that body mass scaling is indeed relevant to blunt trauma response assessment.

2. Three-Purameter Fits.

Three tits consistent with theory were possible at the three-parameter level: MV/A, MV/T, and MV/W.
The MV/A plot (figure 2, A) showed ecight misclassifications (two greater than the two-parameter plot)
and a 20/30 ZMR vulue (five Jess than the two-parameter plot). The addition of A, the area of the projectile impact

surface. though adding a third parameter and thereby increasing generalized upplicability of the model, actually
decreased live/die discrimination capability.

In figure 2, B. tissue thickness at the point of impact, T, was substituted for area and the resultant MV/T
plot showed improved discrimination with five misclassifications and i4/30 as the ZMR value.

The MV/W combination (figure 2, ) gave four mis. assifications with 18/30 in the ZMR, the best at this
level.

At the three-parameter level, then, in combination with MV, the best correlation was achieved using body
mass with the poorest discrimination arising from the area correlation, Tissuc thickness ranks between these two. It
should be noted that regardiess of the combination of the other parameters (M/A, M/T, or M/W) there was a marked

dependence on welocity. V, for discrimination, as evidenced by the slope of the discriminant line in each of these
plots,

3. Four-Parameter Fits.

Three fits consistent with theory were also possible at the four-parumeter level: MV/AW, MV/AT, and
MV/TW. These fits are again presented in descending order of misclassifications.

The MV/AW plot (figure 3, A,) contained eight misclassifications with twenty points in the zone of mixed
results. This was the highest number of misclassifications observed during the correlation.

Substituting T for W provided MV/AT (figure 3, B). In this combination. the misclassifications were
reduced to six. However, the zone of mixed results increased by one to a total of 21,

Three misclassifications, the fewest at the four-parameter leve! and the fewest at any leve! using only the

“physical” parameters, were achieved with the MV/TW plot (figure 3, C). The ZMR value was also the lowest for the
four-parameter level at 14.

4. Five-Parameter Fit.

The single five-parameter fit is shown in figure 4. Both the misclassifications at five and the ZMR at 17
were slight increases over the best four-parameter plot. However, the five-parameter plot showed better correlation
than the other two four-parameter combinations and the fewest misclassifications of any plot containing the A term.
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$. Relevancy of the Area Term.

At the three- and four-parameter levels in which it was possible to both include and exclude the area term,
the poorest correlations (i.c., the poorest discrimination or the highest number of misclassifications) were always
obtained when area was included: figures 2, A, 3, A, and 3, B, with 8, 8, and 6 misclassifications, respectively. This
would suggest that the effect of area in the model should either be diminished or completely eliminated in order to
achieve better correlation. However, logic and theory suggest that area, or some function of area, should be
important in the dose transfer phenomenon, particularly if the model is to have generalized application; i.e., across
! appreciable variations in projectile impact area. In an attempt to improve the correlation by “softening’ the effect
of area while maintaining some capability to generalize, the model was modified by substituting diameter, a function
of area, for the area. Additional support through logic can be mustered for the use of D if one considers the blunt
trauma loading phenomenon against the thorax. The dose, when applied to the ribs of the thoracic cage, is
; distributed along tiic long axis of the rib whenever any portion of that rib is struck. Therefore, the load distribution
? and resultant response is strongly a function of the number of ribs the projectile is in contact with. It is not difficult
to visualize that the number of ribs involved is limited by the diameter (or effective diameter in the case of a
noncircular sutface) of the impacting surface, not by its area. The plot using D instead of A (figure S) did improve the
discrimination, with the misclassifications going from five to four ‘while the ZMR diminished from 17/30 to 11/30,

The MV/WDT model appeared to be the most likely combination of the parameters in a relevant fashion
which would provide reasonable generalized blunt trauma discrimination. However, the review phase had already
4 shown that tissue thickness, T, was not measured in mcst data sets. Therefore, the MV/WD model shown in figure 6
represents the maximum number of parameters common to all data sets which still permits the best correlation. It

should be noted that this four-parameter model in figure 6, which uses D, provides better discrimination than the
] four-parameter model in figure 3, A, which uses A.

! B. Determination of Relative Powers of Parameters.
i As mentioned in the procedure, natural log units were used in the correlation model plots so that the slope
h of the discriminant line would be indicative of the exponent of the velocity parameter. In the final format (figure 6,

which was considered to contain the maximum number of parameters common to all data sets in the most rclevant
relationship, the slope of the discriminant line was approximately two. This empirical fit then suggested that the
1 velocity should be squared, putting dose in the form of MV“. The compatability of the MV? format with phvsical
: theory added further weight to its choice as the provisional generalized correlation model for the thorax resulting
from this effort. The remaining step in the analysis process was to validate the provisional model(s).

C. Validation of Models.

1. Generalized Model.

To facilitate validation, the MVZ/WD model was plotted with InMV? on the X axis and InWD on the Y
axis. The original 30 AMC-EA data points plus 16 additional points (tables 2 and 3), including a fifth projectile -
configuration, the 125/63 NCR, all from impacts against goat thoraces, were plotted by their X, Y values. Two :

] discriminant lines, each having a slope of one, were fitted to these data points to establish three zones: a

low-lethality zone, a midrange-lethality zone, and a high-lethality zone. The slope of one was necessary to maintain
the exponents of the veriahles in their proper relationship. The intercept value for the low- to mid-ethality
discriminant line is -7.6]1 ana the intercept for the mid- to highdethality discriminant line is -8.11. As can be seen
from this plot (figure 7), the model has good discrimination capability with u/17 deaths (0%) in the low-lethality
zone, 11/22 deaths (50%) in the middethality zone, and 6/7 deaths (86%) in the high-lethality zone.

Figures 8, 9, and 10 maintain the same discriminant line intercept and slope values and the same X, Y
scale as figure 7, but are overlaid with three independently obtained data sets representing Land Warfare Laboratory

(tables 4 and S), Edgewood Arsenal Ad Hoc (tables 6,7,and 8), and Lowelace Foundation effort (table9),
respectively.
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Table 2. Biophysics Divsion Thoracic tmpact Data
(Noncompliant Cylinder - Guat)

Data source: BIOPHYSICS DIV-AMC-EA-FY73.T (reference 2)

Animal species: GOAT

Projectile: NONCOMPLIANT CYLINDER (RING)

PLOTTED: Figures7,11,12,13,17,18,19,20,21,22

Projectile Target Turget
Animal { 0 Velocity | Diameter | Weight | Tissue | Lung weight|Arterial O4| Venous O, | Response, | Piot
No by | i (D) |tmass) |thickness Body Wi&‘ deviation | deviation | death  |symbol
(W) (T) (L/W) (APO,) (VPO,)
gm - m/sec mm kg om gm/kg % %

199411 125 S5.78 63 28 | 21 9.82 304 333 - o
199241 1251 7326 63 42.0 2.1 10.12 31 232 -

19925 | 125 75.11 63 5.8 3.5 11.40 234 434 -

19929 125 78.11 63 43.0 2.7 12.74 252 28.7 -

19940 1251 62.22 63 278 1.5 14.86 -

199311 1251 7498 63 40.2 2.6 14.43 823 819 + 4
19923+ 125 7741 63 332 24 23,74 48.7 40.2 +

199301 125 7996 63 36.8 2.6 15.38 848 834 +

19939 125 71.18 63 314 24 24.14 544 +

Table 3. Biophysics Division Thoracic Impac: Data
{Noncompliant Cylinder - Goat)
Duta source: BIOPHYSICS DIV-AMC-EA-FY73-T (reference 2)
Animal species: GOAT Projectile: NONCOMPLIANT CYLINDERS
PLOTTED: Figures 7,11, 12,13
Projectile Target Target

‘ ' _ Weight | Tissue | Lung weightiArterial O5f Venous O,
Animal { Mass | Velocity | Diameter ] (mass) |thickness| Body weight| deviation | deviation Re;po:hse. Plt(:tl

No. |{(M) | (V) ® lw [ @D (L/W) | (APL,) | (VPO,) ca symbo

gm | m/sec mm T kg cm gm/kg % %

198721 S0 78.33 40 39.5 2.2 7.44 118 - O
19910 50| 82.10 40 380 29 9.21 19.8 -

19879 | 200 | 4091 80 40.8 3.1 7.45 10.2 - O
19916 | 200 | 51.33 80 416 2.6 10.65 19.8 -

19918 | 200 | 57.30 80 354 1.8 11.92 -

19917 | 200 | 61.81 80 35.6 2.4 11.32 -

19920 200 | 61.04 80 343 1.7 21.75 + [
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0
§' .- - « /
| 4 |
ﬁ s / :
: e 1

i
§
i
LWL n=20 P
Lived Died i
STUNBAG 2 @ i
HI-Q SPHERE © ° T
i
[
3
%ot PR et YT ey — + S a— j‘(
o e  ws  i2g 16 13O e B8 4z 46 180 3
L mve P
Figure 8, Generalized Model Validation Plot - LWL Data »
21 i
b




1.0 / 'd
(X
(X
'F ]
')
8.0
g EA-ADHOC n:28
48 Lived
4 0.3ib DesnlBeag B
a2 SungRAGY @
XM ST ©
3
|
‘j € e - e e . e - — =~ e PN b
§ TIe N4 e e 128 130 134 138 142 148 80
3 Anmvt
:‘ Figure 9. Generalized Model Validation Plot - EA Ad Hoc Data i

r LOVELACE-DOG THORAX n:4S 'g

' Lived Died 1"
i 10 09-48/70 x x
‘ .t 196/ 70 n |
380/70 A A

2
o4 .i
ol¢ i

o P—
v

WO 14 I8 122 126 30 IS4 38 142 146 180
L Myt

Figure 10. Generalized Model Validation Plot - Lovelace Foundation Data

22




0 T A

Table 4. Land Warfare Laboratory Thoracic Impact Data
: {Stun Bag - Swine)

Data source: LWL-AAI ER 3351 (reference 14)

Animal species: SWINE Projectile: STUN BAG

PLOTTED: Figures 8, 11,12, 14

i Projectile Target Target
‘ : AnNtrmI Mass | Velocity Diameter | weight %[W% Re‘;l.po:;'u. H(;;o'
: ol | ™ @©  [(maw) | Body welght | Sy {ovm
| W) (/W)
: m m/sec mm ks gm/kg
: 316 19 213 79 174 1.6 - (=)
; 318 196 28,0 79 13.2 19.5 -
| 314 196 183 79 13.1 184 + =)
;’ : 318 196 347 79 14.1 +
? : 313 196 36.0 9 13.1 169 +

Table 5. Land Warfare Laboratory Thoracic impact Data
(HighQ Sphere - Swine)

Data source: LWL-CR-Q7B72 (reference 15)

Animal species: SWINE

PLOTTED: Figurcs 8,11, 12, 14

Projectile: HIGH-Q SPHERE

* Mean body weight of 15.35 kg is assumed.
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Projectile Targat
Antmal | Mags | Velocity Diameter | **87' | Response, | Plot
No. iy (mass) death symbol
k‘ o | o (D) o
3 gm m/sec mm kg
‘ 05 | 1.7] 826 27686 | 134 - QD
206 1.7 83.2 27.686 19.5 -
208 11,7 85.0 27.686 134 -
217 1.7 1 1210 27,686 18.0 - §
212 1L7 | 1216 27.686 12.6 - :
211 1L.7 | 1228 27.686 148 - 1
215 117 | 1387 27.686 159 - ;
214 11,7 ] 1393 27.686 153 - ]
213 1.7 1 1408 27.686 18.2 - .
216 11,7 ] 1408 27.686 14.5 - ]
207 11.7 808 27.686 134 + ‘
210 1,71 121.0 27.686 15.2 +
13 11.7 86.2 27.686 15.35* - ) |
17 1.7 1152 27.686 15.3§ -
18 11,71 1481 27.686 153§ + (] :
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Table 6. Bophysies Divisson Thotacie lmpact Data
(Stun Bag - Goat)
Data sowee: BIOPHYSICS DIV.EAAD HOC-EBTR-73050 (reference 4)
Amal species: GOAT Projectile: BEAN BAG (STUN BAG)
PLOTTED: Figures 9, 11, 12
Projectile Tarpet
: . ; . s s )
f Autmal Mass Velocity | Diameter | Weight Tissue Response, | Plot
l Nu, (M) V) (D) (mass) thickhess death | symbol
(W) (T)
—— . — ‘—:#— _{m——————-:ﬁt =
R msey mm kg om
l 19727 (RN 183 76.2 48 .4 1.8 - 2
19729 (RN IR T0.2 9.2 17 -
19730 (RN 9.6 76.2 46.0 22 -
1978 132 k1N 76.2 490 1.8 - 3
\ 19723 1 RER 76.2 828R 37 -
N 19720 L 383 76.2 520 4.1 -
19723 132 356 76.2 432 29 -
1 19724 1.2 6.2 76.2 436 35 -
19442 132 414 76,2 432 -
i 19492 142 41.0 76,2 432 -
19881 RN 431 76.2 36.0 -
19584 132 417 7062 RIN| -
5 19491 132 442 76.2 500 - *
198K2 132 454 76,2 4.0 -
19490 132 47.1 76,2 H“ 3 -
|
]
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Table 7. Biophysics Division Thoracic Impact Data

(XM674 Projectile - Goat)
Data soutce: BIOPHYSICS DIV.EA.AD HOC (reference §)
Animal species: GOAT

Projectile:

XMa'74

PLOTTED: Figures 9,11, 12

Shiadh i

Projectile Target
Animal ™ T Response,| Plot
Mass | Velocit Diameter oight sue
No. s ) y D) (mass) | thickness death | symbol
(W) (T)
gm m/sec mm kg cm
15283 210 24 36.5 43.6 - <>
15285 210 24 365 45.0 1.5 -
15286 210 24 365 98 -
15281 210 2 365 | 060 -
15284 210 28 36.5 454 1.8 -
Table 8. Biophysics Division Thoracic Impact Dats
(Sting RAG, Type 1 - Goat)
Data source: BIOPHYSICS DIV-EA.AD HOC (reference 7)
Animal species: GOAT Projectile: STING RAG (Type 1)
PLOTTED: Figures9,11,12
Projectile Target Target
Animal Weight | Tissue Lung weight | Response,{  Plot
No. Mass | Velocity | Diameter| (muss) | thickness Body w\:’ight death symbol
:+=(M) v ®) ‘% @ o z#=
gm | m/sec mm kg cm gm/kg
19994| 43 | 637 63 36.6 25 £ . o
19957 43 649 63 328 2.4 -
19960| 43 66.7 63 44.6 2.8 7.4 -
19959| 43 73.5 63 42,0 1.8 8.38 -
19956 43 739 63 353 24 9.58 -
19954 43 75.6 63 284 2.3 9.19 -
199551 43 78.2 63 506 2.4 9.17 -
19958 | 43 78.8 63 344 2.6 9.30 -
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Table 9. Lovelace Foundation Thoracic mpact Data
(Noncompliant Cylinder - Dog)

Data source: LOVELACE FOUNDATION (reference 17)
Animal species: DOG Projectile: NONCOMPLIANT CYLINDER
PLOTTED: Figures 10,11,12

) Projectile Target Target

t Animal weight | Lung weight | Response,| Plot

‘ No. Mass Velocity Diameter (mass) Body weight death | symbol

i- (M) (V) (D) (W) (LIW)

;

t gm m/sec mm kg gm/kg

g Mo7 63.0 72.2 70 18.1 10.06 - P
Mo68 63.3 91.4 70 14.5 16.69 -
M71 85.6 56.1 7% 21.5 10.61 -

: M69 86.0 60.4 70 209 12.82 -

i M70 86.0 62.2 70 222 17.12 -

_ Moo 85.3 73.5 70 14.5 17.72 -

3 M72 85.6 80.2 70 19.1 17.85 -

_ M73 85.6 86.6 70 20.2 19.16 - 4

q M38 98.0 50.9 70 16.8 11.67 - 3
Mo5 85.8 73.5 70 15.0 15.2 + )_¢

r Ms8 | 1964 | 231 70 154 8.38 - I x *
M59 196.4 26.2 70 154 8.12 - ,

F M32 196.3 30.5 70 18.8 7.55 -

{ Ma46 196.4 30.8 70 16.3 11.35 - o
M57 196.4 314 70 14.7 13.88 - ]
M55 196.4 35.0 70 17.5 11.09 - !

g M47 196.4 35.4 70 18.1 13.42 - :
M56 196.4 36.0 70 16.6 16.32 - 3
M60 196.4 38.5 70 16.8 12.32 - i
M31 196.3 39.0 70 215 10.88 - ¢
Mé61 196.4 46.9 70 16.8 18.57 - %
M27 196.3 47.4 70 15.6 9.23 - 3
M29 196.3 54.9 70 204 6.68 - 1,
M50 196.4 57.6 70 17.7 28.25 - i
Ms3 | 1964 | 604 70 177 18.36 -
M45s 196.4 61.9 70 17.0 2491 -
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Table 9. (Contd)
Data source: LOVELACE FOUNDATION (reference 17)
Animal species: DOG Projectile: NONCOMPLIANT CYLINDER
PLOTTED: Figures 10, 11, 12
Projectile Target Target
Animal 8 Response,! Plot
. . weight Lung weight
No. Mass Velocity Diameter —— death |symbol
M) ) (D) (mass) | Body weight
(W) (L/W)
gm m/sec mm kg gm/kg
M36 196.3 41.2 70 20 16.36 + )
M49 196 .4 52.1 70 16.3 15.89 +
M30 196.3 56.7 70 136 2993 +
M54 196.4 59.1 70 18.1 25.19 +
M28 196.3 60.7 70 14.5 26,07 +
M48 196.4 60.7 70 18.1 24.86 +
‘ M52 196.4 60.7 70 16.8 13.04 +
M51 196 4 63.1 70 18.8 20.64 +
M4l | 381 18.9 70 18.1 111 - A
M40 381 223 70 154 12.27 -
M39 381 22.5 70 18.1 10.72 -
Mé62 3828 26.5 70 17.7 9.38 -
Mé63 382.8 31.7 70 18.6 17.96 -
M43 381 35.7 70 16.3 1994 -
M44 381 38.1 70 14.7 21.16 -
M33 381 44.8 70 23.1 11.47 -
M34 381 46.9 70 209 2139 -
Mé4 3828 46.6 70 18.1 16.24 + ,L
M35 381 47.2 70 12.2 2451
‘.'
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Figure 8 shows 50% lethalities in the predicted mid-lethality zone. Despite this, one might question the

genetal discrimination from the mode! considering the 25% lethality rate in the predicted low-lethality zone and 20%.

lethality in the predicted high-lethality zone. After careful examination of the raw data obtained against the thoraces
ot swine. possible explanations for this specific reversal in classification can be offered. The sole lethality in the
low-lethality zone was listed by the experimenter as a “‘questionable velocity reading.” The other two deaths
resulting from impacts by the same-type projectile did fall in the middethality zone. 1t is logical to assume that the
questionable velocity, which is approximately half that for either of the other two lethalities, could indeed be
unrealistically low and that if rajsed in value would move the point in question closer to or even into the
mid-lethality zone. Of the eight survivors appearing to the right of the mid- to high-lethality discriminant line, one
had no mass value listed for the animal, so an average mass value of 15.35 kg was assumed in order to calculate the
InWD vatue. This point could actually rest lower or higher on the Y axis. However, an increase of 1.5 kg to a body
mass of 16.85 kg (still within the range of observed masses) would move the point fromn the high-lethality to the
mid-lethality zone. The seven remaining survivors were impacted over the sternum rather than the ribs since the
experimenters prirae target for these shots was the heart, not the lung. The logical possibility of a different “‘dose
loading™ phenowenon over the sternum as opposed to that over the ribs could account for this poor correlation and
suggests that, if srecise discrimination is required, more than one model may be necessary for the thorax. However,
insufficient data did not permit investigation of that consideration during this task.

A total of 28 data points obtained against goat thoraces with three different projectile configurations is
plotted in figure 9. There were no fatalities resulting from these impacts and the model would have predicted this, as
evidenced by th¢ data points all falling into the zone of predicted low lethality.

The fourth set of independently obtained data is plotted against the model in figure 10. These data
contain both s..rvivors and fatalities resulting from thoracic impacts against dogs by three stiil different projectile
configurations she model successfully discriminated the low-lethality zone with 12 out of 12 animals surviving for a
0% lethality rate. However, with only one death out of nine for the points falling into the mid-lethality zone, the
observed lethalit, rate of 11% fell below a reasonable anticipated level. The observed rate of 10 deaths out of 24 for
427 lethality would also fall below an anticipated level for the high zone. In both cases, the model made 4
prediction which, although not wrong from a safety standpoint, was definitely an uliraconservative estimate. Again,
close examination of the data and experimental procedures provided a possible explanation for this conservative
estimate. There arimals had a specified survival period of only 30 minutes before being sacrificed as opposed to the
24-hour period used for the goat data from which the model was formulated. Of the 11 fatalities in this study, six
(55%) died between 15 and 40 minutes, indicating that the natural lethality rate was still high in the last half of the
prescribed survival period. It is conceivable, and logical, that during a 24-hour observation period, the lethality rate
would have been higher and, therefore, observed and predicted values would move closer together.

To summarize he correlation resulting from the provisional four-parameter model, the daia from figures 7
through 10 again using the same discriminant line intercept and slope values and the same X and Y scale, are
presented in composite format in figures 11 and 12. In figure 11, individual data sets are not differentiated by
symbol, merely the deaths and survivors as indicated in the legend. Good discrimination is achieved for the
low-lethality zone with one fatality out of 61, 1.6%. That lethality (identified by the number 1) is the questionable
velocity point previously discussed (figure 8). In the mid-lethality zone of the model, there are 15 deaths and 22
survivors for a lethality rate of 40.5%, a level compatible with the predictive expectations of the model. The
individual points in this zone from the 30-minute-sacrifice data set (figure 10) are identified by a vertical line
through the point symbol. There are 18 deaths out of a total of 41 points in the high-lethality zone for a lethality
percentage of 43.9, a low value for a zone of predicted high lethality. However, increases in this rate would be
conceivable as a result of adjustments of the sternal impact sample, the 30-minute-sacrifice sample, and the assumed
body mass point (identified by the number 2) already discussed. The only unqualified survivor in the high-lethality
zone is the point identified by the number 3. It is the 24-hour survivor (figure 7) in the goat data and has no basis
for adjustment. This zone, therefore, would never achieve 100% lethality with the existing data; but, if the
speculative adjustments mentionea fell in the right direction, the observed lethality for the high-lethality zone would
be more in line with expectation and all areas would then show good correlation using the “‘physical™ parameters.
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The same datu sets are individually identified in figure 12, as indicated in the legend, to permit compatison
relative to source, projectile, and species variations.
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2. Suggested Two-Parameter (1/2MV 2. 30-, 60-, and 90-ft-lb) Model.

The inadequacy in trying to establish genci» -ed criteria for the multiparameter phenomenon of
nonpenetrating-preiectilesinduced blunt trauma by a lin. ... -purameter model (MV) has been demonstrated in
figure . Figures 13 and 14 further demonstrate this. The same four-parameter format and data sets used for
figures 7 and 8 were used to establish the X, Y placement of the data points in figures i3 and 14, respectively, but

. discrimination in figures 13 and 14 was accomplished only on the X axis: that s, live/die discrimination was
i attempted using only MV= at discrete energy levels of 30, 60, and 90 ftb as propised in the literature. In figure 13,
no dcu’ths {solid symbols) occur below the 90 ftlb level. However, survivors are still occurring in the vicinity of
In MV= = 13.56, equivalent to 288 ft.lb. Compariscn of the width of the zones of mixed results for the same data sets
depicted by different fgrmat in figures 7 and 13 gives visual indication of the poorer discrim-uation using only the
two parameters of MV=. Inherent in using only these two parameters for generalized blunt trauma discrimination is
the assumption that all other parameters known to be relevant to the phenomenon (body mass - W, projectile

1 dimension - D, and the tissue thickness - T) remain constant. Logic, as well as the data in the literature, indicates that
) such is not the case.

In figure 14, the same X, Y scale is fitted with the same 20 data points as appear in figure 8, The only
difference between figures 8 and 14 is that live/die discrimination in 8 is provided by four parameters (MVZ/WD)
i whereas 14 discrimination is based only on the X axis paraineters of MVZ. Both models misclassify the lethality
' plotted at X = 11.2, V¥ = 4.6 previously described as a questionable velocity point. However, the lethality at X =
11.2,Y = 3.6 falls to the left of the 30 ft-Ib discriminant line (a supposed relatively safe zone) in the two-parameter
1 ‘ model of 14, whereas that same point is in the middethality zone of the four-parameter model of figure 7.

Although neither model 8 nor 14 gave consistent discrimination of this particular data set, the inherent
danger of the misclassification of the X = 11.2, Y = 3.6 lethality into a relatively safe zone through two-parameter
discrimination (a nonconservative misclassification) is self-evident.

i 3. Provisional Generalized Model - Extrapolation.

Because of the nature of the provisional model, it is a simple matter to mathematically extend application
of its predictions to man by using body mass values (W) which are realistic for man. Such an cxtrapolation is
. presented in figure 15. However, since no data were available to validate the model at this body mass range. the
. reader is reminded of the high risk involved in this (or any other) extrapolation and cautioned against placing any
quantitative significance in figure 15. It has been presented only to demonstrate the potential application of the

provisional model and the need for data against animals with body masses near to or greater than those for man, if
models relating to man are to be validated.

4. Provisional Generalized Model - Livc. Impact Application.

Not all impacts by nonpenetrating projectiles (including nonpenetrations of soft body armor by normally
penctrating projectiles) will be limited to the thorax and its organs. Furthermore, because of the friability of
abdominal organs (e.g., liver, spleen, kidney) and the potentially serious consequences given trauma (fracture) to
these organs, their vulnerability given an impact must be considered in any blunt trauma evaluation. It was decided
to check the four-parameter model for correlation with liver damage. The model was fitted with fracture/ro-fracture
data from available liver impact samples. As with the thoracic data, these individual data points are a compilation of
data obtained by various exeprimenters with 10 different projectiles against three different species of animals. The
response criterion was the ahsence or presence of a liver fracture without regard to the dimension of that fracture.

The results of this correlation may be seen in figure 16. The X, Y coordinate scale and the slope of the
discriminant lines at b = 1 remain exactly the same as for the application to thoracic impacts. In order to accurately
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discriminate the tiver data points, however, the discriminant lines were repositioned with resultant intercept values
of -6.026 and -7.28 for the fow mid-response and the high mid-response discriminant lines, sespectively. As can he
seen in figure 10, there are no fractures out of cight exposures in the low fracture zone for a 0% fracture value. In
the mid-response zone, 24 fractures were observed out of a total of 52 cases for a fracture rate of 467, In the
antivipated high-response zone, there were 51 fractures out of 53 cuses for u fructure rate of 96%.

Despite the small sample size (eight) in the low-response zone and & wider zone of mixed results than wus
tound for the thoracic application, the discrimination is reasonable - indicuting a high correlation between the

responses of these data sets and the physical parameters in the model MV=/WD. The liver data are listed in tables 10
through 15.

S, Provisional Eight-Parumeter Model - Soft Armor Application.

An eight-parameter model resulting from the AMC-EA basic research effort conducted by wixe Biophysics
Division during FY73 and thought to be applicable to the current soft armor program is presented in figures
17 through 19, Each of these figures uses the same 37 data points (tubles | and 2) and the same coordinate scale but
viries in the number of purameters used for discrimination. Figure 17 uses the five parumeters of the X uxis for
discrinunation, MV-/TWD. Figure 18 discriminates the same data by the three parameters on the Y axis, L/W.

“%APOs. and %VPO,, which can only be obtained by experimentation. Figure 19 uses all cight parameters for
discrimyination.

Comparison of these figures shows that better discrimination between positive and negative responses can
be obtained by using solely the Y axis parameters (figure 18) or a combination of the X, Y axes parameters
(figure 19) than can be obtained with the X axis parameters alone (figure 17). It is important to note that all of the
X axis “physical™ parameters may be measured or assumed prior to experimentation and although not capable of us
fine a discrimination do represent a predictive capability. On the other hand, the better discrimination attributable

to the “physiological” parameters of the Y axis is available only as a result of experimentally obtained data and
therefore does not represent a predictive capability.

Following the observations made during the lesser parameter analyses that the projectile area term. A,
appeared to add more “noise™ or produce poorer discrimination when included in the “physical™ parameters than
did projectile diameter, D, this modification was applied to the eight-parameter modcl. This modification is shown in
figures 20 through 22. As with the lesser parameter models, both misclassification and the zone of mixed results

were diminished (improved discriminaticn) by substituting projectile diameter for projectile area (compare
figures 17 and 20).

The provisional model for application to soft armor analysis resulting from this correlation effort can
assume different format depending on the amount and kind of the input data. However, for purposes of validation,
as well as convenience in the soft armor application, the format of zone of mixed results was chosen. The same X. Y
parameters and scale have been employed as were used in figures 20 through 22. However, only the dashed lines
which separate negative, mixed, and positive response zones have been maintained. This tormat is presented in
figure 23. To the left of the leftmost vertical line, below the lower horizontal line and below the lower diagonal line,
is the negative response zone for five-, three-, and eight-parameter formats, respectively. To the right of the
rightmost vertical line, ubove the higher horizontal line and above the higher diagonal line, is the positive response
2une, again, for five-, three-, and cight parameter formats, respectively. The area between the two vertical lines,
between the two horizontal lines, and between the two diagonal lines represents the zones of mixed results. It should
be noted that the data to establish the model and the zone of mixed results lines were generated using noncompliant,
nonpenctrating projectiles. These data represent impacts on goat thoraces which were not protected by armor. A
limited number of data points for goats wearing soft armor were available fiom the early efforw in the Backface
Signature Task of this program (tsble 16). These points have been over-laid on the zone of mixed results model in
figure 23. These points represent goats covered with the various armors as indicated in the legend and struck by
bullets, caliber .38 special, at nowninal muzzle velocity. None of the bullets perforated the armor and, as indicated by
the open symbols, all of the animals survived the effects of the blunt trauma behind the armor. The points should
therefore all fall into or near the zone of predicted negative response on the live/die criterion.

34




& s

g ey s T

Table 10, Biophysics Division Liver Impact Data

{(Noncompliant Cylinder - Goat)
Data source: BIOPHYSICS DIV-AMC-EA-FY73 (reference 2)
Animal species: GOAT

Projectile: NONCOMPLIANT CYLINDER
PLOTTED: Figure 16

Projectile Target
Animal weight Liver Plot
No. Mass | Velocity Diameter (mass) fracture symbol
(M) V) (D)
(W)
gm m/sec mm kg

19851 50 67.3 40 37.2 + = )
19907 50 79.9 4 384 + ]
19850 50 82.9 40 284 +

19911 50 85.7 40 47.2 +

19891 200 448 40 S1.5 + A

19899 200 52.0 40 48.0 +

19904 200 54.7 40 43.0 +

1990$ 200 56.1 40 38.9 +

19900 200 58.0 40 38.2 + :
19893 200 479 80 38.7 + o

19916 200 $1.3 80 41.6 +

19915 200 §5.9 80 359 +

19903 200 §7.2 80 46.8 +

19918 200 7.3 80 35.4 +

19914 200 58.3 80 41.0 +

19919 | 200 59.6 80 31.0 + 1
19897 | 200 60.9 8 34.4 + i‘
19920 200 61.0 80 343 + !
19896 200 61.6 80 38.2 + {
19917 200 61.8 80 35.6 + }
19898 200 63.3 80 36.0 + “

1
19922 125 62.4 63 39.0 + v 1
19926 125 77.5 63 42.2 + |
19927 | 125 | 812 63 26.4 ? |
1

19941 | 125 | ss.8 63 32.8 + 'S i
19940 128 62.2 63 27.8 + :
19939 12§ 71.2 63 314 +

19924 125 T3 63 42.0 +

19925 12§ 75.1 63 35.8 +

19923 125 77.4 63 33.2 +

19929 12§ 78.1 63 43.0 +

19930 125 80.0 63 36.8 +

22613 200 46.3 80* 24.4 + *

22612 200 §5.3 80 32.8 +

22611 + 200 §5.7 80 35.6 +

22610 200 56.1 80 35.8 +

22618 200 $6.6 80 26.8 +

22614 200 58.3 80 424 +

* Hemispherical impact surface.
35

PP S SO U SV S VU o SOOI VRSP C =

LR S N d

S o




[r RN . .- B e L LUV R
¥

Table 11. Land Warture Leborutory Liver Impact Data
(Stun Bag - Swine)

Dutu source: LWL.-AALER 7351 (reference 14)
Animal species: SWINE Projectile: STUN BAG
PLOTTED: Figure 16

Projectile Target
Animal 1 v | Veloity Diameter | WelBht [ Liver Plot
No. M) V) (D) (mass) fracture symbol
| — W)
i gm m/se¢ T mm kg
' 7 196 15.5 79.315 13.8 + -]
4 196 18.3 79.375 131 +
l RIIN 196 18.3 79.375 12.3 +
: R 196 0.7 79.375 13.5 +
f 06 | 196 | 207 79.375 13.7 - e
j 308 196 A0 79.375 15.6 + -]
6 196 243 79375 174 +
‘ 3 196 277 79.378 136 +
| 304 196 299 79.375 14.5 +
RIL 196 3.1 79.375 15.2 +
301 196 RIN 79.375 137 +
0 196 33.5 79.375 14,3* +
4 33 146 36.0 79.37% 13.1 +
4
* Animal weight is not reported. A mean weight from total study of 14,3 kg is assumed.
3
} Table 12. Land Warfure Laboratory Liver Impact Data .
‘ (High-Q Sphere - Swine) O
k Data source: LWL.CR-O7B72 (reference 15) :
Animal species: SWINE Projectile: HIGH-Q SPHERE T
{ PLOTTED: Figuic 16 1
‘ Projectile Target ‘
Animal . weight Liver Plot
No. Mass | Velocity Diameter (mass) fracture symbo! F
(M) V) (D)
(W)
—— — —
gm m/sec mm kg
204 1n.s? 5§8.2 27.686 17.0 - (]
. 202 11.7 588 27.686 14.5 -
i 203 1y | 606 27,686 13.6 -
2 11.7 87.2 27.686 15.1¢ -
3 11.7 123.8 27.686 15.1* + o
4 11.7 1244 27.686 15.1* + i
S 117 147.2 27.686 15.1* + j
* Animal weight is not reported. A mean weight from total study of 15.1 kg is assumed.
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Table !3. Biophysics Division Liver Impact Duta
(Stun Bag - Goat; Baboon)

Data source: EA.AD HOC-EB-TR.73056 (reference 4)
Animal species: GOAT; BABOON Projectile: BEAN BAG (STUN BAG)
PLOTTED: Figure 16

; |
]
| |

Projec:ihie Target
Animal woight Liver Plot
Mass | Velocity Diameter (mass) fracture symbol
\ V) (D) W)
gm m/sec mm kg
| GOAT
k 19730 132 16.4 76.2 46.0 - 2
| 19727 132 18.1 76.2 484 -
{ 19729 132 284 76.2 39.2 -
: 19721 132 310 76.2 476 -
[ 19722 132 31.1 76.2 47.2 .
19728 132 329 76.2 490 -
19724 132 335 76.2 436 + @
: 19725 132 337 76.2 52.8 +
_‘ ; 19723 | 132 | 346 76.2 432 +
: 19720 | 132 359 76.2 424 - @
4 19719 | 132 36.6 76.2 55.0 + @
19670 132 373 76.2 49.0 +
19726 132 374 76.2 52.0 - 2
{ 19581 132 40.5 76.2 36.0 + @
E 19585 132 41.0 76.2 38.0 - @
1 19582 132 428 76.2 34.0 + @
1 19583 | 132 436 76.2 35.1 - @
. 19491 132 46.3 76.2 50.0 + @
3 19584 132 469 76.2 3i.1 - @a
19490 132 46.9 76.2 443 + Q@
19669 132 49.1 76.2 42 +
19667 132 49.2 76.2 52 +
19666 132 $1.2 76.2 43 +
19668 132 523 76.2 48 +
i BABOON
19587 132 410 76.20 25.6 + K
19588 132 434 76.20 19.0 +
19586 132 46.3 76.20 22.5 +
19589 132 48.4 76.20 23.2 +
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Table 14, Riophysics Division Liver impact Data
(XM674 Projectile - Gout)

Dati souree: EACAD HOC-EATR 4251 (relerence S)

Animal species: GOAT

Projectile: XM6 /74

PLOTTED: Figure 16

ey

Projectile Targe!
Animul weight Liver Plot
No. Mass | Velocity Diameter (mass) | fracture symbal
(M) \2] ) W)
e —
gm m/sec mm 2
15284 210 28 16.5 454 + ]
15282 210 KR! 36.5 68.0 +
18278 210 34 36.5 47.2 - L)
15280 210 37 36.5 40.2 + %
15275 2o 37 36.5 48.6 +
15276 210 34 30.5 45.0 - ¢
Table 15, Biophysics Division Liver limpact Data
(Sting RAG, Type 1 - Goat)
Data source: EA-AD HOC (reference 7)
Animal species: GOAT Projectile: STING RAG 1
PLOTTED: Figure 16
Projectile Target
Animul weight Liver Plot
No. Mass | Velocity Diamecter (mass) fracture symbol
(M) ™) (D) (W)
rm m/sec mm kg ]
22601 43 50.0 63§ 44.8 - 6
19997 43 51.2 63.5 294 -
19999 43 52.1 63.5 V4
19998 43 27 63.5 30.6
19980 43 57.6 63.5 42.2
19974 43 57.6 63.5 41.8 -
19981 43 5§79 63.5 35.6 -
19969 43 58.5 63.5 39.5 -
19982 43 $9.1 63.5 30.6 + <
19970 43 60.6 63.5 46.4 - ©
19976 43 61.0 63.5 46.2 + »
19975 43 61.6 63.5 428 - ©
19971 43 63.1 63.5 458 + ®
19968 43 65.8 63.5 36.8 - o
19984 43 65.8 63.5 316 -
19967 43 65.8 63.5 36.2 + L
19965 43 66.4 63.5 36.8 - o
19966 43 67.0 63.5 36.0 -
19983 43 744 63.5 36.2 -
19972 a3 78.6 63.5 8.8 + ®
19973 43 80.8 63.5 50.2 +
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39




TN W e Fo T T T PR R SR AT TR TUNEATTTY
]
£
.
t
¢ el w1
3 op ¢
; o . ..
: 5 iy e e
. ~ i !
' € 3 W P e ey
: § © ;g ) é $0/40 L:“ DI:.
; ° 4
a4 9 v ¢ 200740 & .
& i ; Toey = S
2o > S S
— a9 4 .
l L : 'L..'::“ - J
. rs ’ ob R : : IMR 19737
L ' s : : -
¥ B
i 6 oo
i . '
' o2 H 1
%93 €0 o 80 0
£ (#5)
Figure 20. Modified Eight-Parameter Model Using Five-Parameter
(Predictive) Discrimination
e AARPUR
LE 2 .
/';\ 1 * .
5 0. & . A
9 B
. .
é ! 3 o a . - = e e
3 G e ee py ‘u.:;,"‘
3 5 wan 0 e
3 - R e o0Mu A . 1
¥ 8 700/80 = o |
i — Loy R Y/ ST v .
; { BN .,5,29“ o . i
! I3
. ~ ot
4 . b 1
ol 5 1oMR 4’ 1
. i 1
L 23‘—----6\2‘ 70 80 90 3
an- (1 wo) p
X Figure 21, Modified Eight-Parameter Model Using Thr: -;-Parameter 1
' (Nonpredictive) Discrimination f
f
f 4
2
& i
& b
> kol
» | ~ .
°' 10¢
2 :
r . ]
)
&
. (s}
L4 D i) 8" 9.0

2 (o5)

e b it

Figure 22. Modified Eight-Parameter Model Using Eight-Parameter Discrimination

P B VO SFN F Jo i b bk e coml . [P




ViR T ﬂv;x:

T WERRE ST TRy TN, e e TR i
Backface Signature Data
r A9 Ply 400/2
124" ~~~.] o 7Ply 400/2 v 7Ply 200
X TPly 400/2(Aged) <& 12 Ply Nylon
=< :
— | “"“\ | ~.-l“-“~~~:. :
ON "---“-"'-'::;—--'-f ----- Seee=- b Rlid Rk Bl
4 §~-~‘~ [] .‘$...‘
> ~‘“~ ! 1 -
P4 101 ~~“-_ ! :
:’ ----° -------- ﬂ---g--y----:‘.‘:.‘:—-—J--
o n : -‘s‘.;--
% 94+ ' ' 1 =
L]
¥ % | .
_} 8" o L] ]
~— | :
v ! '
] ’
Qs 71 8 ' '
i t
] !
c : '
6+ o \ :
| '
| |
1 [
) A + : + : +
40 50 7.0 8.0

L (i)

Figure 23, Eight-Parameter Provisional Model Proposed for Soft Armor Application

41




Table 16 Backtace Signature Study Data
€.38-Cal Police Special - Armored Goats)

Dati sotirce BIOPRYSICS DIVA-A-BACKEACE SIGNATURE STUDY trepurt an preparation)

Anmmat speews. GOAT Projectite  JIR-CAL POLICE SPECIAL VARIOUS ARMORS )
PLOVTED  Fyure 23 :
! Projectile Varget larget ) ‘
Goat Weght Timue | Lung weight } Artenal Oy Vepoun O Armor Ruespunse. Plot
No Maws V\‘I“F"’\ Duameter imasst | thickness | Body weht | gevignon desiation By death symbol |
My ™) t (W) h (L'W) (APOS) VPO
. i pm n ey mm kg m gm/kyp K ‘ ‘
; Denved trom backtace !
i NSRRI !
: Med f a0 | oxed | 48k A 1092 02 el - o
i‘ i i TPy L0022 demer
k Uo2tean poea | iow | w3 0 s a7 11 xS R o Kelvar ! .
: ' ; i Pl 400 demer |
E P2ledo | AT 120 K3 K 23 10 1y WA Kot lar ;
3 1 | | : TP L 00 Didenier |
- Poaaos caa ! oo X930 a1 A na? 24 2002 Reviar
E' ' K l "Iy 00 denien ‘
' ! AR IR B DU B IO #d boaas i w8 17 02 Kaevha . - ;
}.‘ | : i ; TP L A0 Y e |
< 1 A U BN INTIR TS R L ug s dnn Keviar i
i i | ' i Sy 00 Y dener . ;
; osdon a1 PUIRY 454 1| 610 131 14" ey lit I - ! E
b‘ ; ) l Ty AOU Tdenter !
‘ ' “ ! i i !
23038 2Len | 12030 RIS 45 % | RETI LT 2y 49 khevin ! - ):( 4
{ . TP A0 Ddennn | . !
k ; ! { | et ! : i
2 lton b 103 T 44 | I3 | ! a0 ! 402 Keviat ; - ; i
3 . | ‘ : ! TPy 00 Sdomes i
! ! i | I tagenly X
3 Do e | 2ol wo 1 s00 ‘ 13! R 423 350 Kevlan .
' ( | I ‘ Pl Y demer ,
! i | tagedy |
. | ] ‘ :
‘ e, T esse | w4 | 834 A 9 0% A Rl - ] oA
1 i ‘ ; G Py L 00 2 e '
F i ' . 3
) ! i 3
{ 2040 AR | K204 K14 480 AR S M 0s K Kevian I v/
: ' . i TPy 200-demet !
22041 1144 | IR204 839 SX1 g de | o4 (TON 1o Kevhu
: | i TPy L 200-demier . \
: NI } oo | a2 K5, 404 I TR S AR 2 Mion SRR e 1
\ ]
i ! 12-Ply L - l %
— . S S e . B ) i
H

42

e N . s s i e e e e e ) N e st . s ks -‘..A..‘J




r R L madovami A T gt i I e S0 AU U
{ Fourteen out of fourteen points fell into the negative-response zone (to the left of the leftmost vertical
\ line) based on the MV2/TWD parameter on the X axis, indicating a good correlation between observed and predicted
' response based on these parameters.
; Twelve out of the fourteen points fell into the negative-response zone (below the lower horizontal line)
' based on the more sensitive Y axis discriminatior, L/W X %APO, X %VPO,. However, two points, one for
7-ply, 400/2 (aged) Keviar and the other for 7-ply, 200 Kevlar, fell just outside the negative-response zone (above the
) ) lower horizontal line). In both cases, acute APO,-VPO, deviation from normal values caused the positioning on the
: Y scale above the negative-response line. These short-term deviations not only reversed quickly but were not
compatible with tissue-damage findings. Further explanation of this finding will not be attempted in this correlation
effort but will be addressed in more detail in the reporting of the Backface Signature Task. However, it should be
pointed out that most samples at the lower edge of the zone of mixed results would be survivors and therefore these
! ' points are comple.cly compatible with this provisional model.

Based on the eight-parameter format, 14 out of 14 points fell into the negative-response zone (below the
lower diagonal line), again indicating compatibility with the provisional model.

k .
? IV. CONCLUSIONS.

i 1. There is a general scarcity of empirical data of the type relevant to nonpenetrating projectile and
i body armor effectiveness evaluations.

k

.

2. Of those data sets which are available, none orfers a complete consideration of all of the parameters

thought to be important in blunt trauma assessment (e.g., dose application time and total system compliance
effects).

: 3. In those instances where separate sources of data were uncovered for similar nonpenetrating 1
E : projectiles, inconsistency in and between the test methodology and data collection techniques preclude broad and
] absolute data correlation between the studies.

4, Although a sufficient data base from which to form absolute generalizations (criteria) for

] high-velocity/low-mass-produced blunt trauma does not appear to exist, predictive and experimental models

applicable to generalized blunt traums and blunt trauma behind soft armer have been modified or developed during

this effort and are presented in the body of this report. However, because of the aforementioned insutficient and

. inconsistent data base, model formulation and validation were restricted both in sample size and range of input

parameters evaluated. For this reason, pending availability of additional data for further validation, the models
presented in this report should be considered provisional.

5. Data reviewed during this effort show that serious injury and death can ~ccur from nonpenetrating
projectile impacts in animals ungrotected by armor. Data from the Backface Signature and Medical Assessment
Tasks of the Soft Armor Program indicate that serious injury and death can also occur from nonpenetrating
projectile impacts in animals protected by armor. Therefore, any thorough evaluation of the effectiveness of soft
armor should include, in addition to the obvious ability to prevent projectile penetration, the ability of the armor to
prevent or significantly reduce the occurrence of blunt trauma sufficient to cause serious injury and death.

6. In view of the above, the ongoing Lightweight Body Armor Program appears to represent a
reasonable effort within state-of-the-art limits, and major alterations in that program are not indicated.
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V. RECOMMENDATIONS.

The following recommendations are made based on the findings of this effort.

I. Additional data base for high-velocity/low-mass-induced blunt trasuma must be generated if
comprehensive generalized criteria and comprehensive assessment models are to be established. Specific immediate
needs relative to this recommendation are:

a. Blunt impact data should be gencrated against animals at Jeast as massive as man to allow
interpolation rather than extrapolation of the provisional generalized model to animals with the body mass of man.

b. Additional data against liver and/or other abdominal orgaii. oe generated to establish a lethality
model data base and improve the serious injury data base for abdominal impacts.

¢. Lethal armor deformation data, i. e., higher effective dose without penetration, be generated for
application to and validation of the provisional soft armor application model.

d. The data generated in a, b, and ¢ above be utilized in statistical modeling to produce probability
of lethality and serious injury models for blunt trauma (see appendix C).

2. A determination of the parameters relevant to blunt trauma research should be made and updated as

necessary to meet state-of-the-art requirements and thus allow a broader application of ali data generated.
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APPENDIX A

CONCLUSIONS
(INTERIM)

1. There is a general scarcity of empirical data on nonpenetrating, low-mass, high-velocity impacts of
the type relevant to riot control system and body armot effectiveness evaluations.

3

-

Of those data sets which are available, none offers a complete consideration of all of the important
parameters.

3. In the two instances where separate sources of data were uncovered for the same or similar riot

control projectiles, inconsistence, omission, and inaccuracy in and between the test methodology and data collection
techniques preclude meaningful data correlation between the studies.

4. A sufficient data base from which to form generalizations (criteria) for blunt trauma produced by

high-velocity, low-mass objects does not appear to exist. Mathematical models and relationships proposed for blnnt

trauma and riot control system evaluations to date are incomplete, unproven, and/or, because of sta'.-of-the-art
limitations, highly subjective,

S. In view of the above, the ongoing program appears to represent a reasonable effort within
state-of-the-art limits, and major alterations in that program are not indicated.
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APPENDIX B

RECOMMENDATIONS
(INTERIM)

The following recommendations are made based on the findings of this etYort to date.

1. The data bass for blunt trauma produced by highwvelocity/low-mass objects must first be generated if
generalized criterin and assessment models are to be established.

' 2. A standardized format for the generation and retrieval of that blunt trauma data base be established
‘ to facilitate correlations and maximize use of those deta in the future.

3. A determination of the parameters relevant to blunt trauma research be made and updated as
F necessary to meet state-of-the-art requirements and thus aliow a broader application of all data generated.

4. Other than the recording of total tissue thickness over the point of impact, no changes to the
on-going Lightweight Body Armor Program are indicated.

*. 5. In the apparent absence of an available proven model to predict probability of serious injury or
) lethality associated with blunt trauma impects in general and the Lightweight Body Armor Program in particular, !
consideration be given to a probability model of the type described in the discussion section of this report. ; i
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