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The Law Enforcement Assistance Administration Is sponsoring a program to dev~lop Improved lightweight.
inconspicuous armor that would protect the body from .22,caliber and .38-caliber bullets tired from hai'dgwfl,
Many factors must be considered In the selection of materials to be used In such armor, When highspeed pirojctel~ie
itrike flexible armor materials but du not penetrate, these materials deform quite readily and trantsmit a large
amount of energy to the tissues directly beneath the point of Impact, The goal of this study was to develop a
methodt to characterize this deformation or "backlace signature" and relate it to tissue damage. Through *he use of
hiigh-speed photography of backlighted gelatin blocks, the backface signatures of the .22-calliber and 31111callbet
missilles wore defined and related to tissue response, By Increasing this data buse, a predictive model iseltiv* the
p~hysical measures of backfaoe signature to the physiological effects could be achieved, greatly reducing the cost of
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PREFACE
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Animals Facilities and Care of the Institute of Laboratori Animal Resources, National Research Council.

Tlhe use of trade names in this report does not constitute an official endorsement or approval of the use
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A METHOD FOR DETERMINING BACKFACE SIGNATURES OF SOFT BODY ARMORS

I. INTRODUCTION.

This study was undertaken to develop a standard methodology for defining the "backface signature" or A
behind-the-armor deformation characteristics of missiles impacting upon soft armor materials. The tests were
conducted with a new Du Pont material, Kevlar 29. This relatively new soft armor material has an extremely high
ratio of tensile strength to areal density, making it an ideal candidate for incorporation into garments where a
bulletproof capability is desired. However, soft armor materials such as Kevlar 29 deform quite readily and would,
therefore, transmit a great deal of energy to the tissues directly beneath the point of impact.

The goal of this portion of the study was to develop a method to characterize the deformation and
relate it to tissue damage or physiological changes in an animal system.

II. BACKGROUND.

The Law Enforcement Assistance Administration under its Equipment Systems Improvement Program
is sponsoring a program to develop a lightweight, inconspicuous body armor. Previous work involved indentifying
the ballistic qualities of many candidate materials.

The US Army Textile Research Section, Fiber and Fabric Research and Development Branch, Natick
Laboratories. Massachusetts. provided technical direction in the selection of ballistic materials to be used in the
"development of a protective garment. Additional information on protective vests and materials resulted from a
survey of the products of the following armor and material manufacturers.

E. I. du Pont de Nemours & Company

Burlington Industrial Fabrics Company

Union Carbide Corporation

•?, Twentieth Century Body Armor

Fi Rolls-Royce Ltd

Imperial Protector Company

Federal Armor Corporation

Second Chance

Protective Materials Company

Fabric Development. Inc.

American Safet , Equipment Corporation

Goodyear Aerospace Corporation

Battelle Memorial Institute

Institut de Medecine Legale (Dr. Jan Weinberger)

Franklin Institute Research Laboratories

5A•', ••; -,



From this investigation the following materials were selected for testing:
b.Tenacity nylon, Du Pont:

Hi-Tenacity rayon, Du Pont

Hi-Tenacity ray~on, Du PontHi-Tenacity dacron, Du Pont :

Ri.Tenacity Kevlar 29, Du Pont

Hi-Tenacity Fiber B, Du Pont

Hi-Tenrajity Thornel graphite yarn, Union Carbide Corporation

Hi-Tenacity Panex graphite yarn, Union Carbide Corporation & Stackpole, Inc.

Ili-Tenacity X-P, Marlex, Phillips Petroleum Inc.

Iii-Tenacity X-55, Monsanto Company

Standard nylon, Du Pont

Nylon felt, Dou Pont

Monsanto X-500 felt. Monsanto Company

A. Test Criteria for Materials.

I Weight-to-strength ratio: Light in weight but strong enough to defeat penetration of the
threat: .38-caliber bullet. 158-grain, at 800 fps: .22-caliber bullct. 40-grain, at 1000 fps.

2. Flexible or nonrigid: Fabric4ype material that would allow the wearer freedom of movement.

3. In'xpensive in cost: Adaptable for future law enforcement application.

4. Good ballistic qualities: Ability to absorb encrgy expended by a bullet that impacts but cannot
penetrate.

5. Tailoring: Tailored so as to provide good fit and styled to reduce the appearance of armor.

Using these 'riteria, test results showed that the Du Pont product, Keviar 29, was superior to the other.
material tested. The initial material chosen as the best candidate armor material was Kevlar 29, 400/2-denier, as
specilied b-'low.

B. Protective Material Specifications for Kevlar 29.

Style No. Fabric Development FUSL No. I Du Pont TL 105-26

Warp 400 Denier, 267 filaments, 2 plies, 4 twists per inch.
Z direction for both longitudinal and filling.

Weave Plain

Ends per inch 38 f 2

Picks per inch 38 ±2

C
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Weight in ounces per square yard 7.45 t 0.25 ounces
After fabric is woven, it is scored rinsed, and dried.

Width 38.25 inches

Thickness Approximately 0.015 inch

Current cost Approximately S17 per pound for 400 deitier

C. Physical Properties of Kevlar 29 Yarn.

Density 1.45 gm/cc Forty percent lower than glass and boron and
slightly lower than graphite.

Tensile strength 400,000 psi Substantially above conventional organic fibers and
equivalent to most high-performance reinforcing

'[• fib~ers.

Specific tensile 8 X 106 inches Highest of any commercially available reinforcing
fibers.

Modulus 19 X 106 psi Twice that of glass fibers.

i lSpecific modulus• 3.5 X 108 inches Between that of the high modulus graphites

and boron and that of glass fibers.

.Chemical resistance Good Highly resistant to organic solvents, fuels, and
lubricants.

"Textile processibility Excellent Cart be readily woven on conventional fabric looms.

Retains 90% of its tensile strength after weaving.

Can be easily handled on conventional filament
winding equipment.

Flammahibity Excellent Inherently flame-resistant, self-extinguisling
characteristics when flame source is removed, does not melt.

Temperature E:xcellent No degradation of yarn properties in short-term
resistance exposures up to temperatures of 500F.

Several sample garments have been fabricated from various layers of this material to satisfy user requirements for an
inconspicuous, lightweight outer garment, providing protection against .22-caliber and .38-calibcr bullets fired from
handgunms. It has been proposed that sportcoats be fabricated for wear by touring foreign dignitaries, US
ambassadors, and other government officials when public exposure is anticipated. There is also an expressed interest
by law-enforcemnent agencies in a similar outer or inner garment that could be incorporated into the standard
uniform or used by plainclothes investigators.

7
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Ill. EXPERIMENTAL METHODS.

A. Equipment.

The initial problem was to develop a method which would allow visualization and measurement of the
cone of deformation behind the armor with sufficiently fast response time to allow determination of the loading
times or impulse. Several methods of approach were examined to determine the most feasible as well as most
cost-effective method.

The results of this study indicated that high-speed photography of backlighted gelatin blocks would
provide the necessary resolution.

The armor under test was fastened in front of the gelatin block and impacted by the missile, and the
event was recorded on high-speed film. The test procedure was the same for all shots.

The test setup is slhown in figure I and consists of -he following: (0) the weapon, a 7-inch. .38-caliber
Mann barrel with remote firing capability or a 7-inch, .22-caliber Mann barrel: (2) a I 12-meter baseline utilizing silver
grid screens which activate an electronic chronograph (ECI Model 4600) to measure missile velocity: (3) a Redlake
Hycam camera focused on the gelatin-armor interface; (4) a large bank of quartz lights to completely backlight the
gelatin block; (5)a steel frame for supporting the armor material;and (6) the armor material. During the actual test
operation. the camera is activated: and, when the proper framing rate is achiesed, a signal is sent to tile firing
mechanism to activate the weapon.

B. Measurement of Deformation.

The developed film is processed through a Model 29E Telereadex film analy/er where frame-by-frame
measurements of the deformation in the gelatin can be made. Figures 2 and 3 illustrate a typical deformation-time
history for each threat against 7 plies of Kevlar 29. Measurements of the depth of' penetration as well as the base
diameter are made from the point of impact to maximum deformation. Maximum deformation was taken to occur
at the point of maximum penetration into the gelatin block. This maximum deformation k then divided into
10 equal parts along the penetration axis and the diameter is measured at each of these points.

C. Measurement of Deformation Time.

The maximum film speed for tile Redlake Hycam camera system, approximately 4000 pps. is too slow
to permit precise measurement of the deformation time. In an attempt to more accurately define this time interval,
an electronic system was develor ýd for recording on the film the incidence of missile impact upon the sample. The
components of this system ar, shown in figure4 and function in the following manner: (l)an additional
chronograph (Monsanto Model LIOIC), connected to the velocity measurement screens, records the missile transit
time through these screens. This time interval is then programmed into (2) a digital comparator (Monsanto
Model 504A). The stop signal into the LIOIC chronograph also generates a start signal into (3) a preset/variable time
base counter (Monsanto Model 104B) which also connects to tile digital comparator. When tile time oti the
Model 104B coincides with that programmed into the digital comparator, the comparator generates a signal which
fires a pulser. This pulser in turn triggers a modified time delay generator. dimming an extra timing light installed for
this purpose into the Redlake camera. Thus a record of the impact time was placed on the filn since the sample
under test was the same distance from the stop screen as the distance between the velocity measurement screens.

D. Date Reduction.

Analysis of tile film on the Telereadex system led to an accurate measurementt of the film framing rate,
This film speed, when used in conjunction with tile number of frames of deformation, tile physical dimensio, A'
the film frame, and the recorded time of impact, led to a more precise definition of the deformation time interval by
halving the measurement error from ±1 frame to ±1/2 frame (approximately ±150 msec).

,I
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Figure 2. Deformation-Time History, .22-Caliber Figure 3. Deformation-Timec H ist ory, .3 8-Caliber

Bullet Versus 7-Ply Keviar 29, 400/2-Denier Bullet Versus 7-Ply Kevlar 29,400!2-Denier
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7ý, The data acquired from the film analysis, in machine counts, wa. then processed on a Univac 1108#1 computer through the computer program shown in the appendix. This program proceses the data in the following
manner:

I. The Telereadex data in machine counts is converted to centimeter. by using a conversion factor
obtained from each film.

.,.2. The depth of penetration and the maximum deformation radius per frame are listed.

3. The average velocity of deformation ptime interval per frame is fisted.

4. The maximum deformation, defined by 10 equidistant points along the axis of penetration and
their associated radii of deformation, is computed and listed.

5. The maximum deformation data can then be run through a series of equations to detcrmine a
general curve which best describes the deformation surface. This general analysis was performed on some of the
initial backface signature measurements and the best fit was determined to be of the form

y2 =a + bx

where

y deformation radius

x depth of penetration
a, b = regression constants

y IThis form was then used for all subsequent deformation characterizations. An initial assumption was made that the
deformation being measured was symmetrical. Castings niade from deformations in clay have verified that this
assumption is realistic.

6. The program then calculates and lists a deformation volume which is derived by revolving the
parabolic curve about the axis of penetration and generating a paraboloid of revolution. If y2  a + bx, then

A r (a + bx), and V f X A(x) dx =,rx(a + bx/2).

IV. RESULTS.

The equations for the regression fit curves defining the maximum deformation of 7 pies of
400/2-denier Kevlar 29 material in gelatin along with their associated correlation coefficients and root mean square
values are listed in table I for the .38-caliber threat and in table 2 for the .22.caliber threat. Tables 3 and 4 list the
impact velocities, calculated deformation volumes, deformation times, and measured maximum depths of
penetration for the .38-caliber and .22-caliber threats, respectively. The upper and lower bounds for the .38-caliber
"deformations in gelatin are shown in figure 5, in which x is the penetration axis and y is the axis along which the
base diameters were measured. The dashed curve in figure 5 represents the average .38-caliber deformation curve.

Ba,.kface signature data for 5 plies of Kevlar 29 are presented in table 5 for the .38-caliber bullet and in
table 6 for the .22-caliber bullet. These data were acquired during the initial phase of the program while the test
methodology was being established. It is important to note that the .22-caliber velocities Fre substandard; i.e.,
800 fps as opposed to the recommended test velocity of 1000 fps. These tests were conducted prior to the
establishment of the 1000-fps test velocity. Furthermore, the surface equations are not computer fits as established
for. the 7-ply Kevlar 29; they are calculated equations for parabolic surfaces, y2  cx, using the diameter/der duos
to determine the constant c,

44
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Table 1. Deformation Surface Curves

.38-Caliber, I 58-Graiii Projectile Vcisus 7-Ply Keviar 29, 400/2-Denier

Filmi No. 1)eornmauon sm~face Correlation coefficient Root mean square

30008 2 22.21-4.9496x 0.9926 0.1745
y:

30177 y 21.37-4.34248x 0.9770 0.2303

30178 Y 2 -6.94-5.6105A 5. 2)8928

30179 y2 20.14-4.2740x 0.9912 0.1583

30.80 Y2 18.71-4.1402x 0.820.2161

30181 Y2  22.57.4.9741x 0.9937 0.1531

3018212 17.52-3.9631x 0.9855 0.1744

30183 y2 20.47-4.7358x 0.9915 0.16S9

30184 11.97.4.5600x 0.970.0962

30185 y 20.53-4.28S1x 0.9900 0.1948

30186 y 20.63-4.6267x 0.9916 0.1589

30187 y2 17.73-4.8461x 0.9896 0.1946

I30318 y2 26.56-6.3305x 0.9759 0.2485

30319 y2 19.38-4.3465x 0.9330 0,2023

30320 2 18.16-3.8933x 0.9746 0,2156
y1

30321 Yý 18.61-4.6926x 0,9820 0.1932

30322 Y2 21.02-5.0760x 0.9925 0.1406

k._ _ _ _ _ _
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Table 2. Deformation Surface Curves

.22-Caliber, 40-Grain Projectile Versus 7-Ply Keviar 29, 400/2-Denier

K-.Film No. Deformation surface Correlation coefficient Root mean square

30022 y2 = 14.25-5.6138x 0.9923 0.0982

30188 y2  8.12-3.7612x 0.9851 0.2006

3018992 12.00-4.8772x 0.9888 0.1306

1 30190 y2  6.58-2.2654x 0.9818 0.1182

30191 Y2  I1I00-4.2342x 0.9885 0.1971

30194 Y2 7.57-2,8941x 0.9901 0.1379

30195 y2 
=16.44-5.1773x 0.8528 0.6302

30196 v2 6.44-2.9744x 0.9830 0.1429

30197 y2  16.69-7.8952x 0.9428 0.3281

30198 y2  10.33-3,8922x 0.9898 0,1494

30199 y2  8.76 -3.2425x 0.9938 0.1166

30329 y2  9.32 -3-2120,v 0.9800 0.1798

30330 Y2=9.80 -3.4965x j 0.9918 0.1130

30331 y2 =7.S8.2.5134x 0.9571 0,1878

303A 3 )7 7-4.14)2-2x 0.9932 0.0834

14
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Table 3. Backface, Signature Parameters

.38-Caliber, 158-Grain Projectile Versus 7-Ply Kevlar 29, 400/2-Deiiier

Film No. Striking velocity volume depth bsrais Deformation time

rn/sec cc cm cm sec

30008 243.7 155.69 4.82 4.76 0.0017

30177 253.9 165.15 4.99 4.12 0.0018

30178 255.4 202.07 5.17 5.18 0.0018

30179 249.6 148.51 5.00 4.61 0.0021

30180 247.8 132.50 4.72 4.01 0.0018

30181 249.3 159.95 4.88 4.99 0.0018

30182 j 251,5 121.50 4.60 3.79 0.0016

30183 249.0 138.26 4.64 4.60 0.0018

30t84 259.1 165.86 5.08 4.79 0.0015

30185 254.8 153.35 5.20 4.62 0.0021

30186 255.4 143.60 4.80 4.9? 0.0016

30187 254.5 101.12 3.98 4.50 0.0016

30318 249.8 172.66 4.65 4.91 0.0015

30319 246.8 134,97 4.71 3.99 0,0014

30320 247.3 132.94 4.84 3.77 0.0016

30321 245.9 115.77 4.14 3.84 0.0013

; ,30322 248.1 136.24 4.42 4.45 0.0015

Mean 250.7 145.89 4.74 4.46 0.0017

Standard 4.17 23.89 0.33 0.46 0.0002
deviation

15



Table 4. Backface Signature Parameters

.22-Caliber, 40-Grain Projectile Versus 7-Ply Kevlar 29, 400/2-Denier

Maximum Maximum Maximum
Film No. Striking velocity volume depth base radius eformation time

m/sec cc cm cm sec

30022 318.3 56.42 2.75 3.95 0.0012

30188 305.2 27.49 2.10 5.40 0.0012

30189 310.0 45.94 2.70 3.52 0.0008

30190 317.9 29.67 3.24 2.48 0.0008

30191 306.1 44.38 2.87 3.17 0.0010

30194 307.9 31.13 2.58 2.50 0.0008

30195 310.8 77.07 3.95 5.31 0.0010

30196 309.6 21.88 2.22 2.34 0.0008

30197 303.0 53.95 2.45 4.63 0.0010

30198 306.0 43.07 2.69 2.99 0.0010

•,30199 307.5 37.17 2.78 2.86 0.0011

""'•30329 310.7 42.46 2.92 2.70 0.0008

•"30330 315.3 43,23 2.93 2,84 0.0O08

i•30331 303.8 35.89 3.03 2.34 0.0007

30333 306.0 35.69 2.44 2.92 0.0006

Mean 309.2 41.70 2.78 3.33 0.0009

SStandard 4.78 13.60 0.44 1,03 0.0002

deviation

16
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Table 5. Backface Signature Parameters

.38-Caliber, 158-rain Projectile Versus 5-Ply Keviar 29, 400/2-Denier

Striking Surface Maximumn Maximum Maximum Deformation
Filmn No. velocity equation volunmc depth base radius timie

In/sec cc cm cmn sec

29966 240.1 y2  3.23x 149.60 5.4 4.19 0.0020

29967 244.0 y2 3.84x 155.05 5.07 4.41 0.0017

29968 241.4 y2 4.13x 183.61 5.32 4.69

229969 248.0 Y2  4.?lx 162.69 4.96 4.57 0.0014

29970 249.8 y- 4.80x 172.27 4.78 4.79 0.0014

29971 247.6 y2  3.46x 97.71 4.24 3.83 0.0012

29972 242.4 y2  4.36x 137.46 4.48 4.42 0.0012

29973 249.9 v2  4.61 x 160.64 4.71 4.66 0.0017

29974 247.5 Y24.14x 140.61 4.65 4.39 0.0015

*29975 243.1 y-3.72x 105.05 4.24 3.97 0.0015

29976 248.6 Y- 3.36x 111.68 4.60 3.93 0.00 14

29977 247.3 y2  2.8 114.23 4.94 3.84-

*29979 247.0 y2  3.04x 133.63 5.29 4.01 0.0014

Mean 24'S.4 140.33 4.82 4.28 0.0015

Standard 2.8 26.96 0.39 0.34 0.0002
deviation

17 J
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Table 6. Backface Signature Parameters

.- (ibr, 40-rn Prjcctile Versus S-Ply Kevlar 29. 400/2-Dctiier

Striking Surface Maximum Maximum Maximum tDctormiatior
FmN. velocity equation volume depth base radius ritine

Iti/%ec cc On cis) sec

219980 251.0 y2 4.l4x 37.77 2.41 3.:( 0.0014

299X 1 233. V2 ' '2.35X 34 1 3.04 2.07 (.0014

29082 23 21 s' 2.4x 18.1 1 2.9 .35

129983 23' 6 Y2 3.5 2x 23.69 .107 2.70 0.0001)

29985 23.0) I 2.08\ 14.25 1.84 2.2 (00099

29986 228.7 Y2 '.54x 20.56 2.27 2.40 0.000" N

298 251. Y2 = 2'.60: 24.31 2.4: 2.52 0(0011

298 4. .9 14 2.2)4 0.0)009

I ()qq1 262. Y' 2.64x 25.92 2.50 2.57 0.0011

2949') 231.8 N = -'.37x 25.17 2.60 2.48 0.0011

29093 211.') V2 = 109X 23.40 2.7 21.3o 0.00I I1

29'4 286 2 2. 28: 19,95 2.30 2.2 I 11.0009

19N 232.1 N2 = 2.82X 20.10 2.43, 2 60 (0U06

Winlea 2401.1 24.99 2.38 257 (10(1t

Standard 10.5 6.47 (130 027 O.OtX2

Other materials given limited testing under this program were: 7 plies of 200-denier Kevlar 29, 7 plies of'

400/2-denier Kevlar 29 subjected to water immersion, freezing at -26*F for 50 hours and (fhawed before test (part of
the simulated aging process). and 12 plies of ballistic nylon. The results of these tests are listed in table 7.

Limited tesf;e, was conducted to determine the effect of clamping the material. Both 5 and 7 plies of
- . Kevlar 29 were tested in anl unclarnped state. The results, listed in table 8. indicate that clamping produced no

significanit effect for the deformation times realized in these ballistic tests. This may not be true for deformation of
longer time ditration.

Table 9 summiariizcs the data zcquired under this part of the study as well as that derived from the .
material matrix test.

Modeling.

Illustrated in figures 6 and 7 are two proposed blunt trauma models for thoracic impacts described in a
report on blunt trauma correlation.-*

*Clare, Victor R.. Lewis. James H., Mickiewicz, Alexander P., and Sturdivan, Larry M. EB-TR-750l6. Blunt Traumau Data
Correlation. May 1975.

19



Table 7. Backface Signature Parameters for Various Armor Materials

IimNMteil Missile Striking Surface Maximum Maximum Maximum Deformation
velocity equation volume depth rad ius time

m/W~C cc Cm cm WeC

31o347 7-Ply, 200-denier .381 258.1 y 2~ 1 9 -. 9x 195 .1 41 0.00(17

30348 7-Ply, 200-denier .38 258.5 y2 
=21.44-3.8224x 188.88 5.63 4.12 0.00117

30349 7-fly, 200-denier .38 262.9 y2  23.33-.4.2692x 200.05 5.64 4.33 0.0)018

36ý50 7-Ply. 200-denier .38 258.3 y2 =20.25-3.6799x 174.76 5.75 4.21 (0.0016

30351 7-Ply, 200-denier .38 254.0 y2 = 23 .13- 4 . 2 410 x 197.97 5.62 4.29 0.01019

31)35.2 7-Ply, 200-denier .38 254.1 y2 = 22.56-4.7012x 169.90 4.93 4.35 0.0)016

30353 7-1ly, 209-denier .38 257.8 y2 =19.61-3.6335x 166.00 5.57 4.16 0.0015

30354 7-Ply, 200-denier .38 254.7 y2 = 19.36-3.9316x 149.66 5.07 3.94 0.001 3

30355 7-Ply, 200-denier .38 I257.6 y2 = 21.17-4.0655xl 172.99 5.35 4.16 0.0018

Mean 257.3 178.86 5.46 4.19 0.0017

Standard 2.8 16.50 0.29 0.13 0.01)02

deviation

30369 12-Pl% Nylon .38 24. =2.0697x120.36 3.09 4.2] 0.(04

I30370 12-Ply Nylon .38 243.1 y2 = 27,94-8.4263x 145.38 3.21 4.65 0,.0017

30371 12-Ply Nylon .38 242.5 y2 = 21,33-6.1790x 115.05 3.21 4.29 0.0)012

30372 12-Ply Nylon .38 248.6 y2 =17.47-5.7816x 82.75 2.90 3.76 0.0012

Mean 245.70 115.88 3.10 4.23 10,1014

Standard 3.4 25.75 0.15 0.37 0,0002
deviarion

3031A 7-Ply Kevlar 29, .38 255.6 y2  34,82-7.0177 x 271.23 5.08 5.18 0.0014
frozen and thawed

3032A 7-Ply Kevlar 29, .38 257.5 y 2 
=22.1 3-5.1700x 148.76 4.36 4.19 (1.00112

frozen and thawed

3033A 7-Ply Kevlar 29. .38 250.9 y2  23.37-5.5706x 153.77 4.37 4.28 0.0016
frozen and thawed

3034A 7-Ply Kevlar 29, .38 -* y2 
=22,49-5.4874x 143.63 4.46 4.41 (01.00 I

frozen and thawedI

Mean 254.7 179.35 4.57 4.52 01(13

Standard 3.4 61.39 0.34 (1.45 01.1()(03
deviation



Table 7. Contd

Striking Surface Maximum Maximum Maximum Deformation
Fium No. Mat erial Missile velocity equation voluirt depth radius time

rn/sec cc cm cm see

30358 7-Ply. 200-denier .22 301.9 y2  9.24-3.3033x 40.49 2.65 2.76 0.0009
303159 7-Ply, 200-denier .22 310.1 y2  78-.65 17 .8 2.49 0.0009

301300 7-Ply, 200-denier .22 315.7 y2  8.37-3.4153x 32.19 2.56 2.63 0.0009 '
30361 7-Ply, 200-denier .22 301.3 y2 

=8.74-3.1045x 38.61 2.h 1 2.62 0.0012

S30362 7-Ply, 200-denier .22 311.6 y2  8.47-3.0152x 37.35 2.72 2.54 0.0009

3(0364 7-Ply, 200-denier .22 309.6 y2  5.35-2.8219x 15.80 2.08 2.41 0.0006

30365 7-Ply, 200-dlenier .22 320.7 y 2  9A 91-3.5060x 39.64 2.71 2.81 0.0009

Me an 310.1 33.70 2.60 2.61 000

Standard 7.0 8.61 0.25 0.14 0.0002

Table 8. Baekface Signature Parameters for Unclaniped Material

Striking Surface Maximum Maximum Maximum Deormlation
ru o.Mteil isie velocity equation volume depth radius time

in/sec cc cm cm see

29978 5-Ply. 403/2-denier it; 246.8 y2 
=3,94x 189.95 5.54 4.67-

30366 7-Ply, 400/2-denier .38 249.4 y 2  14.2 2-2.8301 x 111.74 5.38 3.59 0.0014

30373 7-Ply, 200-denier .38 254 5 y2 
=14,26-3.1819x 99.26 4.97 3.35 0.0017
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9.

Table 94. Average Backface Signature Parameters for Materials Tested Under

the Soft Armor Program

Missile Striking Maximum Maximum Deformation
-aliber Weight Material Ply velocity depth volume time

grains m/sec cm cc sec

.22 40 Kevlar 29, 400/2-denier 5 240.1 2.38 24.99 0.0010

7 309.2 2.78 41.70 0.0009

Kevlar 29, 400/2-denier 15* 310.8 2.02 29.02 0.0016

Kevlar 29, 200-denier 7 310.1 2.60 33170 0.0008

.38 158 Kevlar 29, 400/2-denier 3* 247.5 6.78 203.43 0.0020

5 246.3 4.89 140.33 0.0015

7 250.7 4.74 145.89 0.0017

9* 241.9 4.53 166.90 0.0019

15* 247.9 4.08 176.78 0.0020

"23* 248.5 ).38 113.07 0.0025

Kevlar 29, 200-denier 7 257.3 5.46 178.86 0.0017

Ballistic nylon 12 245.7 3.10 115.89 0.0014

Kevlar 29, 400j2-denier 7 254.7 4.57 179.35
(aged)

.45 234 Kevlar 29, 400/2-denier 7 242.1 5.32 210.3 0.0017

9-mm 124 KevIar 29, 400/2-denier 7* 370.1 3.72 189.5 0.0017
w/ 13.2 oz/square feet XP

Kevlar 29, 400/2-denier 23* 322,8 3.66 93.95 0.0017

"One round.
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Figure 6. Backface Signature Data Applied to the Four-Parameter Lethality Discrimninant Model
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Figure 7. Backface Signature Data Applied to the Eight.-Parameter Lethality Discrimninant Model
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The first r:iodel, a four-parameter discriminant model, utilizes the maximum number of parameters

common to all the published data sets examined. This model accomplishes its discrimination in a plane whose axes
x1 , x- are defined by

xI = In [MV 2 ]

x2  In IWD1

where

M = projc:tile mass (grams)

V = projectile impact velocity (meters per second)

W experimental animal body weight (kilograms)

D projectile diameter (centimeters)

The discriminant lines establish three zones of low, mid, and high lethality; i.e., as the impact dose increases, the
lprobability of lethality should also increase for targets having the same body weight and for projectiles of the same
diameter.

The second model, involving eight parameters, provides better live/die discrimination ,han the
four-parameter model. This model (figure 7) also accomplished its discrimiuiation in a plane whos,- axes y i, Y2 are
defined by

y I In (MV2 /TWD)

y2, In [(L/W) (%A0PO 2) (%VPO 2)A

where

M, V, W, and D = same as in the four-parameter model,

T: tissue thickness (centimeters) over the vital organ impacted

L.. =h total animal lung weight (grams)

9,%APO2 = maximum deviation in arterial oxygen pressure from control value

'%VIP = maximum deviation in venous oxygen pressure from control value

As in the four-parameter model, the discriminant lines establish zones of negative, mixed, and positive
response for a live/die criterion.

These models were formulated from experimental data sets obtained from tests on unarmored animals
* for which the physical characteristics of the impacting projectile (mass, velocity, diameter) were known. high-mass

(50 to 200 grams), low-v locity projectile impacts were involved. Upon formulation of these models, it was proposed
that the backface signature be characterized in such a manner that it could be applied to these models. By using this
predictive capability and determining in the nonlethal area the degree of decreasing injury potential with decreasing
ordinate or "dose" levels, an analysis of the backface signature alone would provide an initial estimate of a candidate
armor materials's worth, thereby precluding extensive and costly animal testing.
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Soh Conditions comparable to those found in these models occur armor tests when the primary impactor
Is taken to be that of the missile-material interaction. However, as the armor deforms under nonpenetrating impact,
the impactor mass and velocity are changing with time; i.e., the mass is increasing and the velocity is decre mring until
at sonic t:me "t' depending onl the armor deformation characteristics and the tissue response, maximumY4

Z deformatiion mass achieved. At this same point in time, the velocity of the impactor is zero. Thus, a more
extensive analysis of' the backface signature than that thus far presented is necessaiy to conform armor deformiation
to the physical doses used in the models. This was accomplished in the following manner:

1. Velocity.

By employing the principle of the conservation of linear momentum, a pseudo-velocity for the armor
deformation was derived:

PV Mp=(MA + M p) V

where (o

Mp, Vp the initial mass (klograms) and velocity (meters per second) of the impacting projectile

MA = the armor deformation mass (kilograms)

V the "effective" armor velocity (meters per second)

2. Mass.

The mass used in applying the soft armor deformation to the models was the projectile-armor mass
* involved in the maximum deformation. As a conservative approach, the armor mass was assumed to be the mass

derived by using the base of the deformation cone; i.e.,

MA (AB) (a.d.)

AB the base area of the deformation surface (square centimeters)

a.d. the areal d.nsity of the armor material (giarns per square centimeter)

This estimate is conservativea in that the models tmplc,' an energy term, MV2 , and tie armor mass is
* used to determine the "effective" velocity behind the armor. If the entire surface mass had been used, a smaller

"effective" velocity would then be derived arid hence a smaller dose level would be predicted. Furthermore, it is not
known at tfis time whether the armor mass involved in :he deformation is due solely to materia; elongation, slack in
sample mounting, or a coumbination of the two.

The measurement of the necessary postexperimental parameters required for use in the model is
straightforward and is described in the following text, For the modeling of the physiological response of the test
animals, several design constraints were esta.' lished. The an.mal target is, of course, a combination of many systems
and subsystems and the monitoring of all of these would be an impossible task. Targeting, therefore, was restricted
initially to one target organ and monitoring to one physiological system. The system chosen was the respiratory
systen. and the target organ was, of course, the lung. This choice allowed a large target area and provided a system
which could be monitored continuously with minimal surgical intervention and relatively simple instrumentation.

w4
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The animals used in this study were castrated male angora goats weighing approximately 40 kg. The
114 unimals were premedicated with 20 mg of acepromazine and then anesthetized intravenously with sodium

pentobarbital. An endotracheal tube was inserted to insure a patent airway and prevent the aspiration of fluids.
Catheters were inserted in the left carotid artery and the !oft jugular vein for blood sampling during the experiment.

Anesthesia was stringently controlled so that the animal's arterial oxygen tension was above 80 mmHg
prior to impact. The anesthetized animals were suspended on a specially designed cart, armored with the Kevlar
material, and impacted over the designated target area. Arterial and venous blood samples were drawn at 15, 30, and
60 minutes after impact for blood gas analysis. Samples were again drawn at 24 hours and the animals were
sacrificed. A complete necropsy was performed and precise measurements were taken of ail lesions produced. Of the
many parameters measured, four are currently being used in the analysis: arterial oxygen tension, venous oxygen
tension, lung weight, and total body weight. These are the postexperimental parameters shown on the ordinate in
figure 7.

Tables 10 and 11 present the discriminatioi- parameters for various armor samples. Figures 6 and 7
illustrate the backface signature/animal data as applied to the models.

Table 10. Average Discriminant Parameters for Four-Parameter Model

(.38-Caliber Projectile)

Material Ply M V W D InMV 2  lnWD

SKevlar 400/2-denier . 17.67 142.71 40.9 8.65 12.8 5.9

7 21.32 120.38 48.6 8.93 12.6 6.1
4 7(aged) 21.66 120.36 43.4 9.07 12.7 6.0

9 27.21 91.03 53.4 9.74 12.3 6.2

15 41.02 61.87 60.6 10.16 12.0 6.4

23 42.75 59.51 32.6 8.44 11.9 5.6

Kevlar 200-denier 7 14.48 182.04 50.0 8.39 13.1 6.0

[BJ.stic nylon 12 45.41 56.20 40.4 8.51 11.9 5.8

The use of models such as these in the evaluation of candidate armor materials can be extremely useful.Damage evaluations from animal data when the animals are impacted with the same missiles over the same materials

could be graded as to their seriousness. The level of damage could be correlated to a particular volume or depth
Svalue obtained from the gelatin studies. When this has been done for a series of materials or plies of material, a4. relationship could then be constructed from which predictions could be made of the efficiency of candidate armor

materials. The net result would be substantially cost effective since fewer animal tests would be required.

V. CONCLUSIONS.

A methodology has been established which provides a nonbiological measure of behind-the-armor
effects. This technique, backface signature, utilizes high-speed photography of armo- deformation in 20% gel to
measure such physical parameters as the volume, depth, and shape of the maximum deformation cavity as well as the
deformation tin'e from point of missile impact to cavity formation.

26

42
_"ý.V,



I.lk t.IlhailY OtI)rMInAllI PrajnkiWt fur 'pfPglnIMk

..oi No. 0. Vc1i !tgUt, f.~I i,~nc. ,. c rIil( Atoomor Iv%,' legbhd.I ft

4lA4 IV) 11 w III' 1W l,/Wt I A 110 1 IV 110 1

mpull I'. I
,1"47'g~l Itl 3!4sI 7

1r,4'I~~~~~114 21.121 mc r : ~ l i' (I .Is

230!~ 1 11.2 1:01.384 go) t I 41 1 :.2 .1 to 2 Ii

23lt 13z 120.318 ll~ '1 44 q 1.'1' 4, KII) 2o

211) 21 12 1201 It1 xl".3 4. 2, '1 I s 4(-. koL
4041 2.,kotle

:30120 : J! 32 _10113N ?('I. 41 1 1 hI'N 1.;1I 14 KI
41111 2..k,,,.r

2.11l. 2 lh '0.46 *Ill (4 io il l .12 2 kI

4)jh~~ I (I,

1103 -pl

f- -f -l 1N i

.I' ... Iu I' 4I1 . .IIuI .

144

x I

%-(ik kohl, 2'0. 41111 2..loil"I4



Backface signature data have been collected for several armor materials; e.g., 5-ply and 7-ply Kevlar 29,
400/2-denier. Limited firings have been conducted on other constructions of armor materials. These data have been
used in the provisional lethality drcriminant models generated in the Biophysics Division of this laboratory.

VI. RECOMMENDATIONS.

The backface sigrature parameters catnot be used to evaluate the effectiveness of protective armor
until these physical measures are related to the probability that a particular combination would result in a serious or
lethal injury. A predictive model relating the physical measures of the backface signature to the physiological effects,
particularly in the nonlethal area. would greatly reduce the cost of armor evaluations. At this time, only a limited
data base is available, insufficient for developing an overall vulnerability model.

Backface signature work has also indicated that different combinations of soft armor materials may
exifibit different dose-response relationships. Various armor materials which are commercially available should be
evaluated.

By increasing the data base from which to draw conclusions, the goal of an overall vulnerability model
for predicting the effectiveness of soft armor materials could be reached.
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APPENDIX

BACKFACE SIGNATURE COMPUTER PROGRAM

* REAL MSE, NO:

k 2* DIMENSION XP(100),YP(100)
" 3* D2IENSION X(100), Y(100), TITLE(13)

S4* DIMENSION SM(100)
5* 1000 FO•XJA'AT ( liii, 19HREGRESSION ANALYSIS
6* 2000 FORMAT (12 , 13A6
7* 2500 FORMAT(F. , 13A6
8* 3000 FORMAT (2110.2)
9* 4000 FORMAT (911 Y = , F0.4 , 3H+ ( , F10.4 , 311) X )

10* 4100 FORMAT (9H1 Y- , F10.4 , 31!+ ( , I'0.4 , 8F) IX(X)
11* 4200 FORMAT (9H Ik)Y = , F10.4 , 31+ ( , F10.4 , 811) X)
12* 4300 FORMAT (9H LO(YY = , F10.4 , 3H+ ( , F10.4 , TI) LCC(X)
13* 4400 FORMAT (9H 1/Y = , F10.4 , 3H+ ( , F10.4 , 8H)Ia:XW(X)
14* 4500 FORMAT (911 LOGY = , F10.4 , 31+ ( , F10.4 , 8H)1/X
15* 4600 FORMAAT (9H 1/Y = , F10.4 , 3H+ ( , F)0.4 , 8H) X)
16* 4700 FORMAT (9H 1/Y = , F10.4 , 3H+ ( , F10.4 , 8H)I/X ) *

17* 4800 FORMAT (9H Y = , F10.4 , 3H+ ( , F10.4 , 8H)1/X
18* 4900 FORMAT (5H Y** ,F7.4 , 211 = , F10.2 , 3H+ ( , F10.4 , 5H) X**" ~19" 1,F7.4 )

20* 5000 FORMAT (1HO, lOX, 14HSTANDARD ER•OR ,12X, IHT, //)
21* 5500 FORMAT (2H A 2F20.5 , 5X 15HSIGNIFICANT AT , F6.2
22* 19H PER CENT )
23* 5600 FORMAT (2H B , 2F20.5 , 5X 15HSIGNIFICANT AT , F6.2
24* 1911 PER CENT
25* 5700 FOreMAT (IH , 20HANALYSIS OF VARIAIcE , //, 7H SOFCE , 10Xr
26* 12HDF , 1OX , 11MFAN SQUARE , 1OX ,1HF ,//)
27* 6500 FORMT (1111 REGRESSION , 6X, 1H].1 , 0X, F10.5 , 6X , F10.0 ,
28* 115HSIGNIFICANT AT , F6.2 , 9H PER CEr
29* 6600 FO4MAT (6H ERROR 8X , 13 , 1OX , F10.5 , V// 41 R =
30* 1F10.5,4X,15HSIaSIFICANT AT , F6.2 ,9H PEP CENT ,//I)
31* 7000 FORMAT (1H ,12X,3H X , 10 X IHY , 10X 9HYESTIMATE ,9X,'Y-Yl";T'
32* 1/)
33* 8000 FOR•MAT (1H ,4F15.5)
34* 1 PY = 1.0
35* PX--1.0
36* RX-0.0
37* WRITE (6,1000)
38* READ (5,2000) JTYPE, (TITLE(I) , I 1,= 3)
39* WRITE (6,2500) (TITLE (I) , I = 1,13)
40* WRITE (6,21) JTYPE

4.1 21 FORMAT (1UI ,14)
42* DO 8 1 = 1,100
43* READ (5,3000,END = 9 ) XP(I),YP(I)
44* 8 CO*TT1INE !.
45* 9 N =I - 1

46* IF (JTYPE.NE.-l) GO TO 10 >..)

29I -. ,'
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47* Do 75 JIYPE 0,8
48* 10 SX =0..0
49* SY =0.0

50* SXSQ = 0.0
51* SYSQ = 0.0
52* SXY =0.0
53* w'o
54* I=0
55* IF (CrrYPE.NE.9) Go O 51i

*56* READ (5,3000) PX ,PY
57 * 5 CONTINUE

58* 1=1±1
59* X (I) = XP (1)
60* Y(I) = YP(I)
61* n' (JTYPE.EXQ.0) Go ToX 20'I62* GO TO0 (1l,12,13,14,15,16,17,18,19,19),JTYPE
63* 11 X (I) = ATLG10(X(I))
64* Go TO 20
65* 12 Y (I) =AI.OG10(Y(I))
66* GO TO0 20
67* 13 X (I) = ALOIO j.(X (I))
68* Y (I) = ALIDG10O(Y(I))
69* GO TO 20

*70* 14 X (I) = ALCG10 (X (1)
Y (I) =1. 0/Y (1)

*72* GO TO20
73* 15 x (I) = 1.0/x (I)
74* Y (1) =ALOG1O (Y(M)
75* GO TO 20
76* 16 Y(I) = 1.0/Y(I)
77* GO TO 20
78* 17 X(I) =1.0/X(I)

*79* Y (I) = 1.0/Y(I)
so* W TO 20
81* 18 X (I) =1.0/X(I)
82* GO TO 20
83* 19 x (I) = x(i)**PX
84* Y (I) =Y(I)**PY
85* 20 SY SY +Y(l)
86* SX =SX + X (I)
87* SXSQ =SXSQ + X(I)**2.0
88* SYSQ = syso + Y(I)**2.0
89* SXY =SX'Y + X (I) *Y(I)
90* M=M+1
91* IF (M. NE. N) GO 'TO 5

92* 25 = SX (SX*SY/F'LOAT(N)))/(SXSQ-(XS/WTN)
94* A =(SY,/FLOAT(N) - B*SX/FLOAT(N))

95* SR (XY -SX*SY/FWOAT(N))**2.0/(SXSQ - SX**2.0/FWOAT(N))

96* DF FLOATr(N) - 2.0
97*MSE =((SYSQ - SY**2.0/FMIAT(N)) -MSR)/IDF

98* F MSF/MSE
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99* CC)RR =QirI(rtPR/(sYsQ - SY**2.0/PLMT(N)))
10*TR= COp*SQW(D'/(1.0 - OC)R**2.0))

101* SEASQC (SXSQ* SEB/FWOAT (N))
102* sEo3 = SQFr(MSE/(SXSQ - SX**2.0/FLOAT(N)))
103* TA = A/SEA !
104* TB =B/SEB4
105* IF (JTYPE.EQ.0) GO TO 40
106* GO TO (41,42,43,44,45,46,47,48,49,49) ,YTYPE
107* 40 WRITE (6,4000) A,B
108* GO TO 50
109* 41 WRITE (6,4100) A,B
110* GO TOS50
i1l* 42 WIRIE (6,4200) A,B
112* GOJ TO 50
113* 43 WRITE (6,4300) A,B
114* GO TO 50
115* 44 WRITE (6,4400) A,B
116* 00 TOS50
117* 45 WRITE (6,4500) A,B

Pj118* GO TO 50
119* 46 WRITE (6,4600) A,B
120* GO) TO( 50

121* 47 WRITE (6,4700) A,B
122* GO To50

.:123* 48 WRITE (6,4800) A,i3
124* GO TO 50
125* 49 WRITE (6,4900) PY,A,B,PX
126* 50 CONTINUE
127* WRITE (6,5000)

5128* ABTA ABS (TA)
129* ABTB ABS (TB)
130* IDF N- 2
131* VALRl STUD(ABTA,IDF)
132* VAR1 100.0*VAR1

133* VAR2 =STUD(AI3TB,IDF)
134* VAR2 =100.0*VAR2

135* WRITE (6,5500) SEA , TA , VAR].
136* WRITE (6, 5600) SEI3 , TB3 , VAR2
137* WRITE(6, 5700)
138* TREG SQFU (F)
139* VAR3 = STUD(T1RX;,IDF)
140* VAR3 =100.0*VAR3
141* WRITE (6,6500) MSR, F ,VAR3
142* VAR4 =SIMD(TR, IDF)
143* VAR4 = 100.0*V7AR4
144* WRITE (6,6600) IDF , M'SE , CORR , VAR4
145* WRITE (6,7000)
146* DO075 I=1,N
147* YEST=-A+B*X (I)
148* IF (CPIYPE.DQ.0) GO TO 60
149* GO TO (60,62,62,64,62,64,64,60,69,69,69) ,JTYPE
150* 62 YEST =10.0**YEST
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151* GO TO6 0
152* 64 YEST = 1.0/YEST
153* GD O 160
15A* 69 IF (YEST.LT..0.) GXO TO0 80

* 155* YES]-YEST**(1.0/PY)
* 156* 60 SM(I)=YP(I)-YEST

157* GO TO0 81
* 158* 80 YES'JY-0.0

159* SM(I)=0.0
160* GO 'TO 93

161* 81 WRITE (6,8000) XP(I~j YP(I) ,YESTSM(I)
162* RRX=SM (I) *SM (I)
163* RX=RX+RR
164* GO TiO 75
165* 93 WRITE (6,8000) )'(I) ,YP(I) ,YEST, SM(I)
166* 75 COW~INUE
167* XXR/
168* PS-9R PM
169* WRITE- (6,97) RMS

* 170* V0)I.-3.141592653*XP(1)*A+(3.141592653/2.0)*B*XP(1)**2
* 171* PRflCl 98,VOL

172* 98 FORMAT (2X,-VOLUME=',Fl0.5,lX,'CUJBIC C2TrflvMWRS')
173* 97 FORMAT (i//illl ,'RES ',F10.5)
174* GO TO 1
175*EN
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DIMENSION DIAMY (20) ,DEPrHX (20) ,XNEW (20) ,YNEW (20) , CXNEW (20),
2* 1CYNEW(20) ,COD(20) ,CCW (20) ,V(20)
3* DIMEN'SION T=~h (10)
4* READ 7,YrYPE,(TITLE(I),I=1,10)
5* PpRINT 8, (T=TYEU) ,I=l, 10)
6* READ 1,M,N,XY,PPS
7* C Mr-REP~RSE S `IHE NO. OF FRAME CO[UNTS TO0 MAX. DEI'rFI
8* C N-R PRSERM~ THE NO. OF DIAMETERS MEASURED FROM~ MAX DEPTH
9* READ 2, (DEPI.'X (I), I=1,M)

10* READ 2, (DIAZ"Thr(I) ,I=1, N)

11* PRINT 9, (DEPI-1AX (I) ,DIAMY (I),I=l, N) J
12* 1 Fo1411AT(5X,12,5X,I2,5X,F4.0,5X,F4.05X,F5. 0)
13* 2 FORMAAT(16F5.0)

14* 0cX=10.0O/X
15* CY=4.0/Y
16* DO 10 I=1,r4
17* 10 COD(I)=DEPrHX(I)*CX
18* DO 20 I=1,N
19* 20 a-V(I) =DIAMY(I) *CY
20* XINC=-DEPTXM)K/10.0
21* XNEW (1) =DEPI'HX(MK
22* .J=0

23* DXO 30 I=1,10
24* N-
25* J=1-+1
26* XNEW U) =DEPTHX(MK (FUlAT (I-1) *XINC)
27* 30 YNEW(U) =DIN4Y (K)
28* DO 40 I=1,10
29* CXNEW(MI)=XNW(1) *CX
30* 40 CYNEW(I)=YNEW(I)*CY/2.0
31* DO 50 I=1,M
32* 50 V(I)=(COD(I)-COD(I-1) )*PPS*10**-.2
33* TflFWQAT K(M* (1.0O/PPS)
34* PRINT' 3,MNXvY,XINC,P
35* PRINT 4,(CXNE(I),C`YNFW(I),I=1,10)
36* PRIN~T1 5,V(1) ,TINE
37* PRINTI 5, (V (I) ,I=2, M)
38* 3 F`OF'¶p(

40* 12 FOIFMLT ('0' ,3X, 'DEPT'H CONVERSION' 10X, WIY' OVRIN',(x
41* IF8. 4, 10X, Y8.4))

11,F42* 4 FYRIT(03,X1X'' F.4 X 8 1
K,43* 5 FORMAT ('0',3X, 'vELiXI'lY',OX, OM-:,(X, F8. 4, 1OX,F8.4))
IA44* E F'OPNAT(OX, 18. 4)

45* 7 P'tR4AT(12,10A6
46* 8 Fc'PV)AT ('1 12x,'F riI NUMBELR',2X, l0A6)
47* 9 F.RNAT(2,'RAlW VALUEýS FOYR TEST' MATRIX',/(2X,F1O.5),22,<,IO1.5))
48* 11 FOR4AT(2F10.2)
49* WRITE(7,7) JTYPE,(TITnZ(I),I=1,10) ý

ki 50* ART(,1 (CN(I CNW) I,30
51* CONTPINUE ~
52* STOP
53* U1
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