
UNCLASSIFIED

AD NUMBER

AD233840

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Feb 1960.
Other requests shall be referred to US
Army Chemical Warfare Labs, Army Chemical
Center, MD.

AUTHORITY

US Army Chemical Warfare Labs ltr, 19 May
1967

THIS PAGE IS UNCLASSIFIED



* LASSIFIED0
:11

Rerowenirenc
Plhi'med Service-s Tech~nical Information Agnc

S,'~ARLINGJTON HALL STATION; ARLINGTON 12 VIRGINIA

NOTPvj, WREN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR

Il OTH DAA ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION
WITii DEFINITELY RELATED GOVERNMENT PROURMNT OPERATION,
TH ftS GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY
OBL111ýýTKON WHATSOEVER; AND THE FACT THAT THE GOVERNMENT MAY
HýAVl,'RMULTED, FURNISHED, OR IN ANY WAY SUPPLIED THE SAID)

~~4 j R *NS, SPEC~IFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BYr
IMLATO Oft OTHERWISE AS IN ANY MANNER LICYINRJXN6 !HE HOLDER

SOR 44ýt OTHER IPERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR'
PE t.V,.(lSSION TO MANUFACTURE, USE ORt SELL ANY PATENTED INVENTION

ITHAIT MAY IN ANY WAY BE RELATED THERETO.

III CLASSIFIE



U.S. ArmyI hemical Warfare Laboratories
Technnical Report

byR'24

Studies in-Vo Mnd B~allistis,.'enPO

Cavities~ ~ Joh F.~n e M ille'n rit ouce

I~oh Feb Miuary16

I 1February 1960

ARMY CHEMICAL CENTER, MID



February 1960 CWLR 2340

STUDIES IN WOUND BALLISTICS: TEMPORARY
CAVITIES AND PERMANENT TRACTS PRODUCED
BY I LGII-VZELOCITY PROJECTILES IN GELA-TIN

Max Kr aue 9
John F. Milley

Eioph'sIc'S Divibion

Recommending Approval:

DOUý LNDSY t. GoM
Director of Medical ýRsearch

Approved:

D '),vCConne

S . ILVER fr

Scientific Activities

U. S .'ARMY
Cliernical Corps.Researchý and Development Command

CHEMICAL WARFARE LAB0RA1'QA~iES
Ary Chemilcal Center, Mrln



JI

FOREWORD
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June 1956. The report was submitted for publication in July,,1959.
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DIGEST

in these cxperirnents,'lcaliber . 30 and caliber .22 bullets,

caliber .30 fragnment simulators, and 1/4-inch steel spheres were fired into
cylinders of 20% gelatin, some of which were confined in rigid plasticized
iiber-glass casings. Thq data derived lead tv the followhig conclusions:

1. A useful mneasure of the cross section of the permanent

miissile tract in 20% gelatin is afforded by the length of the longest radial
sp'it as 1[1tiasur,-t on the surface of the gelatin cylinder'.

2. A close approximation to the.circumrference of a

t(imporary cavity in 20% gelatin is obtained by multiplying by 2 the sum of the

length of all the radial splits extending from the missile path at a given level.

3. The formation of a temporary cavity is almost corn-
- letely suppressed in 20% gelatin confined in a rigid casing Radial splitting

of the gi-Oatin around the permancnt missile atlh ib also greatly reduced in

confined gelatin cylinders

4. Energy absorption in 20% gelatin shot with high-
Velocity missiles is independent of temporary-cavity formation, as shovwn by
experiments With confined and unconfinedcylinders.

5 Momentum transfer in 20% gelatin is also independent
of temnporary-cavity formation-

6. More than 991c of the total energy absorbed by 20%6
gelatin frorn a nonperforating, high-velocity missile is available for temn-
porary-cavity fbrmatibn. If the formation of a temporary cavity is suppres-
sed, this energy presi~mably is dissipated as heat.
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STUDIES IN WOUND BALLISTICS: TEMPORARY
CAVITIES AND PERMANENT TRAUTS PRODUCED
BY HIGli-VELOCITY PROJECTILES IN GELATIN

I. INTRO1DUCTION

Previous studies of wounds produced in excised goat, mnuscles and
livers by stable, high-velocity rifle bullets have shown that the cross-sectional
diameter and volume of the temnporary and permanent cavities are related in a
predictable way. 1 Since most recent quantitative work on temporary cavities
has been done using 20% gelatin to simulate animal soft tissues, 2 it seemed
desirable for comparative purposes to obtain data pertaining to the relation
between temporary cavities and the associated permanent tracts produced by
high-velocity projectiles in gelatin. Additionally, it has been possible to
obtain new information about the temporary cavity fromn experiments that
could be readily performned with gelatin ,-nodels, but that could be done only
with difficulty, if at all, with soft tissue masses.

II. MATERIALS AND METHODS.

Cylinde.rs of 20% gelatin, 12. 5 cm in diameter and either 12.5
cm or Z0. 3 cm long, were used. For experiments in which the cylinders
were rigidly confined, the gelatin was poured into open-end cylindric. casings
of 1/4-inch-thick plasticized fiber glass of appropriate length, with an inside

'diameter of 12. 5 cm. 3,n all the experimenta, the gelatin.icyIJnder-s wp•e-kept
atA'0aC fr a s Ieas 24' hdurs piior to'sho6ting to 3insfdr-e. iniform' consistency
of the gelatin.

Missiles used in the experiments included: caliber .30, 1 6 8-grain
armor-piercing (AP MZ) and 152-grain ball (M2) rifle bullets; caliber . 22
Hornet, 45-grain, full-patch and soft-nose bullets; caliber . 30, 44 -grain-
fragment simulators; and 1/4-inch-diameter, 16 -grain steel spheres (figure 1).

Appropriate rifle barrels, fitted into a universal receiver, were
used to fire the different missiles Velocities ranging from 1000 ft/sec to
3200 ft/sec were achieved by varying the powder load. Methods used in this
laboratory for measuring and recording bullet velocities have been described
in detail by Grossman. 3 The instrumentation for determining entrance and
residual velocities is the same, the only diffeiLence being in the position of
the velocity scrcen holders with respect to theltarget.
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Temporary cavities were visualized by means of micr6,l ond-
exposure X-rays produced by a -Westinghouse "Micronex" apparatusq Meas-
"urements of the diameters of temporary cavities were obtained directly from
the film and corrected for the distance between the missile path and the film
at the time of exposure. Temperatur'e variations of the gelatin cylinders
following equilibration at 100C for Z4 ho-rs were so slight that they could-be
neglected in calculating the actual temporary-cavity diameters. Measure-
ments of the permanent tracts were made directly on the blocks, which were
cut transversely across the missile path at a level at which the temporary-
cavity-diameter was found to.be greatest. Photographs of the cut Surfaces of
all blocks were taken for a permanent recor"A.

III. RESULTS.

A. Comparison of Cross-Sectional Diameters of Temporary Cavities
and Permanent Tracts in Gelatin.

The results obtained with various projectiles fired into 12. 5-cm-
long gelatin cylinders are summarized in table 1. The data shown in the
table pertain to nontumbling projectiles.

Temporary cavities formed in gelatin by similar projectiles under
comparable circumstances are remarkably uniform in size and shape,. This
is reflected in table I by the low values for the standard deviation o•'the
diameter of the temporary cavities in the different groups. Representative
temporary cavities produced by different missiles are shown in figure 2.

'Cross sections of representative permanent tracts are shown in
figure 3;. The pidtures show a variable number of straight cracks extending
radially from the missile path. A simple way to obtain a measurement of the
C.rus .seztion of the permanent tract is to measure thO length of the longest
radial splitý. This is a more variable quantity than the temporary-cavity
diameter, as indicated by the magnitude of the standard deviation shown in
table 1. The data show, however, that for the missiles used at the velocities
given the longest radial split provides a useful measure of the cross "%ectiorl
of the permanent missile tract. In figure 4, temporary-cavity diameter is
shown plotted against the corresponding longest ra al-split measure.hent.
"There is remarkably, little scatter in ,he point dist, bution, which appears to

be essentially linear. \N

Co siderat ion of the mech "c s of tl;e f rrmati6n of a temporary,
cavity suggests !that twice the sum of the ýength of 41 the radial splits at any

t ,!y
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FIGURE 2

MICROSECOND-EXPOSURE X-RAYS OF TEMPOR.ARY CAVITIES
PRODUCED IN 20% GELATIN BY VARIOUS MISSILES,
EACH EXPOSURE WAS MADE 2000 MICROSECONDS

AFTER IMPACT. A. CALIBER .30 AP, MZ. B. CALTBER
30 M2 BALL. C. CALIBER .22 HORNET. FULL-PATCH.

D. CALItBER . 30 FRAGMENT SIMULATOR.
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FIGURE 3

CROSS" SECTIONS OF PERMANENT TRACTS IN CONFINED
20% GELATIN CYLINDERS. A. CALIBER .30 AP MZ.

B. CALIBER .30 MZ BALL. C. CALIBER .30 FRAGMENT
SIMULATOR. D.. CALIBER .22 HORNET FULL-.PATCH4,.
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given 1eve;, of the missile path in a gelatin cyliR4er might be expected to
approximia~e the circumference of the temporary cavity at the same level.
Accordingly, the-length of each radial split extending from the missile -path
(caliber .30 fragment simulator) in eaach of U number of gelatin cylinders
was measured. The quantity so obtained was multiplied by'2. The re-
sul-ting value was compare-d with the computed circumference of the temporary
cavity at~tl~e same level. As shown in table 2; there is, for the most-* part,
very close agr'eement in the values obtained. Comparable results were ob-
tained in a few other instances.Lin which measurements were made in cylinders
shot with different missiles. It "seemns safe to assume on'the basis of these1
results' that a Useful- approximation to, the cross-sectional dimensions,,ofa

temporary cavity produced in 40%. gelatin by a, high- velocity missile can be
achieved by the method described here.

TABLE 2

COM ARI ON OF HESUM OFTHE RA IA SPLITS TI E

2 AND THE CIRCUMFE~RENCE OF THE TEMPORARY CAVITY
PRODUCED IN 200% GEL.ATIN CYLINDJERS BY CALIBER . 30,

44 -GRAIN -VR.AGMENT SIMULATORS"AT A VELOCITY. OF 1500 FT/SEC

Sum of radial 'Tpoa Temporary
Cylinder~ cavity_____ ____________

',,, ~splits times 2 caVily diacviyirm

cm
7 ~ I14.8 6.6 207

233i 6 6.0 18.9
'3 24.0 6.8 21.4

4 .18.6 ' ,5. 7' 17.9
'19.6 6.5 Zd' 4

.6 ' '19..4 68 ' ... 14
1 7 23.8 -Z'I6. 1. Z7

Itiis-,worthwh'il'e to note at" týij point thoy very gre4,t differences-in 2*

teperde1'atage of thel'nitial kinetic energy of the missile absorbed by gelatin
cylinders shof withi dilferent-i types of mis~siles., as shown in fiac. last qolunm

oftable 1. At-cxnaable ve'locities, ~.caliber .30,"~ 44-grain."fr'agmerit,

4A
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simulator gives up from 71% to 83% of its energy, while the AP M2 and MZ.
ball bullets givc up only from 7% to 10%. Interestingly, the caliber . ?Z
Hornet, 45-grain full-patch bullet loses a higher percentage of its energy than
does the caliber . 30 rifle bullet. Among the factors that influence the amount
of energy a particular missile loses upon penetrating a target medium are
the shapt and area of the presented surface. 5 In the case of a Aonturnbling
bullet this is dependent on the 6give of the bullet as well as its resistance to
deformation.

B]. Suppression of Temporary-Cavity Formation in Gelatin.

The results presented in the preceding section suggest that f "ctors
irnluencing the expansion of a temporary cavity would have a corresponding
effect on the permanent tract. Whether the slope of the linear function is

changed is, ",however, a iriatter for conjecture at this time.

It has been foind possible to suppresý almost completely the ex-
pansion of the tiemporary cavity, which would otherwise occur following

passage,,of a high- Velocity rmissile through a -medium such as 20% gelatin, by
confining the gelatin in a rigid casing.- In the presentexperiments radial

expandion was largely, prevented by moling, the. ge)atin in cylinder• of 1/4-
inch-thick plasticized, fiber glass (figure,5a). Plasticized fiber glaes is
highly nondeformring and has.an extremely high resistance to shattering. Most

of the longitudinal component of the expansion was suppressed by clamping
3/86-inch-thick plates of hardened aluminum alloy to the 'open ends of the

gelatin-filled cylinders. A 1-inch-diameter hole was provided in the center
of each end plate, except in the specia!•case to be described in a subsequent

section, to'allow unimpeded passago rf, the projectile througlhthe gelatin. A
completed Z0. 3-cm-cylinder .assehiblY is shown in figure 5b. .

For control purposes, unencased gelatin cylinders were clamped
between end plates with lust sufficient prossure to hold the cylinders in

place. Control cylinders are henceforth referred to as "unconfined, while
the encased cylinders are referred to as "confined."

i Suppression of temporary-cayity formation is illustrated in the

*I r~microsecond-exposure roentgenogramsshown in figures 6 anli 7. The

short cylirkders (12. 5 cm), shown in figure 6, were shot wi;) caliber .(30
AF M2 bullets-at a velocity of about 2800oft/ sec. ''The olog cyl:•nders (2.3 ....

.cm), shown in figure 7, were shot with caliber .22 Hornet soft.-nose bullets

at a velocity of about Z400 ft/sec. The Hornet bullets mushroomed and failed
to perforate the cylinders. ,•In the case illustrated in figure 6, the roent-

genograms were obtained at atime,. f6llowing bullet impact, at which the

13
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.FIGURES5

A. PLASTICI ED FIBER--GLASS CASING 20. 3 CM LONG,
/ ~1/4-IN. ~ALL THICKNESS. B. CASING WITH

3/,8IN., ALUMINUM ALLOY END PLATES
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temporary cavity would normally achieve its maximum expansion. It can
be seen that there is only a trace of a temporary'cavity in the iuxifined
cylinder, but in the unconfined one a temporary cavity of normal size appears.,
In the series of pictures shown in figure 7, the microsecond-exposure roent-
genograms were obtained at intervals of 250 microseconds - from 250 to
2500 microseconds following bullet impact. In no case did more *than a trace
of a temporary cavity appear in the confined cylinders. On the other hand,
in the controls a 'nd in completely unrestrained cylinders the time constants
for the development of temporary cavities of normal size were about the

same. The X-rays covered a timie span long enough to make certain that
cavity formation was ilut simply displaced in time in the confined cylinders.

It should also be noted here that plasticized fiber glass, in the thickness
employed in the casings, is sufficiently transparent to X-rays so that the

casing does not interfere With visualization of a cavity within the contained
gelatin. This is demonstrated by figure 8, which shows a microsecond-
exposure roentgenogram of a confined gelatin cylinder in the cepiter of which - -

a 1-inch-diameter hole had been manually excavated.'

The permanent tracts in confined gelatin cylinders present a re-
rnarkable appearance when viewed from the side or in cross section. Figures.
9 and 10 show cylinders that had been shot with caliber .30 AýP M2 bullets

. at 2800 ft/sec and caliber .22 Hornet soft-nose bullets at 2400 ft/sec, re-
spectively. It can be seenr in each'case'-that In the confined cylinders there
is practically nro radial splitting. This is in marked contrast to the unconfined
cylinders, in Which the permanent tract is characterized by numrerous:.radial
splits". It is apparfnt, then, that suppression of the temporary cavity is.
accompanied by concomitant suppression. of radial splitting around tha missile
path.

"C. Energy Absorption in Confined and Unconfined Gelatin Cylindera.
Shot with High-Velocity Projectiles.

,. A series of 18 1'2. 5-cm confined gelatin cylinders, and 13 un-
confined'ylinders of the same length, were shot with caliber .30 AP M2
bullets at,,a velocity of about 2800 ft/sec. Initial and residual bullet velocities
were recorded, and the amount of energy absorbed by the-gelatin in each
case was calculated a~ccord"ing to the equation,

Eab
2g.

where W is weight of the bullet in pounds, Vo and Vr are initial and residual;-
vel6cities, respectively, in ft/see, g is the acceleration caused by, grayity,
and Eab is the energy absotbed in foot pounds.

II. - r
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FIGURE 8

lMacROSE COND-EXPOSURE X-RAY OF A GELATINý CYLINDER WITH, AI1-IN. -DIAMETER HOLEý THROUGH THE CENTER, CONFINED WITHINA1/4-IN. -THICK PLASTICIZED FIBER-GLASS CASING
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FIGURE 9

PERMANENT TR-ACT-S IN UNCONFINED AND CONIND 200%
GELATIN 6YLINDERS MADE BY CALIBER. .36 AP MZ BULLETS.

A. UNCONFINED CYLINDER. B. CONFINED CYLINDER.
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From the data shown in table 3, 'it was found, ,by applying,,the
t test, that there was no significant differente" in the amount of energy

absorbed in confined gelatin cylinders and in unconfined cylinders when each

was shot with AP.M2 bullets (p >0.05). 1lSince, however, AP M2 bullets
lose less than 10% of their total l'4netic energy in passing through 12. 5 cm
of 20% gelatin at the velocities employed in these experiments, another series
of six confined and an equal number of unconfined gelatin cylinders were shot
with 1/4-inch steel spheres. The impact velocity of the Spheres was be-
tween 2400 and 2500 ft/sec, and at this striking velocity they lost approxi-
mately 70% of their initial kinetic energy upon traversing 12. 5 cm of 20%
gelatin. Again, however, the data as shown in table 3 indicate that there is
no significant difference, by t test (p > 0. 05), between the confined cylinders
and the controls with respect to the amount of energy absorbed.

It would appear from these results that the amount of en,ýrgy

transrerred from a high-velocity missile to 20% gelatin is independent of
constraining forces, that may be imposed on the geiatin. In this connection,
it should be noted that microsecond X-rays, of gelatin blocks shot with the
1/4-inch spheres show that temporary, cayity formation is almost cam-

pletely suppressed in confined cylinders, as in the case of cylinders shot
with AP MZ and caliber ZZ Hornet bullets.

D. Transfer of Momentum in Confined and Unconfined Gelatin
Cylinders.

The fact that energy absorptio\i appears to be independent of ex-
ternal constraining forces imposed on gel:tin, and hence is also independent
of temporary-cavity.formation, raises question of whether the suppression
of a temporary cavity is compensated for iy a measurable difference in
momentum transfer in confined as compared with unconfined gelatin cylinders.

I " ,Preliminary experiments indicated that unambiguous -results
might best be achieved with a system in which the missile would impart all
of its kinetic energy to a gelatin cylinder set up as a ballistic pendulum.
Experience with the caliber . 22 Hornet soft-nose bullet' liad. shown that,
when fired a.t a velocity of about 2400 ft/sec,Wt'is defeated by 15 cm to 18

cm of ZO% gelatin. ,Defeat of the bullet is the result of mushrooming, which
Soccurs very soon afte impact; figure 10b (insert) shows a soft-nose Horne.t
bullet that was recovered from a gelatin cylinder into which it had been
fired. It can be seen, by comparison w4ith the'accompanying picture of an
undeformed soft-nose Hornet bullet" that mushrooming of the bullet results

(N,C in a great increase, in its presented area.-•. The ti'twporary cavity produced in
N an unconfined gelatin cylinder by this bullet is very large (figure 7a), and, :'as

,, .
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otin a precedi ction, is almost completely suppressed. in confined
cy,ýipderi, (figure 7b't f).

,"'For the,.ra sent experiments, long gelatin cylinders (2O03' cm) were

used. Because the caliber . 22 Hornet soft.-iose bullet is extremrely accdrate;.

at the lO -yard range at\which it was used, a 3/4-inch-diameter hole in the
front knd plate-proved l rge enough to permit unimpeded penetration of the

gelatil'. The back end p, ate was not provided with a hole. It seems safe to
say t04t only an insignifi ýant fr~actibn of the l4Illet energy was dissipated by
blowb)ck through. the entý ance hole in the front plate. In no case was a grossly

detectable amount of-gelatin lost by backsplash through the entrance hole.

Figure 11 shbws how the gelatin-cylinder assembly was suspended
by 10-mil piano wire from~the ceiling of the room in which firings were held.
The fixed points of the suslension we e 48 inches apart on the ceiling, and
the vertical distance from these poinns to the center of the entrance hole was
73. 5 inches.tY The asserhbly 'swung freely iniia longitudinal direction (in the

• '• direction of the bullet path), but transverse oscillation was sufficiently damped ,

to be negligible. '

Horizontal dis~placeiniert of the\\gelatin agsembly was recorded on
16-mm, moving picture film, exposed at a iate of64'frames, per second. The

horizontal amplitude of, swing couid be directly determined by the use 'of a
Vanguard motion analyzer in conjunction with a fixed scale i!P each 'frame of

the film. The period'of swing was determii~ed by.9boervation at the time of
shooting. Since the velocity of a bifilar pendulum at the center of its 'vsing

is very nearly("

where d is the horizontal amplitude of dwin', 1 is the' radius of the arc of

swing, and g is the acceleration of gravity, the velocity of the present system
was calculated according toethis relation.

From the laws for a simple ye dulum of length 1,

t 2W1T

"where ± is time c., the period in seconds. eearrangi~g this expression,

Hence, since t Was known in the presentinst nce,-\/- could'be calculated

Z3
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directly. The weight of each gelftin assetibly was recorded prior to its being
Sshot, that the momentum of the systerrn could.then be calculated according
to the relation

wM = ,
g

where w is'the weight, g the acceleration of gravity, and v the velocity. The
weight of the bullet was negligible in comparison with the weight: of the cylinder

assembly and could be neglected in calculating the momentum of the system.

Initial bullet velocities were recorded and bullet momenitum cal-
culated. In addition to._determhi~dg-the momentum of the gelatin, assemblies
and the bullets, their respective kinetic energies were also calculated
according to the relation FI

KE m,,

In the case of the gelatin system, v was the displacement velocity. The KE
manifested by the gelatin assembly- as moti•i.-,was co ,mqared with the total
energy.absorbed by the system, which was "assumed to"be equivalent to the

'\ kinetic energy of the bullet prior to impact.

In order to ýliminate is many variables as possible in the ex-
" perimental design, a lead sheet was attached to each contro .l(incorifned)
.systein• to compensate for the differepnce in weight because of the casing ..

in the confined cylinder assemblies.'

Ten confined and an equal number of unconfined gelati cylinders
were shot.' The resulta :e show% i.z table 4. The momentum ac uired by
the gelatin system.s accounted for •rom,94% to 98%r (mean values) Jof tht
momentum lost by the bullets, 'where the latter is taken as Ilequal J•o momentum
prior to impact, while the kinetic energy of the gelatin systems rnalfested
as motion represents -less than 0.:1% of the total energy absorbed. The

statistical significance of differences between the mean values of the ratios
cylinder momentum cyl1nder..KE

biillkttnomentim "and buet K ., for the two groups, was assessedby
the t test. In neither case *ere the differences found tQ~be significant (p> 0. 65). ' - :' , - .

" -. Implicationdof the results -of these experiments will be, con-
sidered in the following-section. " ., *. F..

F,7 . Z •, -.
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COMPARISON OF MOMENTUM AND KINETICS-ENERGY TPRASF3ER
IN CONFINED ANDUNCON.ED 20% GELATIN CYLINDERS WITH ii

RESPECT TO THE MOMENTULM ANDKINETIC ENERGY OF -THE BULLE TS
(Coaither .22 Hornet, 45-Grain Soft. No'se)

,, :,: uonfifhod (c.ylinders !

,. Cyl Mo mentum Momentum Ratio KE of. KE'of Ratio,
140. ---".-Of cy1 os by cyl mfoment* eyl as bullet cyI KE

Sbullet bul 'Moment motion bul KE

.ft lb/sec ft lbs. X104 ... €

.47. .983 .Z19: 588.6 -3.89
.474 .491 -965 .239 603. Z 3.96

3 ..471 .493 .955, .232 608.1 3.81
4 . 5.0 .492 1.036 .Z82 604.7 . .4.66'
5 ,.1483 -. 494. .'977 .238 610.6 .3.89

"6 .382 .488 ... 2 .147., 595.8 2.46
7 ...ý90 .490 .795 . 164 600.7 2..73
8. .54.1 ,,.497 .907 .205 618.0 3.31
9 - ,87 ''4951 .991 .256 603. 7 "4.24

10 .502. .499 . .997 .253 623.5 4.05
Mean:I - •939 - - 3.70

Std dev: - .082 - - 0 71.

Unconfined cylinders

1 .462.' SB .909 . 644.1 3.43,
2 .503 .505 .996 .Z72 637.6, 4',26
-3 .502 .501 1. 001 ..264 6\27.0 4.21
4 ,493 ..510 ,966 . 261 650.:8 4.01
5 .502 , .. 496 1.0,12 .259 614.5 4.Zl1

6 .48ý .499 .9.77 .246 623.0 3.94'
7 .493 .499, .987 .249 6i3.0 3.9'9

.8 .491 .501 - .980 .247 627.5 3.93'
89 ," 40• .495 .969 .236 612.6 3.85"

10 *, .506,_ .507 ' .990 .259 641.6 4.03

Mean: " - , .979 , - - 3.99
Stddev: - - .033 - - 0.27

* \Moment = momentum r' .,'
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IV. •'-'DISCUSSION.

"ýi\Within recent years, microsecond-exposure roentgenogranhic . , .

techniques, coimbined with high--apeed cinematography, have been successfully

applied to the problem of assessing the wounding power qf high-velocity pro-

jectiles. 6, 7. These. methods require elaborate equipment and., instrumentation,

and hence are not available in many situations,.where- accurate evaluation of

high-velocity missile effercts would be of irmmedigte significance. , For ex-

ample, the surgical'problem of debridement of wou'nds produced by such

missiles involves assessment of the extent of tissue damage where there may

be no grossly apparent pathological chMý,ge,.

The extent to which stresses initiated by the explosive radial

acceleration of tissues, occasioned by temporary-cavity formation, maybe

directly responsible for priAary irreversible damage to the tissues has

recently been at least partially resolved in the case of striated muscle. 8

Secondary effects., probably mainly because of the disruption of the blood

supply in the regionof a missile wound, are well known to"occur at a distance

from the permanent cavity. Harvey,.et al., 9. have suggejiteA -that the region

surrounding the permanenit cavity (in which extravasated blood is seen) ;pro-

. duced by a high-velocity missile constitutes a region. of ;primary tissue'
damage, The validity of this assumrn.bon has been recenitly quest ned. 10

In any event, the development .of valid criteria, by means of whic- the size
(e speciafll the dia meter) ofthe' temporary cavity produiced by a-high-velocity

missile ,inIsoft tissue can readily be approximated by a' surgeon under "field"..

conditions", is one objective of current investigations.

Studies of 'wounds produced by high-velbeity bullets injisolatited

soft tissues of goats have shown that there is, at least under' cdntrlolled. con- -"

dition•, a predictable relation between the cross-sectional diameters, as well

as the ivolume, of the temporary and corresponding permanent cavities. 1

suits ol~tainrd in the present investigation, with 20% g~latin models provide

additional evidence that the diameter of a maximally .expanded temporary cavity,

' .. varies directly with"the cross-sectional dirriensions f thepermanent missile"

tract.' From the datal presented in table 1, the relationof the te.mporary cavity

and the longest radial'split, representing the cross section ofX 'e permanent

'. tract, can .be expressed as' a ratio,. It is of interest' that, for týi-.yarious

missiles at the different velocities shown in the table, this ratio varies over

a relatively small range of 1. Yto Z..0, with a mean' of 1. 7, coefficient of

variation 11%. In'softtissues"(isolated liver and muscle of a goat},'"the cor-

responding ratio, calculated from data for wounds producjd'by stable AP MZ

bullets oat different. velocities,varied from 2. 0 to 7. 0 (meah values), the co-

"efficient of variation being 13% to 33%.,I," It is not surprising that gelatin . ,
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models yield mo, ke consistent rpsults, since they are hrgnosi o
posiý.ion and thc dimensions of the test cylinders are constj'ýnt. The results,
oft.he gelatin stuidie~s provide substantial- evidence that theý irationale of the
tissue-wound investigations 'cited ".bove is sound. -

The prppsept result's alpo suggest that. a us eful_ approximati',n of,
the )ýinens ion of #j tmporary cavit~y in 20% gelatin can be achieved without
recourse to elaborate instrurnenta1lion. Aks sh-own'!here, twice the sum of the
length of all of the radiating cra.cks, at a given level, Of-a permaýnent trac't in
gelatin, i's closely equivalent to the circumference' of thý~ temporar~y ka.rt
at the same level. By utilizing this simple relation, co,1npai~ative' estimates
of missile wounding p~ower', in terms of temporary- cavdy dimensions, xmi~iit
be achieved., in at-least a preliminary way, in installations in which microiiex
.and high- speed, movie equipment are hot available.

.1!
The phenomenon of'temporary-ca-vity sup firegsson in gelatin,,-,

cylinders confined within a rigid casing is of cons id~table' -inere at. It pro-
vides strong presumptive evidence that where tissueiý and organs within the
body are subjected to )constraining forces, the temip4ri*-.ryc-rtypoud by
a-high-velocity missile- will be mnodified- accordingl'',~nc all tiss~ues and

orgas wthi th bpy-ae sbjected-to constrainin~ fQrceb of variable mag-,ý
nitude; it follows that results of wounding experiments -wifth isolated'organs
may not bedirectly applicable to the same organs in situ,ý This, of course,
introduces a complicating factor- in the attempt to enftab~ljqh criteria for in- --

-direzt estimation of the dimensions of theprary ea~Ly.t inanogni
iitu.

The fact that energy-ýabsorption and tn u a'~ i transfer in 20%--
gelatin shot with high-velocity missiles are appariently,.,sideiendent of the -

format-ion of a tempor~ary cayity- suggests that the latter, -is0, ut an alt~ernative
-mode of energy disato in tis system. -It-has becneIS4i.4hwn 1 that'expa~nsion --

of a, tempbrary cavýity in 20% gelatin is -accompanied bý Ayan-eqiiivalent lateral

displacem~ent-of the gelatin. If this disphicement. is przeyented by an external
-Iconstraining force, an internal cavity Will not form be~au_ýe-20% gelatin is
--nearly incompressible. Whether arly appreciable degreýe of solation occurs- - *--

with-the pressures involved has -not been-deter3rminfed. It is possible that the
-absence or near-absence of radial splitting of the gelatin. surrounding the -. ,

p~ermnanent tract in a confined block is the r'sult, n part of a transient ~
solation of--the ge-latin occurring in this region. It would seem a reasonable
assu~mption that by far the gre ater part of-the energy that,1wovld. be ma nifested

-ini formation of a temporarycavity, in--uhconfined gelatin i',: in a confined'mass,
d-ssipated las heat. The possibility of detecting and meajxkring this heat, -how-
":) ever,_. 6eems very slight because of the technical probo ~.)ivolved. -j

~Z8,
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'.' V, I

"AJrh rpittatdsre rqni,:. ee,'stefc ta'r~

94%to9 A ofuther poientumo thadesrs bullet here ior thbfy thet iofirum

-acauhxed bl the geliti acting ballkatic pienduluna. Losse - becu
of ricionin,,te pnduum'supeni~n blwbck hrogh heentrance hole

(though, lo ss of gelatin throu'gh backsplash-appeared to be virtually n'il), 'and
bouncing and-`&ther oscillation* of the system that could not be readily,,es ie
probably account for'the remaining 2% to 6%.

V. -CONC1~UeIONS.'
i'-

1. A'usful, measure of the cross sepctiton of the permanent missile
tract'-in 2016 gelatin is afforded by the length. 6f the longest 1 1radial split as--
measured, on the 'surface of the gelatin cylinider.

Z n . A close approximation .to the circumference of a temporary; cavity
in2.0% gelatiný is obtained by multiplying by 2 the sum of the length of all the

radial splits' extending from the missile path at -a given'level.

The formation of a temporary cavity is, almost comple "ily sup-.
-press'~ iný 20%,gelatin confined in a rigid casing. Radial splitting of the
gelatin around the permanent mpissile path is also greatly reduced in confinedý

v gelatini cylinders.

, /4. Energy absorption in.20% gelatin 'ýhot with high-velocity missiles
is ipdependtenit of temporary-ca'vity foral,~tion,. as "shown by experiments with

coA ied and unconfined cyl'inicers.

5.1- Momentum transfer in 20% gelatin is also indepe-ndent of tem.-
porary-cavity formation.

'6. More than 99%6 of the .total enexgy absorbed-by 20% gelatin froin a'
If.'~' nonperforating high -velocity,mi isosile 'is available for temporary-cavity fo-r-V ' mation. ,If the foimation of a temporary cavity is suppressed, this energy

presumably is dissipated as heat.
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