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Abstract 

In this workanewtype ofsmall-armsammunition is evaluated to 

determine its capability ofproducing wound trauma.This new ammunition dispenses 

the toxic lead core ofconventional bulletsinfavor ofa non-toxic pressed tungsten 

and tin powder core.The testing involved firing rifle and pistol caliber timgsten tin 

and lead bullets against real porcine bonesencased in ballistic gelatin.Thelead 

bullets were used to establish a benchmark ofperformance for the tungsten tin bullets 

to be measured against.Various metrics,such aspenetration depth,bulletfragment 

weightand size,and bonefragmentweightand size were recorded. 

It wasfoimd thatthe tungsten tin rifle bullets averaged asubstantially 

deeper post-bone penetration depththan the lead rifle bullets.It wasalsofound that 

the tungsten tin pistol bullets behaved in muchthe same manner asthe lead pistol 

bullets butthatthetungsten tin pistol bullets generated a higher collective weightof 

real organic bonefragmentsthan the lead pistol bullets. 

The use ofreal bonesin the evaluation ofthe new projectiles presented 

the opportunity to test areal bone substitute underthe same projectile impacts.This 

synthetic bone wasshot with the same sequence ofbullets used againstthe real bones. 

Bonefragments werethen measiured for weightand size to evaluate uniformity.The 

synthetic bone wasfound promising,butwasnotultimately more uniform than real 

bonesunder projectile impact. 
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CHAPTER1 

JUSTIFICATION 

Withthe environmentalfervor that issweeping the globe today,all aspectsof 

civilization are being scrutinized with respect to their impact onthe earth and the 

natural habitat contained within it. The United States government has proffered no 

exceptionto this global conservationism,and leadsthe wayin developing methods 

thatreduce waste and encourage environmentalresponsibility.It is arguable thatthe 

most prolific government agency involved in this cause isthe United States 

DepartmentofEnergy,who is responsible for commissioning the majorityofwork 

that appears in thisthesis. Several years ago,the DepartmentofEnergy began the 

search for an alternative materialto replace the toxic lead used in mostsmall-arms 

ammunition.The most viable solution developed thus far is the substitution ofa 

timgsten and tin powdered-metalcorethat is designed to replace the conventional 

lead core ofconventional military ammunition.By varying the ratio oftungsten 

powderto tin powderofthe overall mixture,a density similar to lead can be achieved 

withoutthe inherent toxicity oflead.This promising solution also offers a multitude 

ofpreviously unrealized ballistic possibilities,such as changing the center ofgravity 

ofa projectile and eliminating the phenomenaofricochets. Regardless ofhow 



promising this new technology might be,however,the new bullet must be capable of 

performing thejob for which its lead predecessors were designed:to incapacitate 

adversaries by the creation ofpenetrating woimd trauma.Ifthe new"environmentally 

friendly" bullets are incapable ofperforming this primarytask,the developmentof 

such a bullet is largely meaningless. Advocates may argue thatthe bullets be used for 

training purposes in Orderto prevent further lead contamination ofshooting range 

soils, butthis discussion is outside the scope ofthis work. 

This work is designed to ejqplore the woimding potentialofthese new timgsten 

tin bullets. Giventhe controversy that accompaniesthe field ofwound ballistics, it 

willcome asno surprise ifproponents on all sides ofthe wound ballistics arena offer 

unsolicited opinions regarding the nature ofthis work.Let it be said here thatthe 

DepartmentofEnergy specifically requested thatthese projectiles be tested against 

bonesencased in gelatin,and that lead soft-point bullets be the benchmarks against 

which the soft-pointtungsten tin bullets were to be evaluated. 

The nature ofthe testing against real bonesalso allowed forthe inclusionofa 

second partofthis thesis in which a possible substitute for real bone in projectile 

impacts is evaluated. While other researchers have conducted projectile impact 

testing ofreal bone,and substitutesfor realbone existthat possess similar mechanical 

qualities ofreal bone,none ofthese existing replacements has been evaluated with 

respectto projectile impact.Realbones are inherently non-uniform in shape,size,and 

composition.A uniform and consistent substitute for real bonesthat would replicate 

the mechanicaland impaction properties a given single real bone would be greatly 

welcomed inthe scientific community. 
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CHAPTER2 

WOUNDBALLISTICSHISTORY 

How do you evaluate the performance ofa bullet against ahuman body?Short 

ofshooting a person,the next best method is to shootsomething that behaves in a 

manner similar to humantissue whenshot with a projectile. 

Since the adventoffirearms,manyindividuals have made effortsto 

understand the wounding mechanismsofprojectiles,onlyto be hampered byalack of 

suitabletechnology,esoteric knowledge,or both.Theodore Kocher,asurgeon inthe 

late 1800's,attempted to define a bullet's wounding capacity intermsofits kinetic 

energy.His primary error washis beliefthatthe bullet energy could be split into four 

separate areas: heat energy,temporary cavity energy,energy used to produce the 

permanent cavity,and energy used in deformingthe projectile.In reality,the vast 

majorityofa projectile's energy createsthe permanent crush cavity and maximum 

temporary cavity,and that energythen dissipates iu the from ofheat. While Kocher's 

work wasthe first scholarly attemptto explain wound ballistics ofit's kind,his 

research did not accurately modelthe phenomenaofprojectile impact(21). 

The next serious attemptto quantitatively evaluate the wounding potential of 

projectiles were the Thompson-Lagarde tests around the turn ofthe century.In 
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essence,the researchers shottwo types ofbullets across a wide array ofcalibers into a 

number ofsteers and recorded the number ofshotsrequired to cause the steerto M 

tothe ground.The research essentially consisted ofcomparing.300and.355 caliber 

pistol bullets against.450 caliber pistol bullets.Fewer.450 cahber bullets were 

required to drop asteerthan.300or.35 caliber bullets,so the researchers concluded 

thatthe larger,heavier bullets were more effective than smaller,lighter bullets against 

steers. Theythen proceededto extrapolate this correlation to humans,and based on 

their recommendation,the United States Army Ordnance Department established that 

the new U.S.Armysidearm be a pistolof.450 caliber. Whilethe details ofthe tests 

are notofinterestto this paper,what is ofinterest is the resulting analysis ofthe 

woundsinflicted bythe bulletsto the steers.It should be stated here thatthis paper is 

concerned not withthe question ofwhich bullettype or cahber is betterthan another, 

butto investigate the effectsofagiven bullet against a predetermined target. 

In hisown wordson page78ofthe published results,Lagarde ejqplained that 

the tests were conducted by shooting the steers inthree main anatomical areas: 

1. Vital parts 

2. Non-vital parts 

3. The anatomy necessaryto locomotion or parts essential to activity 

Lagarde concluded the following: 

"The stopping power ofbuUets upon coUiding against parts necessary 
to locomotion or parts essential to activity was considered positive 
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when fracture ofthe long bones occurred. Measured by this standard 
all the bullets tried possessed sufficient stopping power when for 
instance the tibia or &e femur was fractured. The stopping power of 
the larger caliber projectiles was considered positive in gunshot 
woundsofthe epiphyseal ends ofbones entering into the formation of 
the ankle, knee, shoulder and elbow, and doubtful when these 
structures were traversed by the small.30jacketed bullet ofthe Luger 
pistol. 

"In those cases where an effort was made to increase shock effects and 
destruction of tissue by the use of metal patch or marred jacketed 
bullets,these expedients failed in the soft parts and epiphyseal ends of 
bones, because the resistance in these tissues was not enough to 
disintegrate the projectile, or in any way increase its sectional area." 
(36). 

Lagarde's analysis apparently did notinclude looking atthe specific effects of 

projectileson bones,as he merely classified the bone as fractured or not.Hethen 

equated this to stopping power.Comminutionofthe bone was not investigated,nor 

wasthe type offracture that occurred. 

In 1935,GeneralJulian S.Hatcherofthesame aforementioned U.S.Army 

Ordnance Department wrote abook entitled TextbookofPistols and Revolvers.It 

waslargely based on his personalejqperiences in combatand histhoughts onhow 

bullets affect adversaries. Specifically,he wasone ofthe first investigatorsofthe 

psychologicaleffectsofwound ballistics.He talks atlength aboutthe state ofmind of 

the adversary and how that mentalstate can affectthe bullet's effect onthe adversary. 

Having qualified his wound ballistics treatise thxisly, he then describes his beliefon 

the wounding mechanismsofbullets on page428ofhis book: 

"All the tests ofwhich the author has any knowledge, as well 
as nearly all the scattered reports received from various 
sources,indicate that caliber is by far the mostimportantfactor 

6 



in the stopping power ofany bullet that has adequate energy to 
carry it well into a body. The nature offlesh is such that a 
bullet will not cause much destruction outside ofa narrow path 
including the bullet track; and the width ofthis track, and of 
the consequent areaofdestructionoftissue,nerve material,and 
blood vessels varies with the square of the diameter of the 
bullet concerned, unless a bone is struck and the bullet thus 
distorted"(36). 

Notethatthis description is again qualified by the actionofa bulletimpacting 

bone. 

Hatcher also mentioned the previous Thompson-Lagarde tests earlier in his 

book.Specifically, he refersto the cadaver shotsLagarde made on dead steers.Here 

his opinion wasthat such shots delivered only information aboutbone,but even here, 

he is unaware ofthe effectthatthe fractured bone has against surroimding tissue.He 

asserts even thatinformation is unreliable,giventhe varying conditions and shape of 

the test animaland hencethe bone itself. 

Hatcher goesonto say more aboutthe unpredictability ofa bullet's effect on 

bone in live animals: 

"The results ofshooting against cadavers do not give a close 
comparison with what happens when a live animal is shot,for 
after a man or animal dies,the flesh coagulates more or less as 
rigor mortis sets in, and this change and hardening of the 
tissues is rendered more pronounced by the pickling of the 
body in preserving fluids. About all such tests tell is the 
relative action ofthe different bullets on bones,and even here, 
there is much that is unsatisfactory, because the bones differ 
greatly in brittleness, according to the age and condition ofthe 
subject, and moreover, it is difficult to ensure that all shots 
strike in the same manner...whena bullet strikes a bone,it may 



turn over, or glance in almost any direction, with widely 
varying results for similar shots"(36). 

The lack ofinvestigative workonthe mechanismsofbone fracture atthis 

point are notsurprising,but do pointto such an area forfurther exploration. 

With the developmentofhigh speed film and ballistic gelatin,later studies 

tended to focuson energy deposit asthe primary woimding mechanism.Boththe 

erroneous RII(Relative IncapacitationIndex)study ofthe early 1970'sand the later 

RET(Relative Energy Transfer)scale ofwounding potential both were based onthis 

assumption.The enticementforthis seemed to bethe spectaculartemporary cavity 

that would develop upon initialimpactofa bullet into a block ofgelatin;however, 

this Tnaximum temporary cavity would later be provento negligibly affect elastic 

tissue,ifat all, when dealing withthe lower velocitiesfound in handgun bullets.The 

majorityofdamage froma handgun bullet isthe result ofthe permanent wound 

cavity,which is afunction ofbullet cross-sectional area and penetration depth. 

(19,23) 

The FBI hastheir own methodologyto evaluatethe performance ofhandgun 

bullets in ballistic gelatin. Thistesting protocol,formalized in late 1987,focuseson 

bullet penetration and expansion in ballistic gelatin.Prior to this standard,the FBI 

depended onthe aforementioned RII studyfor its ammunition selection.The inherent 

flaw ofthe RII study(thatMTCwasa major fector in adversary incapacitation and 

that penetration wasnot)wasrevealed in horrible feshionon April 11,1986 when 

sevenFBI agents were involved in a firefight withtwo heavily armed felons. 

Afterward,an autopsyofone ofthe felonsrevealed that early inthe battle one ofthe 
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agents had fired a bullet that headed straight forthe heart ofoneofthe felons but 

stopped shortdueto inadequate penetration depth.The exact mechanisms will be 

explained later,butthe standard ofammunition selection had beenthe size ofthe 

MTC,not penetration depth orthe permanent cavity.Thefelon continued to fighton 

for several minutes,eventually killing two ofthe agents and wounding the other five 

before being terminated by one ofthe wovmded agents. 

The next major step in wound ballisticsresearch occurred in 1990 withthe 

formation ofthe International Wound Ballistics Association.It should be noted the 

motivationfor the formation ofthis group came largely firom anumber oftrauma 

surgeons and forensic pathologiststhat had e3q)erience and interest in woimd trauma. 

It should be noted that some ofthese individuals had been doing their ownresearch 

into wound trauma and the various effectsofprojectiles impacting humantissue for 

several years. Chiefamong these researchers is Dr.Martin L.Fackler,who hasdone 

volumesofresearch into the subject and waschosento be presidentoftheIWBAat 

its inception.Dr.Fackler hasdone moreto objectively research wound ballistics and 

imcover the actual mechanismsoftissue damagethan any other individual inthe 

literature that wasreviewed for this paper. 

The mostrecent exhaustive treatmentofwoimd ballistics,and the most 

comprehensiveto date,is the book Biillet Penetration byDuncan MacPherson.In his 

book,Mr.MacPherson has puUed togetherthe knowledge from several different 

disciplines(medicalscience,physiology,engineering,fluid dynamics,etc.)into what 

is arguablythe mostthoroughtreatment ofhandgun wound ballistics fromadynamic 

and theoretical standpoint.The book primarily presentsa mathematical method to 
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modelthe terminal ballistics ofbullet wounding effects in ballistic gelatin and human 

tissue,and backsup the theory by presenting empiricaltesting performed in ballistic 

gelatin.Amongthe many conclusions Mr.MacPherson makes in his book,three stand 

outforthe relevance to this paper.They are intended as performance standardsfor 

jacketed hollow-point bullets,but are applicable asrough guidelines forthe 

ammunition evaluated in this paper.Theyare: 

1. Average penetration depth should be aboutfourteen inches. 

2. Velocity for handgun bullets should be between 800and 1000feet per 

second. 

3. Weightshould be the maximum practicalfor the given caliber ofbullet. 

How BulletsDamage Tissue 

A bullet causestissue disruption intwo different ways.The first mechanism 

ofdisruption isthe tissue that is actively crushed bythe bullet during the bullet's 

penetration.This gouged-out hole in tissue becomes filled with blood and pulped 

cells after the passage ofthe bullet. This hole ofdisintegrated tissue is known asthe 

permanent cavity,and isthe major cause oftissue damage fromlow velocity 

projectiles such as pistol bullets(19,23). 
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Thesecond mechanism ofdisruption occursin the tissue immediately 

surrounding the permanent cavity milliseconds afterthe passage ofthe bullet.The 

surroimding tissue is forced radially outward,orthogonalto the pathofthe bullet.The 

open areaformed bythis stretched tissue is referred to asthetemporary cavity.The 

TnaYimiim diameter ofthistemporary cavity is typically several centimetersin 

diameter,and the totaltenqjorary cavity volume is proportionaltothe energy ofthe 

impacting projectile(36).Damagetotissue,however,is dependentonthe elastic 

properties ofthe impacted tissue.The maximumtemporary cavity volume represents 

the stored strain energy contained in the tissues ofthe target(36).Tissue damage 

resulting from this strain energy is afunction ofthe elasticity ofthe tissue itself. The 

more elastic the tissue,the more strain it can undergo without damage(36). Muscle, 

bowel wall,fatty tissue,lungs,subcutaneous flesh,etc.,can absorb large amountsof 

strain without damage,whereasorganssuch asthe liver,spleen,and brain may be 

severely damaged by large amountsofstrain. Maximum pressures associated withthe 

temporary cavity are around60psi,orfour atmospheres,in supersonic projectiles(v 

=344m/s)(69,20).These forces are rapidly absorbed by surroimding tissue,and 

temporary cavity only exists forfew milliseconds.Its existence wasunknown until 

the use ofhigh speed film documented the effect inthe 1970's.This eventisthe sonic 

shock wave generated atthe tissue surface asthe projectile strikes the tissue. This 

wavetravels into the tissue away fromthe pointofimpact atthe speed ofsound in 

tissue(v=1463 m/s).It precedesthe passage ofthe projectile and causes pressures of 

upto 900psi(60 atm),though it doesnotcause any detectable tissue damage or 

movementdueto its extremely short duration(20). 

11 



Asthis paper focuses onthe effects ofprojectile impactson bone contained in 

tissue,it has been stated inthe literature thatthese supersonic and transonic pressure 

waves may contributeto bone fractures.Ming et al.(41)found that6.35mm spherical 

fragments impacting at aspeed of1110 m/scan create pressure wavesthat can cause 

bone fracture at distances up to 4cm fromthe wound tract. Thatsame paper,however, 

reportsthat no fractures occurred withthe impactof5.56mm projectiles and therefore 

pressure wavesfromthe supersonic5.56mm projectiles in this paper can be ignored 

(41). 

BoneDamage Resulting from BulletImpacts 

Bone fragmentscan contribute to increasing the severity ofawound in soft 

tissue(3).Even ifasynthetic bone replicatesthe tensile,compressive,shear, 

torsional,and bending strengths ofareal organic bone when subjected to the same 

forces asthe real bone,the synthetic bone may notreplicate the fracture and/orthe 

fragmenting characteristics ofareal bone undera given loading orimpactcondition 

(16).Under impactconditions,the striking projectile loses velocity inthe target 

medium.Kinetic energy is defined as being equalto V^mv^2,and giventhatthe mass 

ofthe bullet stays constant,it is the change in velocity that representsthe transfer of 

energy to the target.This energy transfer isthenthe work doneonthe target bythe 

projectile(W=F x d).The mechanicsofprojectile impactona giventarget notonly 
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include the aforementioned tensile,compressive,shear,torsional,and bending 
f 

strengths but also the transfer,dissipation,and absorptionofthe energy. 

There aretwotypesofimpacttesting regarding the strength ofmaterials 

(Davis et al. 1964),that ofimpacttesting concerning elastic energy absorption bythe 

target material and thatofusing impacttesting to measure energy capacity ofthe 

targetto failure.Inthis paperthe testing concernsthe latter. Whenevertheterm 

energy is mentioned in association withthe field ofwound ballistics, much 

controversy is bound to ensue.There have historically beentwo opposing views 

regarding energy and wound ballistics. One view submitsthatthe amoimt ofenergy 

transferred to the target medium bya projectile is the major cause ofwound trauma 

(5,6).Advocatesofthis belieffrequently refer to the phenomenaoftemporary 

cavitationto supportthis(15,32,59). 

The other view holdsthat tissue damage isn't dependentonenergy deposition, 

but rather onhowthat energy is used.Tissue isn't damaged by kinetic energy 

absorption,it is damaged by stress(force per area)onthe tissue itself(36).This stress 

results fi-omthe wayin whichthe deposited energy is distributed throughthe tissue. 

This gives rise to another variable,thatofthe mechanicaland physicalpropertiesof 

thetissue thatthe energy disperses in. Elastic tissue such as muscle,fat,bowel wall, 

Ixmg,etc.,have a high degree ofelasticity and can absorb large amountsofenergy 

and therefore stress with little, ifany,damage.Non-elastic tissue such asthe brain, 

spleen,liver,bone,etc.,do not absorb large stresses without damage.Thesetissues, 

upon exceeding their elastic limit ofdeformation will deform plastically.The plastic 

deformation is classified astissue damage(36,23).It should be noted that some 
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argument still exists asto whatenergy levels are required to producethe stresses 

necessaryto exceed the elastic limit in human tissue. 

Both views concede that handgrm projectiles do notpossess enough velocity, 

and therefore energy,to cause a massive enoughtemporary cavity required to exceed 

the elastic limitoftissue.Proponents ofenergy deposition,the first view described, 

do however argue that rifle projectiles can carry enough velocityto damage tissue by 

exceeding its elastic limit(15,32,59).This hypothesis wasputto rest byFackler(18) 

in his paper"A Reconsideration ofthe Wounding Mechanism ofvery High Velocity 

Projectiles- Importance ofProjectile Shape".In it, he examined the gross woimd 

characteristics in animaltissue produced bythese twotypes ofblunt projectiles 

(spheres and rods)at velocities ranging from764 m/sto 2049 m/s.He also compared 

the woundsproduced in animaltissue by aerodynamic projectiles withthose 

produced by blunt projectiles. 

Here,Fackler is concerned withthe shape ofthe projectile,butthe important 

datarelevantto this paper is that when Fackler shotthe aerodynamic projectiles into 

softtissue at very high velocitiesthe temporary cavities thatformed were notenough 

to stretch the skin beyond its breaking point(18).Fackler doesn'tcommentonthe 

deeper tissue damage these aerodynamic projectiles produced after penetration,but 

doesshowthat blunt bodies,whichrelease the majority oftheir energy close to the 

surface ofthe target dueto high drag,only had enough energyto splitthe muscle and 

skin atthe highest velocities used in the test.He does,however,qualify his results 

with the aerodynamic bullet by stating "rifle bullets,because oftheir streamlined 

form,cause little disturbance in passing through air and retain their velocity well. 
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This performance in air is mirrored in tissue,wherethe bullet causes minunal 

disruption atthe surfece and so long as it remainstraveling pointforward.Ifit 

deforms,yaws,or fragments,it causes its maximum disruption atthe point along its 

path where this occurs but not ator nearthe surfece"(18).It standsto reasonthat an 

aerodynamic projectile,which haslow drag in tissue and therefore more gradual 

energy deposition,would require higher amountsofenergythanthe blunt projectiles, 

and to release that energy deeper inthe tissues,to createthe same or greater muscle 

and skin splits seen atthe surface ofthe skin withthe blunt bodies. While it mustbe 

conceded to energy proponentsthatdumping enough energy into tissue to exceed its 

elastic limit can be done,the velocities required are much higherthan any small-arms 

weaponcan currently provide.The velocities used by Facklerto cause the muscle and 

skin splits with blunt bodies were onthe orderof1800 m/sto 2000m/s,whereasthe 

standard USGIM8555.56mm ball projectile hasa muzzle velocity ofaround 945 m/s 

(62). 

Atthis point,one might ask,"Ifenergy isn't directly responsible fortissue 

damage,then what is?"Clearly,large caliber rifle projectiles produce much more 

devastating woundsthan do handguns,and at greater distances.The massofcommon 

shoulder fired rifle projectiles is usually lessthanthose ofhandgim projectiles;the 

only remaining differences are the velocity,and bullet shape and construction. Recall 

the disclaimer that Fackler made earlier concerning aerodynamic projectiles.He 

stated that a bullet causes its maximum atthe point along its path where the bullet 

itselfdeforms,yaws,orfragments.Fackler had published an earlier paper which dealt 

with looking at bullet fragmentation contributing to wound severity entitled "Bullet 
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Fragmentation;A Major CauseofTissue Disruption".In this paper,Fackler fired 

both fragmenting and non-fragmenting 5.56mm projectiles into living swine tissue 

and ballistic gelatin.The velocities and weights were keptthe same(v=961 m/s 

±27m/s and w=3.1 gm for non-fragmenting projectiles,and v=959 ± 14 m/sand 

w=3.2gm for fragmenting projectiles). The resulting wound profiles and tissue 

damage were markedly different.The non-fragmenting projectiles created a 

permanent cavity that wasapproximatelythe same shape asthat ofalong narrow 

cylinder with a diameter of1.8cm at its maximum point. Average penetration depth 

was56.8cm ± 0.76cm in ballistic gelatin. The fragmenting bullet caused a much 

larger permanent cavitythanthe non-fragmenting bullet.Pieces ofdetached muscle 

and tissue in the swine are evident fromthe photographs,along withthe larger 

permanent cavity diameter,which measured 7.4cm ± 0.31 cm at its maximmn point. 

Average penetration depth was21.8cm ± 0.76cm in ballistic gelatin(24). 

Fackler concluded thatthe difference in severity iftissue destruction wasthe 

result ofthe fragmenting bullet breaking into pieces and traveling forward intothe 

tissue to cut and detach pieces oftissue.He describes it as follows: 

"We have shown that the soft-point bullet, in addition to 'ejqpanding' 
its diameter, also loses from 59 to 77% of its weight in fragments 
which are widely distributed in tissues over an area up to 8 cm in 
diameter. It appears that this fragmentation is the critical factor in the 
increased tissue disruption caused bythese bullets. We suggest thatthe 
multiple fragments are likely to cut across many ofthe muscle bundles 
in two places and that the piece between the cuts is then likely to be 
completely detached by the subsequent sudden stretch of the 
ten^orary cavitation. Tissue weakened by fragment passage may be 
split by a stretch that would otherwise be absorbed by the tissues 
elasticity(24)." 
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Fackler goesonto commentonthe use ofthe energy deposition theory and 

how it relates to tissue disruption by discussing a paperonthe subject by Liu et al., 

saying: 

"The experimental design of Liu et al. mimics the popular 'energy 
deposit' format, which is unlikely to detect fragmentation. In the 
'energy deposit' design, the bullet passes through two chronographs, 
one before and one after perforating the target. Velocity loss is 
determined by subtracting exit from entrance velocity,and then energy 
loss or'deposit' in the target is calculated. This determination is valid 
only when the weight ofthe missile remains constant.Ifa bullet loses 
fragments in the target, it will weigh less when passing through the 
second chronograph and carry less energy when leaving the target. 
When fragmentation occurs, therefore, the deposited energy figures 
will be falsely low"(24). 

Fackler,inthese two papers,hasshownthat wound severity and tissue 

damage doesn't arise simply fromenergy deposition in tissue,but rather how that 

energy is used.Whena projectile fragmentsin tissue,each fragment becomesa 

separatetool which contributes to increasing woimd severity by cutting tissue.The 

tradeoffis that whenthe original projectile loses massthrough fragmentation,the 

depth ofpenetrationofthe projectile is reduced.Thistradeoffhas become a design 

parameter with special characteristics regarding the varying situations thatthe 

projectiles will be used in.Thisconceptofvarying fragmentation is directly related 

another concernofthe DepartmentofEnergyregarding ricochets against hard targets 

such as steel,concrete,and glass. Research has been commissioned byDOEto define 

the actualterm"frangibility"and create asystem by which frangibility can be 

objectively measured and categorized,asthere is currently no credible scientific 
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formularegarding the degree offragmentation a bullet can undergo against different 

types oftargets. 

Fackler's conclusion that bullet fragmentscan contribute to and are a major 

cause ofwound severity and tissue disruption beg the question: what about other 

itemsthat can become secondary missiles inthe targettissue?Fackler touches briefly 

onthis subject in bis article "Bullet Fragmentation- A Major Cause ofTissue 

Disruption",page 38: 

"The non-ejqpanding military bullet generally causes minimal tissue 
disruption and remains undeformed as does the brass bullet in our 
study. The military bullet can cause massive tissue damage if it: 1.) 
bits bone,2.)bits a bard object,such as a belt buckle, before entering 
the body,3.)is a ricochet,or 4.)has been altered. Filing ofbullet tips 
to make a full metal cased bullet more lethal has been described as a 
common practice in the late nineteenthcentmy"(24). 

The jBrst item inthe bst is the main concern ofthis thesis. Asstated 

previously,bone fragmentscan contribute to the severity ofa gunshot wound.It was 

this effectthat wasoverlooked by Calendar and French in their 1935 test ofhigh 

velocity projectiles that led themto mistakenly conclude that fragmentation was not 

necessary for massive amountsoftissue damage at high velocities.In reality their two 

shots at924 m/sand 1088 m/sstruck the hipjointsofthe goatthat wastheir target 

medium and caused massive bone comminution.These bony fragmentsacted as 

secondary missiles and werethe cause ofthe massive tissue damage,not simplythe 

high velocity(24). 

There are four maintypesoffemoralfracturesthat result from gunshots(56). 
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These are the drill hole fracture seen in figure 2-1,the butterfly fracture seen 

in figure2-2,the impaction fracture seen in figure 2-3,and the spiral fracture seen in 

figure 2-4.Ofthese,the butterfly fracture may be centralor eccentric,and the 

impaction may be enface ortangential. 

The drill hole and butterfly types offracturesoccur with a variable amountof 

exit site fragmentation. Impaction,the third type offracture,is also known asthe 

"incomplete"fracture. Complete bony penetration doesnotoccur,butthe striking 

bullet does result in one or more smallcortical fragments(s)being chipped offthe 

boneto act as asecondary fragmentinthe woimd. The last fracture,the spiral,is the 

most complex. Typicallythis is seen in cases wherethefemur isimder load atthe 

time the bullet strikes. Asthe femur fails in compression,it twists,resulting inthe 

unique appearance from which it derives its name. Thisfracture can occur proximal 

or distalto the other three fractiures cited above asa direct resultofstress rises in the 

bone at a distance awayfromthe site ofimpact. The spiral fracture has been 

observed asthe cause ofgunshotthigh wound victims falling downaftertaking 

several steps post-wound(56). There have even been cases where the spiral factor 

occurred without any projectile damageto the bone directly;this isthoughtto bethe 

result ofthe elevated pressures caused bythe bullet penetrating the thigh tissue 

surrounding the bone(56)and likely occurs asthe temporary cavity reaches its 

maximum size. 

The fragmentation ofbone dependsonthe amountofpressure generated 

within the bone(56).Bone,asatissue,has also beenshowntoform atemporary 

cavity(3). Giventhe plastic nature ofbone,however,this cavity existsfor only a 
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Figure 2-1: The DrillHole Fracture 

CentralImpact Eccentric or OfF-CenterImpact 

Figure 2-2: The Butterfly Fracture 
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Figure 2-3: Impaction Fracture 

Figure 2-4: The Spiral Fracture 
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small time before the bone reaches its yield point and comminution occurs.The 

comminutionthat occurs with these bulletimpactfractures creates bone fragments 

that do contribute to the severity oftissue damage. In shooting a bone encased in 

gelatin and filming the results with a high-speed cameraAmato saw thatupon initial 

impactthe bone appears intact. Whenthe maximum temporary cavity is formed inthe 

bone,about 10 microseconds after impact,the central portion ofthe bone can be 

shattered into fragments. Amatosaw thatthese fragmentsfor a short period oftime 

remained in line withthe proximaland distal portion ofthe bone. Asthetemporary 

cavity ofthe bone increases in size the bone fragments are pressed intothe 

surrounding tissue. Atthistime,these fragments are notshownto act assecondary 

missiles,however,theytend to be brought back to the initial point offracture asthe 

temporary tissue cavity contracts and depressurizes. Itis only whenthe second and 

subsequent wavesofundulation within the temporary cavity that bone fragments are 

seen to moveforward inthe direction ofthe bullet and it isthese bone fragmentsthat 

become secondary missiles(3).The energyofthe projectile isthen used bythese 

bone spiculesto further cut suiroimding tissue,just as bullet fragmentshave been 

shownto do whenthe bullet fragmentsinthe tissue(24). 
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Wound Classifications 

It can be said that notwo injuries ofanytype are exactlythe same.Whena 

projectile impacts humantissue,the sheer numberofvariables involved statistically 

preludesany chance ofidentical injuries. Projectile velocity,projectile weight,tissue 

location,tissue condition,oreven whetherthe muscle fibers were contracted or 

relaxed are only afew ofthe factors affecting wound severity. Various attempts have 

been madeto categorize woimd damage,with mostofthe systems having military 

beginnings. Civilian systems are typically lengthy and concerned withcomplex 

details,and are used mainly as an aid to triage and/orfor use in physiological 

outcome prediction. Almostevery major standing military force in the world has 

developed a scoring system intended to gather information on casualty rates. Forone 

example,the British Army has been using asystem known asthe"Hostile Action 

Casualty System",orHACS,which is in essencea large database thatrecords dataon 

military wounds.The system is designed to collect alarge amount ofinformation in 

the triage stage ofwound assessment,butdueto the length and detail ofthe form it is 

often left incomplete.Inan emergency situation,time is precious,and the attention of 

the medicalpersonnel is better spentonthe wound than in writing about it. This is 

reflected in the nmnber ofHACSformsthat are often substantially incomplete. 

The Red Cross uses asystem that is much simplerthanthe HACS method. It 

consists primarily ofgrading a wound bythe features it presents,with six basic 

features used; Entry woimd,or"E";Exit wound,"X";Cavity,"C";Fracture,"F"; 
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involvementofvital structure,"V";and presence ofa metallic body inthe v^ound, 

Inthe planning stages ofthis testing,categorization ofthe type ofdamage 

eachtype ofbullet effects upon eachtarget wasintended to be oneofthe metrics of 

data collected. Using suchasystem,only eight classifications would be ejqjected, 

based onthe eight combinations ofprojectiles and targets. All wounds are expected 

to generate fractures ofthe bone,and therefore allfractures should be classified as a 

TypeFor VF,depending upon comminution.The grades ofthe wounds are then 

limited to three possible types:grade 1,grade 2,or grade 3. 

A grade 1 wound requires thatthe mathematicalsum ofthe maximum 

diameter ofthe entry wound and the maximum diameter ofthe exit wound measured 

in centimeters mustbe less than 10,in additionto awound cavity priorto surgery that 

istoo smallto admittwo fingers.Ifa fracture occurred,it must also have no clinically 

significant comminution. 

A grade2wound conformsto the samesummed entry and exit diameters 

being lessthan 10cm as grade 1,butoneofthe followingtwo conditions must also 

exist:the pre-surgical wound cavity is large enough to admittwo fingers,orthe 

fracture associated with the wound must have undergone clinically significant 

comminution.No objective measure ofcomminution is offered. 

A grade 3 woimd is in essence a grade2wound that hasan entry and exit 

diameter,whensummed,greaterthan 10cm. 

While the Red Cross Scoring System hasa scoring letterforthe presence of 

metallic bodies in the wound(M),it is not used inthe subsequent official wound 
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analysis.Some mention is made inthe literature thatthe distinction between high-

velocity metalbodies,such as rifle bullets,are not allowed a distinction between 

slower metallic bodies,such as bluntfragments.This paper is only affected bythis in 

the sense thatthe pistol bullets could be perceived as being slow blunt bodies. 

Regardless,the analysis performed in this paper will use the"M"designation as an\ 

indication ofwhether ornot it is believed thatthe fragmentsofthe projectiles would^ 

have remained inthe simulated thigh circumference ofthe gelatin target. 

This yieldsatotaloftwelve possible categories that each ofthe targets in this 

testing may fall into.In ascending order ofseverity they are:grade 1 type F,grade 1 

typeFM,grade 1 type VF,grade 1 type VFM,grade2type F,grade2typeFM,grade 

2type VF,grade2type VFM,grade3type F,grade3type FM,grade3type VF,or 

grade3type VFM. 

The empirical differences betweenthe bullet types and bonetypes may be 

largely ofacademic interest, butthe application ofa wound scoring system illustrates 

howafield surgeon may apprise the woundsinan actualhuman body. 

In researching femoralgunshotfractures,agreat amountofliterature was 

reviewed that dealt withthe repair ofsuchafracture using intramedullary nailing(8, 

30,33,68).This method ofusing nailsto recoimect broken pieces ofafemur can be 

performed immediately after e}q)loration and debridementofthe wound or delayed in 

cases where infection wasdeemed a greater risk. The fracturestended to be severe in 

ahnost all cases,and the authorsofthe papers classified the fractures according to a 

categorization scale developed by Dr.Robert Winquist and Dr.Sigvard Hansen ina 

1980 paper entitled"Comminuted Fracturesofthe Femoral Shaft Treated by 
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Intramedullary Nailing"(66).In this paper,Winquistand Hansen base their 

classifications onthe pattern ofthe femoralfiracture and the degree ofits stability. 

This more narrow classification according to the bone contrasts with the much 

broader wound scoring systems used by military forces. Eachis designed for 

different applications and should notbe confused,butthey are both relevantto the 

evaluation ofinjuries caused by the bullets used in this testing. Whilethe shots made 

in this testing have been categorized using the Red Cross Wound Scoring system,the 

Winqmstand Hansen method may provide ameansofdistinguishingthe individual 

fractures ona more detailed level. 

Winquistand Hansen created five categories in which mostfemoralfractures 

would fall: segmental firactures and grade I,grade II,grade III,and gradeIV 

comminuted firactures.The segmentalfiracture isa double level firacture ofthe 

femoral shaft wherethefemur has broken into three segments.The proximal firacture 

canrange as high asthe subtrochanteric level,while the distal firacture mayappear as 

far down asthe supracondylar level. 

The grade Icomminuted firacture isacase in which a very small piece(orfew 

pieces)ofbone have broken offfromthe main segmentsofthefemur.Winquistand 

Hansen describe that it is to be treated as ifit were non-comminuted,implying that 

there mustbe so little comminution asto notaffectthe stability ofthe main firacture in 

any noticeable manner. 

The grade II comminuted fiiucturesfeature alarger fi-agmentsize than the 

gradeIfiractures.Inthe grade II firacture,there mustbe atleastfifty percent contact 

betweenthe abuttingfemoral corticesto preventshortening and rotation ofthe bone. 

26 



There mustalso be enough proximal and distal contactofthe nailto the boneto 

preventtranslation and shortening ofthe bone.Winquistand Hansen also recommend 

searchingfor additional cracksin thefemur which may result in aloss offracture 

stability. 

A grade III comminuted fracture has lessthan fifty percent cortical contact 

betweenthetwo bone shafts or poor purchase ofintramedullary nail in either the 

distal or proximalend ofthefemur.Itisin this fracture that shortening,translation, 

and rotation are mostlikely to occur.Fragment size doesnotaffectthe grade 

classification,butthe location offragments may determine ifthis fracture falls into a 

grade II or grade III category.Afragmentofa certain size inthe midshaftregion will 

be classified asa grade II fracture if there is good proximal and distal nail contact.A 

fragmentofthe same sizefound in the proximal or distal areas ofthefemur will result 

in a grade III fracture classification dueto poor nail contactand the increased 

likelihood oftranslation and shortening.Thistype offracture will require the use of 

cerclage wiring,postoperative traction,casting,oracombination ofthese methodsin 

order to preventthe translation and shorteningcommonly seen with thistype of 

firacture. 

The most devastating firactures appeartofall inthe gradeIV category.These 

comminuted fiuctureshave lostthe circumferential buttress ofthe bone.There is no 

fixed contactbetweenthe proximaland distal endsofthe bone to preventshortening. 

Split segmentalfractures fall into this category.A multi-fragmented fracture thathas 

substantial circumferential comminution will also shorten and likely rotate. 

Intramedullary nailing alone will not maintain the appropriate length or positively 
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preventrotation ofthe bone shafts.Cerclage -wiring or traction are necessary in order 

to maintainthe proper length ofthe bone. 

Two othertypes offemoral j&actures mentioned by Winquistand Hansen are 

the long oblique and longitudinal fractures.Thesefractures are notcomminuted,but 

do possessthe ability to shorten and rotate.In these instancesintramedullary nailing 

should be used in conjunction with cerclage wiring. 

The Winquistand Hansen method for grading femoralfractures is expected to 

assistin analyzing the fractures ofthe porcine bones.The results ofthis testing will 

be discussed in the analysis section ofthis thesis. 
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CHAPTERS 

WHATISBONE? 

Microstructure ofBone 

Atthis point,some background onthe essence ofbone isin order. The 

general definition ofbone isthat it isthe dense,hard,and somewhatflexible 

connective tissue constituting the bonesofthe human skeleton. It iscomposed of 

compactosseoustissue surrounding spongy cancellous tissue permeated by many 

blood vessels and nerves and enclosed in a membranousperiosteum(4). 

Bonetissue itselfis composed ofabout one-third by weight organic matter 

and two-thirds by weightinorganic matter. The organic matter is aframework of 

fibroustissue and cells,consisting mainly ofcollagen and polysaccharides. Collagen 

isafibrous protein that hasatertiary structure made up oftwisted a-helices. The 

very nature ofa-helices maximizes hydrogen bonding between peptide linkages, 

resulting in a structure thatcan betwisted,folded,orfolded and twisted into a 

definite geometric pattem. The structures are then stabilized by dispersion forces, 

hydrogen bonding,and other intermolecularforces. In collagen,the structures are 

madeup oftwisted a-helices. Three polypeptide chains,each ofwhich is a left-

handed helix,are twisted into aright-handed super helix toform an extremely strong 
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tertiary structure. The end resultisa protein structure that has remarkable tensile 

strength,plus contributing to the strength ofmammalian bone. 

Polysaccharides,which makeupthe remaining organic structure ofbone,are 

one ofthree classes ofcarbohydrates,the othertwo being mono-and disaccharides. 

Polysaccharides are condensation polymers containing anywherefrom several 

hundred to severalthousand monosaccharide units. These monosaccharideimits 

cannot be chemically broken downinto simpler carbohydrates(38). 

The polysaccharidesin mammalian bone are called glycosaminoglycans 

(GAGS). These glycosaminoglycans contain chondroitin sulfate,which gives 

resilience and toughnessto bones(38). 

The inorganic constituents ofbone,which makeupthe othertwo-thirds(by 

weight)ofbone consists mainly ofcalcium and phosphorus salts deposited within the 

organicframework. These salts give hardness and rigidity to bones and makethem 

resistthe passage ofx-rays. 

To illustrate howthe organic and inorganic parts ofbone contribute to the 

actual physical characteristics ofthe bone,each ofthetwo parts can be removed from 

the bone rather easily. The inorganic salts can beremoved bysoaking the bonein a 

dilute acid,such asEDTA. This decalcification process yieldsa bone thatcontains 

largely only organic matter. This organic bone will then be flexible and elastic 

enough to be tied into aknot(1,28), yet still retain its original shape.Conversely,if 

the organic matter is removed by charring the bonein afurnaceso that only the 

inorganic salts remain,the bone will still retain its originalform but be extremely 

brittle and easily broken(28).Thusitcan be seen howthe organic and inorganic 
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matter interactto yield the physical and mechanical propertiesfound in mammalian 

bone. 

Onalarger scale,mature adultbone is madeup ofbone cells,called 

osteocytes,that are surrounded by an intercellular matrix composed ofcalcified 

osteoid(bone)material. The osteocytes are located in small cavities inside the bone 

called lacimae. Systemsoftiny canals called canaliculi connectthe osteocyte cavities 

(lacimae)to each other within the substance ofthe bone. These canaliculi transmit 

life-sustaining tissue fluid to the osteocytes. 

The mechanical propertiesofbone relate directly to the macroscopic structure 

ofbone. The hollow-spaced lattice workin the interior ofbonesis called cancellous 

bone(Latinfor lattice). Inlong bones,such asthefemurs being used in this testing, 

cancellous bone isfound inthe extremities ofthe bones where resistance to 

compression withoutexcess weightis required. 
) 

Compactbone,which isfound in the shaftsoflong bones,is made up ofmany 

laminated tubesknown as Haversian,or osteonal,systems. Each Haversian system 

consists ofone canal containing vessels and nerves surroimded by circular plates of 

boneforming thelaminated cylinder. During construction ofthese canals,these 

plates ofbone are laminated onto each other fi:om the outside ofthe bonetowardsthe 

center. Afterthelamination is complete,the resulting columnar structure resembles 

in cross section the ringsofatree,withthe difference being thatthe ringsonatree 

grow outward,asopposed to the inward growth ofthese bony plates.The 

amalgamation ofthese bony plates into concentric lamellae.Taken asa whole,these 

concentric lamellae make up the compactbonefound in mammalian bone.Asthe 
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concentric lamellae are laid down,the individual bone-forming cells known as 

osteoblasts are changed into or re-identified as bone cells called osteocytes. The 

immediate space surrounding each osteocyte then resemblesa"little lake",and these 

"little lakes"are called lacunae. Small canalsthat branch offfirom these lacimae are 

known as canaliculi,and it is in these small canaliculi thatthe cell processestake 

place.Asthe bone growsin diameter,new Haversian systems are added along the 

outside ofthe shaftofthe bone. Blood vessels which extend firom the periosteum to 

the Haversian canals are called Volkmann's Canals,and are found atright anglesto 

the Haversian Canals. 

The boneforming cells called osteoblasts originate mostly firom mesenchymal 

cells. These mesenchymal cells are the parent cells ofall coimective tissues. Notall 

osteoblasts are used to create bone;some are stored in asection ofthe periosteum 

known asthe osteogenic layer,while other osteoblasts are stored inthe endosteum of 

the marrow cavity and Haversian canals. These reserve cells divide andform more 

osteoblasts whenever more bone is needed,asin the repairoffi:actures or increase in 

bone dueto achanging environment.New bone can only be added onthe surface of 

old bone,which dictates thatthe bone grows outward atarelatively fixed density. 

Bone can also be resorped back into the biological system. Large multi-

nucleated cellsknown as osteoclasts,derived from macrophages,release organic 

acids and en2ymesthat break down existing bone. This action isimportantin thatas 

long bones grow,they increase in diameter by producing new bonefrom the 

periosteum. Asnew bone is laid down,portions ofthe deeper bone are removed to 

increase the size ofthe marrow cavity. 
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Regardingthe inorganic portion ofbone,calcium phosphate makesup about 

80%ofthe mineral matter in a given bone. Theremainder ofthe mineral matter is 

mostly calcium carbonate and magnesium phosphate. One hundred cubic centimeters 

ofbone contains about 10,000mg ofcalcium. Forcomparison,mostother tissues 

have6mgCaper lOOccoftissue,and aboutlOmgofCaper 100mlfor blood. Bone 

serves a secondaryfunction as being a mineralreservoirfor other partsofthe body, 

and this characteristic likely hasanimpactonthe mechanical properties ofthe bone 

asthese mineral stores change overtime(28).Theterm ossification refersto the 

creation oftrue bone bythe deposition ofcalcium salts in a matrix ofosteoid tissue. 

Calcification isthe processofcalcium salts being deposited in anytissue besides 

osteoid tissue. 

Bone is white or yellowish-white in color. Itfeels hard,dense,and inelastic 

when handled. The specific gravity offiresh compactbone is about 1.9,and very 

resistantto pressure. The compressive strength is onthe order of20,000psi,with a 

tensile strength ofaroimd 15,000psi,both ofwhich are higherthan manytypesof 

wood,including white oak(29). Steindler(1955)reported the tensile strength of 

bone as being 10kg/mm^2(14,193.52psi)and compressive strengthsof 

16.86kg/mm^2(23,930.27psi).Evans(1973),however,also reports that McElhaney 

and Byars demonstrated that certain mechanical propertiesofcompactbone are rate 

sensitive(16).Thishas particular relevance to the work ofthisthesis,asthe energy 

absorbing capacity ofbone athigh strain rates ofloading that McElhaney and Byars 

foimd directly relates to impactjfractures oflong bones.The results that McElhaney 

and Byars obtained showed thatthe ultimate compressive stress and modulusof 
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elasticity oftheir specimensofcattle and human cortical bone progressively increased 

with high strain rates(1.Oin/in/sec or greater)while the maximum strain atfailure and 

energy absorbing capacity decreased. Poisson'sratio wasseen to decrease 

progressively with increasingly high strain rates ofloading. This decreased energy 

absorbing capacity ofbone athigh strain rates ofloading relates directly to bone 

fractures,as mostfractures arise fromimpactsinvolving high strain rates. Bonfield 

and Li(1966)used aCharpyimpacttesterto determine that beefcortical bone from 

femursand tibias had asurface strain rate of60sec-1 atthe momentofimpact. They 

also foimd thatmaximum energy wasabsorbed bythe bone at0degree centigrade 

and decreased asthe temperature wasraised orlowered. 

The mechanical properties ofbone can be altered bythe body whenthe bone 

isin its natural environmentby rearranging its internal stracture to bestresist stresses 

and strains. Undernormaland pathologic conditions bone can also reshape itselfto 

sustain amaximum ofstress withaminimum ofbone tissue. Atrophy,or decrease in 

size,can occur when pressure onthe bone is constantand excessive,when periods of 

pressure exceed periods ofrelease,and whenthere is little orno stress onthe bone,as 

in periodsofwei^tlessness. Bone proliferation can occur,however,in response to 

concussion or intermittent pressure. Excessive pressure in growing bone will slow 

down or stop bone growth,whereasthe same conditions applied to mature bone may 

trigger either excess growth orintemalrearrangement ofstructure(28). 

The elasticity ofbone is verylow. Arod ofbone can be elongated only about 

1/200*''ofits length before failing in fracture. The deformity to pointoffailure is 

plastic in nature and the bone will notreturn to its original length after the load is 
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removed(28).A bone in a static situation will behave differently underdynamic 

loading. Whilethe resulting effects are beyond the scope ofthis paper,it sufficesto 

say thatthefemursshotin this work will be preloaded with approximately25 lbs.of 

weightbearing directly down onthefemurto simulate body weight. Theleg will not 
1 

be moving before impact,but afterimpactthe bone will collapse asthe weightsfall a 

short distance. There is also little question offracture. Asthis paper was 

commissioned to look atthe effects oftungsten-tin bullets on bonesencased in 

ballistic gelatin,with resulting energies and velocities quite high enough to ensure 

fracture from a direct hit. 

A study by Bird et al.(1968)isofmore pertinent interestto this paper.In the 

study,specimensofcortical bone from fresh beeffemurs were struck by asteel 

impacter which sentthe specimensflying throughtwo photoelectric gates.The 

specimens werethen caughtin softcotton waste and analyzed with respectto 

fracture. Three classifications were established to categorize the results: 1.)survival, 

with no observable evidence ofcracks,2.)microcracking,with the presence of 

continuous cracks varying from 1x10-3to 1x10-2inches in width at magnifications 

of50x-100x,and 3.)grossfailure,wherethe recovered specimen had been broken 

into two or more pieces. Ofrelevance to this paper are the lattertwo categories,as it 

is expected that all the bonesshotin this work will undergo fracture(16). 

In the specimensthat exhibited microcracking.Birdfound the microcracks 

tended to follow the contours ofthe osteons,or Haversian systems,which suggestthe 

presence ofstress concentration factors greater than unity atthose locations. This has 

direct relevance to the expected comminution ofbonesin this work,asthe individual 
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fragments will likely follow the same method or initial cracking priorto full 

comminution and fracture(16). 

The bone fragmentsobtained from the first partofthis thesis will be measured 

with respectto weightand size,and the work ofBird et al. may assist in classifying 

the fracture occurrence and mechanism ofthe fragments with respectto the different 

bullettypes. The second partofthe thesis,dealing with the evaluation ofsynthetic 

bone with respectto real bone,will benefit from Bird's description offractures asthe 

mechanismsoffailure ofthe synthetic bone are classified and compared to those of 

real bone. 

Macrostructure ofBone 

Having discussed the microstructure ofbonein detail,sometextshould be 

devoted to an overview ofthe macrostructure ofbone,specifically thefemur. 

Thefemurbelongsto the class ofbonesknown asossalonga,orlong bones. 

It iscommonly referred to asthe thighbone,and extendsfrom the pelvisto the knee. 

The shape is thatofalong narrow cylinder. It hasalarge,round,ball-shaped 

projection nearthe top,known asthe head,thatfits into the acetabulum,orsocket,of 

the hip. This"ball and socket"connection permitsa generousrange ofmovement 

and rotation. The short piece ofcylindrical bone that coimectsthe head ofthefemur 

to the main portion ofthe bone isthe neck. The sharp ridge across from the head of 
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thefemuristhe greatertrochanter,and the sharp ridge immediately underneaththe 

head is called the lesser trochanter. There isa distinctive raised ridge ofbone that 

runs from the greatertrochanter to the lesser trochanter,knownasthe 

intertrochanteric line. Allthe features mentioned above are located atthe upper part 

ofthefemur. This general areais referred to as the proximal epiphysis,where 

"epiphysis"refersto either extremity ofalong bone,and theterm proximal denotes 

the end closestto the body. 

Theflared area ofthe bone at eitherend ofthe long thin central section is 

known asthe metaphysis. Itis adjacentto the epiphysis at either end. Thelong 

central portion isknown asthe diaphysis. 

Atthe distal end ofthefemurthe epiphysisisrounded,witha notch bisecting 

the curved part. The notch runs anterior-posterior in relation to the body. Itisin this 

notch,called the trochlea,thatthe medial condyle ofthefemurrotates in,thus 

resulting in the kneejoint. Therounded shafts on each side ofthetrochlea areknown 

asthe condyles. The condylefacing the body isthe medial condyle,and the condyle 

onthe outside isthe lateral condyle. Therough areas above each ofthese condyles 

are known asthe medialand lateral epicondyles. Abovethese epicondylesisthe 

distal metaphysis,which then runsinto the diaphysisofthefemur. 

Tothis pointno distinction has been made between human and porcine 

femurs. Thisis largely because there aren't any major physical differencesto be 

found betweenthetwo. The above descriptions can applyto both species,although 

the location ofthe head in the humanfemuris abovethe greatertrochanter,where as 

the head ofthe porcinefemuris below the greater trochanter. Any differences 
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relevantto this testing would be ofmore concern inthe microstructure ofthe 

diaphysisofthe bone,asthis is where all the projectiles will impactthe femurs. 

Studies have been conducted by Yamadain 1970 whichfound thatthe 

ultimate tensile strength and mean tensile strain ofhuman bone(12.5kg/mm^2and 

1.4%elongation,respectfully)is greaterthan thatofmostother mammals,including 

pigs(9kg/mm^2and0.7%elongation,respectfully).Meancompressive strength of 

femoral bone is also greater in humans(12kg/mm'^2),though the mean modulusof 

elasticity(1750kg/mm^2)and compressive strain(1.8%)ofhuman bone are 

intermediate with respecto other mammals (Yamada,1970;16). Pig bone,however, 

is still weakerthan human boneinthese areas,with acompressive strain contraction 

of1.9%,and 1500kg/mm^2modulusofelasticity and mean compressive strength of 

10kg/nim^2. 

Despitethis data on species differencesforthe above mentioned strengths and 

strains,no data could befound comparingimpact characteristics between pigs and 

humans,although Hertet al.(1965)did investigate compressive and impact bending 

strength ofHaversian cortical bonefrom thelong bonesofcattle,turtle,rabbit,and 

man. Noessential differences were revealed. The authors state"the valuesofimpact 

bending tests keep constantly the samelevel." A large variability wasnoted, 

however,changingfrom 0.7to2.0kg-cm. Evans believed this variability could have 

been the result ofthelow sensibility oftheimpacttester atlow values,or even 

differences inthe orientation ofthe specimens;they note it wasimpossible to 

determine whether ornotthe specimens were subjected to tangential orto radial 

impact stress(16). 
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SyntheticBones 

The synthetic bone substitutes used in this testing were developed byagroup 

ofresearchers atUTin the early 1990's. The materialofthese"bones"consists 

primarily ofanylon based polymer which contains fibersin a non-directional matrix. 

The"bones"areformed by injecting the molten nylon fiber mixture into a mold of 

the desired finished shape. 

The physicalshape ofthe bonesused in thistesting were cylinders 

approximately 14"long and 1"in diameter. Theends are rounded. Thisshape is 

designed to resemble the diaphysis ofhumanlong bones. 

These boneshave been evaluated previouslyfor stress and strain properties, 

butnoimpacttesting has been performed. The original intent ofthis testing wasto 

evaluate tungsten-tin and lead bullets againstreal bonesencasedin gelatin. The goal 

wasto learn abouthow the tungsten-tin bullets fiagmentwhen impacting bone,and 

whatthe differences were between thetungsten-tin bullets firagmentation and lead 

bulletfragmentation uponimpacting bone. DuetoDOEpolicy,it wasn't possible to 

use actual human bonesin this testing,and porcinefemurs were selected asan 

appropriate substitute. Afterthe testing protocol had been established,it was decided 

thatasubsequentpartofthis thesis should evaluate the synthetic bone substitutes 

underthe same aforementioned bulletimpacts. This would provide valuable 

information with respectto the impaction properties ofthis synthetic bone,and shed 

lighton its viability asareal bone substitute by comparingthe firacture behavior and 

comminution ofthe synthetic boneto thatofthe real porcine bones. 
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ImpactTesting ofbone 

Impacttesting onthe microstructure ofhuman bone has been carried outby 

several researchers(16;Dempster and Coleman,1960;Evans and Bang 1966,1967) 

thatrevealed microcracks resulting from impactseemed to follow contours of 

osteons. It should be noted thatin addition to the propagation ofmicrocrack along 

osteons,large physical irregularities onthe surface ofthefemurcan act as stress 

risers and contribute to fracture paths. Itis expected thatfracture paths in the pig 

bone willfollow the osteon pattern in a manner similarto human bone. Itis expected 

thatthe differences in the compressive and tensile strengths and strains will have less 

ofan effectonthe comminution ofthe boneimderimpactthan will the 

microstructures ofeach type ofbone,which is very similar. These large,physical 

irregularities can be classified as depressions or projections,and articular(forming an 

integral partofajoint)on non-articular (located outside ofjoints). Mostprovide 

attachment pointsfor muscletendons or ligaments. 

The previously described featuresofthe epiphysisesofthefemur are 

considered articular projections and depressions. Asthis testing involvesthe 

diaphysisofthefemur,non-articular projections and depressions are more relevant 

and demand investigation and identification. 
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Articular Projectionsinclude: 

Head A spherical articular projection,such asthe head ofa 

femur. 

Condyle/Condylus More or lessa cylindrical articular mass,such asthe 

condyles onthe distal end ofafemur. 

Trochlea Pulley-like articular mass,asfound atthe distal end of 

the femur,on which the patella slides. 

Facet Relatively flat articular surface,asfound between 

adjacent carpal bones. 

Non-Articular Projectionsinclude: 

Process Generalterm for a bony projection,such as the 

spinous processofa vertebra. 

Tuberosity/Tuber/Tuberus Alarge non-articular projection,such asthe 

major(lateral)tuberosity onthe proximalend of 

the humerous. 
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Tubercle/Tuberculum Smaller non-articular projection. 

Spine/Spina May beapointed projection,such asthe spine at 

the proximalend ofthe tibia,or it may refer to a 

ridge,such asthe spine ofthe scapula. 

Crest A sharp ridge ofbone. 

Neck A cylindrical partofa boneto whichahead is 

attached. 

Line/Linea A small ridge or mark ona bone,often caused 

bythe pullofa muscle. 

Articular Depressionsinclude: 

Glenoid Cavity (Cavity glenoidalis) is ashallow depressionfound on 

the articular surface ofthe scapula. 

Cotyloid Cavity Deep articular cavity,such asthe acetabulum ofthe hip. 
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Notch An articular indentation or nonarticular indentation in 

the margin ofa bone. 

Non-Articular Depressionsinclude: 

Fossa A large non-articular depression. 

Fovea Small non-articular depression,such asthe fovea capitis 

on the head ofthe femur. 

Foramen A circumscribed holein abone. 

Canal Atunnelthrough one or more bones. 

Projectile Impacts AgainstBoneEncased in Ballistic Gelatin 

It mustbe reminded thatthe primary targetsin this testing werethe bones 

encased in the gelatin and notthe gelatin itself. While every effort wasmade to 

ensure the replication oftissue properties,the gelatin served mainlyto capture the 

bone fragmentsin a manner similar to actual tissue.Drs.Ragsdale and Amato have 
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both conducted research using this method(51,3). Pertinentto this paper,Ragsdale 

and Amato both separatelyfound thatthere wasindeed a correlation between 

increased gelatin disruption and the generation ofbonefragmentsthat act as 

secondary missiles,as well as projectile fragmentation(3). Ragsdale also notesthat 

comminution oflong bone segmentscan differ markedly within temporary cavities of 

similar size,although in this testing it wasfound thatbone comminution wasfairly 

consistent within each caliber.This difference is likely because ofthe similar calibers 

used in this testing,versusthetwelve different calibers Ragsdale shot.No multiple 

shotsofone caliber and bullettype were performed in Ragsdale'stesting.This has 

significantimpactonthe validity ofthe testing,asthe exactplacementofthe shotcan 

affecthowabonefragmentsand the degree ofcomminution it undergoes.In an 

attemptto minimize this variabilitythree shotsofeach type ofbullet and bone 

combination were madeinthis testing. While this method maynotprovide enough 

shotsto satisfy even the mostlax statistician,it does increase the probability ofmore 

uniform shotplacement.It also provides the researcher with a better understanding of 

whatashotlooks like and precludesthe inclusion ofmis-aimed shotsin the data. 

In his paper,Ragsdale uses repositioned corticalfragmentsofbone asthe 

index ofcomminution.To achieve quantifiable indices oftarget damage,he combines 

this with the diameter ofthe maximum temporary cavity in the surrounding gelatin. 

He goesonto state that whencomparing weaponsand cartridges ofgreat wounding 

capacity,additional data should be obtained,such asthe size ofosseous cortical 

defects,weightofresidual unassembled bonefragments,degree ofparacortical vapor 

dissection,the violence with which the targetleavesthe stand,and the residual energy 
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ofany exiting components.Thethird and fourth metricsthatRagsdale advocates 

recording are arguably difficultto quantify,and were notconsidered forthis paper. 

The last metric ofresidual energy is viable,butifit occursthere is no finite 

measurementon depth ofpenetration.Osseous cortical defect size is also reasonable, 

butobviated in this testing by the shotplacementbeing in the diaphysis.Ragsdale 

made all ofhis shots into the metaphysises ofbones,which exhibit considerably less 

uniform surfaces than do the diaphysis,whichis relatively smooth and uniformly 

cylindrical.In the testing done in this paper,the numberoffiragmentsfoimd 

completely detached fi*om the periosteum ofthe main sectionsofbone were collected. 

Thisincluded any bonefragmentsthatwerefound projected into the permanent 

cavity ofthe targetas wellas atthe bone itself.The rationale behind this selectivity 

wasthat it waslikely thatonly those bone fragmentsthat became completely 

detached would be propelled outinto the edges ofthe temporary cavity as itexpanded 

to its mayimum diameter.These fingments would then be responsible forthe majority 

oftissue damage not directly attributable to the bullet itself. These fragments were 

later divided into one oftwo size categories(large or small)and the weightofthe 

collectivefragmentsin each category wasrecorded to the nearest0.02 grain. 

Amato'sresearch also states that bonefragmentscan actassecondary 

missiles and increase the severity oftissue damage(3). Amato also statesin his paper 

thatthe critical velocity forfracturing bone is approximately 200feet per second, 

though he gives no specific bullet massrequired to achieve this,nor doeshe elaborate 

on whattype ofbone wasused to establish this velocity. The data generated in this 

paper'stesting doesn'trefute that,however,as all synthetic and real bones readily 
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fractured at all velocitiesin this test. The velocities ofthe projectiles used inthis test 

were between900Fpsand2800Fps. 

Amato offers no objective datain his paper,relying instead onframesoffilm 

from high-speed camerasto illustrate the phenomenaofthe temporary cavity and the 

bone fragmentsthat projectoutto the edges ofthe cavity when it is atits maximum 

diameter.These photos do present evidencethat bonefragmentsand spicules can and 

do actas secondary missilesin tissue and contribute to wound severity by acting as 

cutting toolsfor the dispersion ofthe projectiles energy.Atleastone ofthe framesof 

film in Amato's papershowsthe presence ofbonefragmentsin frontofthe main 

sectionsofbone.This effectofbonefragments being propelled forward into the 

permanentcavity in frontofthe main sections ofbone wasrecreated in the testing 

performed inthis paper. 

Whilesome experts maybe critical ofevaluating projectile impacts against 

bone in gelatin,Ragsdale writesthat"thetreatment decisionsofsurgeons mustbe 

based upon aknowledge ofmechanismsofinjury and an ability to correlate various 

technical parameters(ordnance design)withthe ensuing medical events(wounding). 

The gelatin^onetargetsystem is an explicit meansofintegrating these 

considerations.Since it approximates athigh it is particularly relevantto extremity 

wounds wherethe question ofextentofdebridementrequired is mostfrequently 

raised"(51).Amatoreportsonthe relevance oftesting projectile impact againstbone 

encased in gelatin by saying that it creates an environmentthat clearly visualizes bone 

destruction(2).In additionto thesejustifications,this work is beingfunded bythe 
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United States DepartmentofEnergy which has specifically requested thatthe new 

tungsten-tin bullets be evaluate against bone. 
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CHAPTER4 

BALLISTICGELATIN 

Giventhe previous discussionson wound ballistics,bones,and wound 

severity,it standsto reason thatthere is demandforsome medium thatsimulatesthe 

mechanical properties ofhuman tissue. Shortofshooting an actual human being, 

wWchis generally frowned upon in scientific circles,the next best attemptisto shoot 

something that behavesin a manner similarto human tissue,and gives as exemplar 

performance as possible in arepeatable,uniform manner. 

The currentfavorite in scientific research is called ballistic gelatin. Notunlike 

the commercially available Jell-0food product,ballistic gelatin is a substance 

derived from organic bones.In itsraw state itresemblesalightpeach-colored 

powder.Itis soluble in water. 

Priorto the standardization ofgelatin asa viable substitute for human tissue, 

several other materials were used asresearch media.Clay,ductcompound,soap, 

wax,and even saturated paper pulp(from wettelephone books)were used in attempts 

to measurethe performance ofprojectiles. Noresearch wasuncovered in the course 

ofthis testing thatindicatesthatany ofthese materials were objectively measured 

againstreal tissue in an attempttojustify the validity ofmedia,atleast into the mid-
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1980's. It was atthistime thata wound ballistician and veteran US Army surgeon by 

the nameofMartin L.Fackler performed aseries ofteststhat evaluated these various 

materials(including ballistic gelatin)againstreal organic tissue(striated swine tissue) 

(24,25). In the course ofhis testing.Dr.Fackler wasable to show that ordnance 

ballistic gelatin"reproducesthe penetration depth,deformation and fragmentation 

pattern,and yaw behaviorseen in living muscle tissue. Measurementofthe radial 

cracksinthe gelatin caused bythe stretch ortemporary cavitation also gives an 

approximation ofthe magnitude ofthis disruption atany pointalong the missile path" 

(23). Fackler statesin the same paper thatthe ballistic gelatin,when prepared 

properly,reproduced within3%the penetration depth measured in living swineleg 

muscle. The deformation ofbullets and the location oftheir fragmentsin living 

swine muscle were also duplicated in properly prepared gelatin. 

"Properly prepared"isthe main distinguishing difference between previous 

ballistic gelatin studiesand thosefollowing Dr.Fackler's work. To start,the gelatin 

mustbe mixed using the correctraw material(powder). Type250A ordinance 

gelatin isthe specific type used in Fackler's work. He procured his from the Kind 

and Knox Co.in Sioux City,LA,but other manufacturershave begun producingthe 

powder atlower costs. The gelatin is mixed 10%by weight with ordinary water. 

MacPherson,in his book BulletPenetration,providesacomplete and detailed 

description ofthe mixing procedure on page 79. This mixing procedure callsfor 

slowly stirring the gelatin powderinto cold water,then placing the mixture in a 

refrigeratorfortwo hoursto ensure saturation ofthe gelatin powder. Afterremoval, 

the gelatin mixture is to be slowly heated to 104degree F and slowly stirred until the 
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gelatin is evenly mixed throughoutthe container.The gelatin should then be poured 

into moldsand placed into a refrigerator at40degreesFfor at leastforty-eight hours 

prior to use(36). 

Wefound thatthe gelatin powder didn't achieve suspension in the initial cold 

water recipe,and had much skepticism with the necessity ofthe complicated mixing 

procedure. Instead,wefollowed an alternate setofmixing instructions written by 

Dale Towertthatrecommended heating the waterto 140degreeF(60degreeC) 

before slowly stirring in the gelatin powder(61). After adding ciimamon oilto retard 

foaming,the mixture waspoured into prepared moldsand leftto set up overnight. 

After the gelatin had jBrmed,it was pulled from the molds and wrapped astightly as 

possible in a plastic bag to prevent dehydration. The gelatin wascooled to40degree 

F(4degree C),and subsequently shotatthattemperature. This method wasmuch 

more reliable in providing consistent density gelatin that possessed excellentclarity, 

as well as being much simpler and lesstime-coiisuming to prepare. Subsequent 

calibration tests showed consistent penetration depthsofapproximately3inches at39 

degreeFfrom aBBtraveling approximately 565 feet persecond. While tissue 

replication specs call for 3.35 in,or 8.5 cm,MacPherson doesinclude a correction 

table in his book that is reproduced here. He also notes thateven experienced gelatin 

makerscannotguarantee perfect uniformity between batches,and the table was 

created for this reason. The gelatin used in this testing is type250A ordinance 

gelatin. 

The actual physical appearance ofthe gelatin is very similarto the Jell-0food 

productcommonly served as desert. Thetwo products havethe same"feel"and 
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texture,although ballistic gelatin is more densethanthefood product. Ballistic 

gelatin also has an inherent yellowish tintthat makesalarge block appear opaque ata 

distance,but clear up close. As cross sections are removed from the block and the 

width decreases,clarity also improves. 
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CHAPTERS 

TARGETSHAPE 

Whenthe DepartmentofEnergy requested thatthe tungsten-tin bullets be 

tested against bone,this provided the opportunity to evaluate a synthetic bone that 

researchers had developed atthe University ofTennessee in the early nineties. It also 

helped to determine whatthe overallshape ofthe targetshould be.Thetargets used in 

this testing werein the shape oflong,narrow,uprightrectangles. One end ofthe 

rectangular gelatin block contained oneofthetwo typesofbone positioned 

transversely and completely encased in the gelatin. Theend that contained the bone 

wasalso rounded,so thatthe width ofgelatin on either side ofthe bone wasthe same 

depth asthe frontofthe gelatin target wasto the longitudinal centerline ofthe bone. 

Thetargets were placed onthe target stand on their side withthe rounded end toward 

the shooter. This presented atall,narrow targetface to the shooter with the bone 

standing uprightin the middle ofthe targetface.Each targetis24"long,8"wide,and 

16"high. Each target wascutin halfwhile still in the mold to facilitate removal,then 

reassembled on the target stand. Each targetrequired approximately 36liters ofwater 

and 4kg ofgelatin powderto yield the required 10% gelatin mixture. The resulting 

weightofeach target was approximately 901bs. 
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Thetargets were castin aluminum moldsbuilt exclusivelyfor this testing. 

The bones were held uprightin the moldsby meansofaspecially constructed stand. 

Oncethe bones were secured uprightinthe empty mold,hotliquid gelatin was 

poured into the mold,immersing the bone completely. The shape ofthe target was 

determined by several constraints. The heightofthe mold was determined by the 

need to fully encase the bonein ballistic gelatin. Thelength ofthe mold was 

designed to be able to capturethe entire penetration ofeach projectile after it had 

penetrated the bone. The width ofthe mold wasgoverned bytwo constraints: the 

first wasthatthere beenough gelatin on either side ofthe boneto fully contain any 

MTCthat mightbe generated,and secondlyto approximate the width ofahuman 

thigh This second reason also determined the shape ofthe jfront ofthe mold. The 

3.5"radius ofthe gelatin aroimd the bonein the frontofthe mold was determined 

from 50*** percentile Army male anthropometric data(67). 

A caveatis required atthis point. Whilethe target mold wasin part designed 

to approximate ahumanthigh,it should notbe construed thatthe resulting wound 

paths directly simulate a projectile impactinto areal humanthigh. The actual human 

thigh is composed ofmany differenttypes oftissue(muscle,fat,bone,tendons, 

ligaments,arteries and veins)that were notmodeled in the simplistic bone and gelatin 

target used in this testing. It mustbereminded thatthe purpose ofthe gelatin 

surrounding the bone wasto simulatethe retentive forces ofhumantissue 

surrounding thefemur and to capture the bone and bulletfragmentsin positionsthat 

mayreflect similarlocationsin humanthighs. 
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Long bones were decided upon astest subjects primarily forthe uniformity of 

the diaphysisofthat particulart5^e ofbone. Indeed,the real bones used in this test 

all exhibited similar diameters(-1.5")and presented alarge vertical target areathat 

would enhance the repeatability ofa consistentimpactinthe actual shooting. Further 

research on U.S.Armycombatmortality and morbidity datareaflirmed the choice of 

long bones,and contributed to the design ofthe frontofthe target moldto resemble a 

50^ percentile male US Army soldier's thigh.According to U.S.Armyresearch, 

extremity hits makeup amajority ofthe woundsinflicted to U.S.soldiersin every 

major warofthis century.In World War One,68%ofall woimdsinvolved the 

extremities,in World WarTwo it was60%,in Korea it was66.3%,and in Vietnam 

extremity woundsrepresented69%oftotal wounds suffered(14). 

Unfortunately,DOEregulations prohibited the use ofactual humanfemursto 

be used in projectile impactstudies. This meantthata substitute would berequired to 

simulate human bone,and after someresearch into the biomechanical properties of 

other species it wasdecided that porcinefemurs would adequately serve in the 

absence ofhumanfemurs.The physical propertiesofthe porcinefemurs versus 

humanfemurs were covered in an earlier section ofthis thesis pertaining to bones. 

The decision to uselong bonesasatest medium also played alarge role inthe 

existence ofthe second partthis thesis.The real bones used in the first partofthis 

thesis provided the ability to compare projectile impacts between the real bones and 

the synthetic bonesthathad been developed previously by agroup ofresearchers at 

UT. 
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CHAPTER6 

PROJECTILES 

"It's notthe launcher that gets you,it's the projectile." R.Marcinko 

Two different classes ofbullets were used in the testing.The first class is 

pistol caliber with a velocity ofapproximately 300 meters per second,and the second 

class is rifle caliber with a velocity ofapproximately 1000 meters per second.The 

representative type ofprojectilefrom each class wasspecified byDOE. The pistol 

bullet caliber wasspecified to be9mm x 19mm,whereasthe rifle bullet caliber was 

specified to be5.56mm x45 mm. In each class,the first number designatesthe 

diameter ofthe projectile and the second numberdenotesthe overall length ofthe 

entire cartridge(both bulletand shell casing). Thetype ofbullet specified byDOE 

forthe pistol testing wasa 124 gr.semi-jacketed sofl-point. This particular type of 

bullet hasacopperjacket enclosing the base and sides(much like acup)butthe top 

ofthe round nose is left exposed with no covering. DOErequested this pistol caliber 

be used in the testing as it is the caliber ofthe currentDOEissue service sidearm,the 

SlG-SauerP226. 

Thetype ofprojectile specified byDOEforthe rifle testing wasa60gr.soft 

point bullet. Like the pistol bullet,this rifle has acopperjacket enclosing the base 
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and sides. Unlike the pistol bullet,however,thisjacket encloses all butthe verytop 

pointofthe bullet,whichis asmalltip ofexposed core material. The size ofthistip 

is approximately thatofthe roller ballofafine ink pen. This caliber wasrequested 

because the currentDOEissue long arm is the M-4carbine chambered for5.56mm x 

45mm cartridge. 

Foreach type and caliber ofprojectile,two different versions were produced. 

One version used lead as a core,while the other used tungsten tin asa core.Thus, 

there werefour separate typesofprojectiles evaluated in this test: 

1. 9mmPb 

2. 9mm W-Sn 

3. 5.56mmPb 

4. 5.56mm W-Sn 

Figure 6-1 showsthe9mm lead bullets,figure 6-2showsthe9mm tungsten tin 

bullets,figure6-3showsthe5.56mm lead bullets,and figure6-4shows5.56mm 

tungsten tin bullets. 

The ratio oftungsten to tin was varied for each caliber so that each tungsten 

tin bullet weighed the same as its lead counterpart. 

The bullets used m this testing were made specificallyfor this testing. It 

should be reminded that within each caliber,thetungsten tin and lead bullets mustbe 

the same weight,height,and diameter. The only difference between each type of 

bullet,within caliber,isthe core material. Lead bullets were considered to bethe 
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Figure 6-1: Lead soft-point pistol bullets. 
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Figure 6-2: Tungsten tin soft-point pistol bullets. 
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Figure 6-3: Lead soft-point rifle bullets. 
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Figure 6-4: Tungsten tin soft-point rifle bullets. 
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benchmarkforthistesting,so itfollowed thatthe lead bulletbe made first and then 

those parameters used asthe specificationsfor the timgsten tin bullets. 

The design ofthe lead bullets began with establishing the total desired weight 

of60 grainsforthe finished rifle bulletand 124 grainsfor the finished pistol bullet. 

From this sum,the weightofthe copperjacket was subtracted. The resulting figure 

represented the weightofthe lead core. 

Thefollowing illustrates the weights ofthe bullets and the subsequent weights 

ofthe cores. 

9mm SoftPoint: 

Total weight 124.00 gr. 

-Jacket weight 19.50 gr. (Jacketlength=0.435") 

Core weight 104.50 gr. 

5.56mm SoftPoint: 

Total weight 60.00 gr. 

-Jacket weight 14.28 gr. (Jacketlength=0.725") 

Tip weieht 1.60gr. 

Core weight 44.12 gr. 
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To makethe lead cores,lead wire wasdrawnthrough specially made diesto a 

diameter slightly less than the diameter ofafinished bullet.This wasnecessary to 

accountfor the increase in diameter thatthe copperjacket would add to the core.The 

core diameters were0.309"forthe pistol caliber and 0.190"forthe rifle caliber. This 

ensured thatthe cores woiild fittightly in thejacketand leave no air space whenthe 

jacket wasswaged overthe coreto its final diameter of.223"(5.56mm)for rifle and 

.355"(9mm)for pistol. The lengthsofthe cores wereafimction ofthe weightsthat 

had been specified for the finished test bullets. Fifty-two lead cores were madein 

each caliber and measured for length. Average weights and lengths were0.461" 

(104.5gr)forthe lead pistol cores and 0.720"(45.72gr)forthe lead rifle cores. These 

measurementsthen becamethe targets weightsand lengthsforthe tungsten tin cores. 

Thetungsten tin cores are manufactured using a powdered metallurgy process. 

Raw tin powder is mixed withraw tungsten powderin specific quantities based on 
r 

weight. Itis this ratio oftungsten weightto tin weightthat will yield the final density 

ofthe bullet core. This density can be anywhere fi:om0%tungsten-100%tinto 100% 

tungsten-0% tin,butforthis testa mixing ration of68%tungsten and32%tm by 

weightwasselected because it yielded a density nearly identical to lead. This 

mixture wasthen weighed outon a digital scale(0.02gr precision)in small individual 

amountsof104.5grfor pistol coresand 44.12grfor rifle cores. The core weightof 

the rifle slug is adjusted lowerto accountforthe addition ofatin"tip"thatis inserted 

abovethe core during the process ofseating the core in the copperjacket. Thistip 

preventsthe tungsten-tin rifle core fi-om cracking apart during the swaging process 

due to the narrow diameterofthe rifle bullet. 
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These powderamoimts are then poured into aspecially made die ofthe 

correct diameterfor the particular application(0.190"for rifle,0.309"for pistol). 

This die isthen placed in a press and 50,000psi is applied to the powdered core 

material in the die. This pressure is maintained for approximately7seconds,then 

released. The core isthen pressed outfrom the die,and isnowashiny cylinder of 

tightly packed tungsten-tin metal powder. This is the finished core ofthe tungsten-tin 

bullet. Thiscore is then slipped inside acopperjacketand runthroughthe same 

swaging processes asthe lead bullettoform itinto the desired finished tungsten-tin 

bullet. 

Thetungsten-tin bullettechnology was borne from aunique setofneeds. 

First,the toxicity oflead meantthatthere wasa desireto replace conventional lead 

bullets with an environmentally safer alternative. Second,DOEhad expressed the 

desire for a bulletthat would notricochetinto harmfulfragmentsupon hitting ahard 

surface such asthe steel or concrete commonlyfoimd in sensitive areas atDOE 

facilities. Thetungsten-tin bullettechnology has metboth ofthese requirements,as 

neithertungsten nor tin hasinherenttoxicity(both are inert metals),and the tungsten-

tin cores have been shownto fragmentback intothe original powder state upon 

impacting very hard surfaces. 

Before fully accepting thetungsten-tin bullettechnology into service, 

however,DOErequested thatthis new technology be evaluated againstsynthetic 

tissue targets containing real bones.Testing ofthis kind has never been performed, 

and it isa valid concern to determine the effectontissue simulant. These bullets 
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mustfirst be capable ofincapacitating aggressors before the benefits ofreduced 

ricochet and toxicity can be realized. 

The bullets werethen hand loaded into shells toform the complete cartridge 

by aDOEemployee in hisown garage. A description ofthefirearms and firing 

procedure isfound inthe nextsection. 
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CHAPTER1 

METHODOLOGY 

Originally,the contractforthis work called forthe creation ofa wound 

ballistics laboratory at Oak Ridge National Laboratory,and thatthe testingforthis 

thesis be performed there. After considerable delay,it wasdecided bythe authorof 

this workto perform the testing atan alternative location. This actuallocationtook 

theform ofa private residence in Morristown,Tennessee. 

The bullets used in this testing were manufactured atORNL. Atotal of52 

bullets were madein each caliber for each type the bullets wereloaded into cartridges 

by aDOEemployeetofactory specifications. 

The original testing called forthe use ofa universal receiver with 

interchangeable barrels asthe"firearm"for shooting the bullets.Dueto forces 

beyond the scope ofthis discussion,however,it was unavailable for use atthe 

location ofthe testing. In light ofthis it wasdecided thatthe actualtypesofweapons 

themselves,or weapons as similar as possible,be used to shootthe bullets. A benefit 

ofthis method is that more variables are eliminated,asthere will be no doubtthatthe 

rifling in the barrel,barrel length,gas bleed(in the case ofthe rifle),and chamber are 

exemplarto the actualissuefirearmsthat will be firing these bullets. 
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Althoughthethesis is splitinto two parts with respectto real bone first and 

synthetic bone second,the actual procedure consisted ofthefollowing: 

1. Pistol W-Sn RealBone 

2. Pistol Pb RealBone 

3. Pistol W-Sn Synthetic Bone 

4. Pistol Pb Synthetic Bone 

5. Rifle Pb Synthetic Bone 

6. Rifle W-Sn Synthetic Bone 

7. Rifle Pb RealBone 

8. Rifle W-Sn RealBone 

Three shots were madeofeach type,resulting in atotal oftwenty-four shots 

forthe entire testing. Whilethree observations aren't nearly large enough ofasample 

size for an objective statistical analysis,it did provide theresearchers with anideaof 

the repeatability and consistency ofthe exactplacementand behavior ofeach shot. 

There were severaltimes when targets were discarded and new shots made dueto 

non-optimum shotplacementornon-uniform bone placementinside atarget. 

The wound ballistics laboratory wasmade up ofthree large rooms.Each 

room wasusedfora separate stage ofthe testing.The firstroom involved the 

manufacture ofthe targets,asseenin figure 1-1.This stage wasthe mosttime and 

labor intensive partofthe testing.A gelatin target began its existence asraw powder 
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Figure 1-1: Photograph ofthe mold preparation room.The hot plate and mixing drill 

can be seen on the bench against the right wall.Thetwo molds can be seen in bottom 

left ofthe photo. 
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stored in an airtight container and commontap water.A large five gallon stainless 

steel cooking potwas used asthe mixing container.Since this testing called for aten 

percent gelatin mixture,nine liters ofwater were measured into the pot,then heated 

ona hot plate to atemperature of140 degrees F.The watertemperature was 

measured using an Accurite digitalthermometer purchased from Lowes.The water 

was gently stirred with a drywallcompound stirring tool atapproximately350ipm as 

one liter ofgelatin powder was added slowly to the water.This process often took 

several minutes.One milliliter ofciimamon oil wasadded after all the powder had 

reached suspension to retard foaming.Oncethe batch wascomplete,it waspoured 

into alarger fifteen gallon stainless steel potthathad heating elementson its sides. 

This keptthe batches ofgelatin hot untilthey could be poured into the molds. 

Each targetrequired fourofthese batches ofgelatin to completely 

immersethe bone.Whilethe gelatin was being heated,the molds were prepared.The 

sides ofthe mold were wiped clean from any previous gelatin residue and rubber 

plugs were pushed into thetwo pressure reliefholesin the bottom ofthe mold.A 

food-grade mold release agentwasthen liberally sprayed onthe interior surfaces of 

the mold.Next,a porcinefemur wasremoved from the freezerand inspected for 

fimess.Thirtyfemurs had previously been secured from Wampler'sFarmsofLenoir 

City,Tennessee,in orderto ensure thatthere would be at leasttwelve usablefemurs 

that were as similar as possible.Thefemurs were chosen with an eyefora bare 

diaphysis(no tissue)and acompletely intact periosteum.The overalllength ofall the 

femurs selected were between ten and ahalfand twelve incheslong.Excesstissue 
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wasremoved from the endsofthefemursin an attemptto minimize variance between 
J 

the femurs. 

Having been prepared,thefemur wasthen secured to the stand which would 

hold it vertically immobile asthe gelatin is poured around it.In the case ofthe real 

bonefemurthis stand wasmadefrom a half-liter plastic lab measuring cup thathad 

beensawed in half.Notches werethen madeinthe upper halfofthis cupto 

accommodate thetrochlea and condyles ofthe real bonefemur.Thisassembly was 

then placed insidethe mold,nearthe front.A specially constructed brace wasthen 

placed acrossthe top ofthe mold that secured the top ofthefemur.The synthetic 

bones utilized a slightly different stand due to their lack ofarticular projections and 

depressions.These stands were made from fifty-milliliter plastic cupsthathad 7/8" 

holes drilled into the bottom.Theendsofthe synthetic bone were placed in these 

cups and secured with narrow cellophane tape tothe edges ofthe hole inthe cups. 

These bones werethen placed insidethe moldsin the same manner asthe real bones 

were,and the same brace wasused to securethe top ofthe synthetic bone once it was 

set up inside the empty mold. 

Thelarge self-heated potofgelatin wasthen lifted onto a chair and slowly 

tipped into the mold.The gelatin waspoured slowly in this mannerin order to 

minimize turbulence andimprovethe clarity ofthe finished product.Atthe 

exhaustion ofthe large pot,the remaining batch m the small potwasadded into the 

mold and completelyimmersed the bonein gelatin. 

Atthis pointthe mold wasleftto congeal.Through painful experience it 

was determined thatthe gelatin targets could notbe pulled from the mold imtil it had 
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been allowed to set-up for at leasttwo days.Ifan attempt wasmadetoremovethe 

gelatin target before this amountoftime had elapsed,the gelatin would split and fall 

apart underitsown weight.Thiscould have been avoided withthe use ofa walk-in 

refrigerator,butnone was available in the course ofthis testing. 

Afterthe requisite amountoftime had passed,the sides ofthe gelatin were 

cutawayfrom the mold with a 10"long boning knife.A long Plexiglas divider was 

then forced through the middle ofthe mold.This divided the mold intotwo more 

easily managed parts upon release.The mold wasthen laid upon its side and the 

rubber stoppers were removed from the pressure reliefholesin the bottom.Tilting the 

mold upward then allowed the gelatinto slide outofthe mold and onto a plastic 

sheet.Once outofthe mold,each halfofthe gelatin target wastightly wrapped in a 

large clear plastic bag.This bag helped retain gelatin hydration and also served to 

hold the gelatin intact,as it was still weak enoughto splitifnothandled gently. This, 

too,had been learned painfully by experience. 

A refrigeratorlarge enough to accommodatethe gelatin blocks wasnot 

able to be procured,soalarge 16 cubicfoot Frigidaire freezer wasrelied upon 

instead.To preventthe blocksfrom freezing,a wooden platform was builtto keep the 

blocks offofthe freezerfloor,and the blocks were keptawayfrom the sidesofthe 

freezer walls.The doorofthe freezer was also left open.An Accurite outdoor digital 

thermometer was used to monitorthe temperature inside the freezer nearthe blocks. 

Through experience it wasdetermined thattwelve hours were needed to adequately 

chillthe blocks downto approximately40degreesF.After the blocks had chilled to 
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the correcttemperature,they were removed fromthe freezer and carried into an 

adjacentroom in which the shooting wasperformed. 

The shooting area consisted ofalarge concrete-floored area with block 

walls approximately30'long and 15'wide asshownin figure 1-2.A bullettrap was 

constructed at oneend ofthe room. Thistrap consisted ofalarge wooden box 

(5.5'high X4.5'widex 3'deep)surrounded by 3/8"thick steel armor plate onthe sides 

and back. Sandbags were placed againstthe bottom halfofthe armor platesto brace 

them againstthe box. A target stand wasplaced in frontofthis box and served asa 

platform forthe targetto siton and also supportthe weightplatform that pre-loaded 

the boneinthe gelatin. Differenttargetstands were used with the pistol and rifle,as 

seen inthe photographs. The chronograph used to record the bullet velocities forthe 

pistol wasaPact-II mounted onacameratripod,whereasan Alpha Chrony F-1 was 

used to record the velocities ofthe rifle. Thissecond chronograph was mounted on 

the target platform itselfduring testing. 

The pistol chosenforthe testing wasa SIG-SauerP-226in9mm caliber. This 

pistol is currently the issued sidearm forDOEsecurityteams. It hasa4.4"barrel 

length with a 1 tum in 10"barrel twist. The pistol wasfibred from aRansom pistol 

testfor stability. A photograph ofthe pistol in the Ransom Restis provided infigure 

1-3.The muzzleto target distance was 10feet,modeled after the testing protocol used 

bythe FBI. 

The rifle chosenforthe testing wasan Armalite AR-15 carbine in 5.56mm x 

45mm caliber. This rifle is currently in use with various security and anti-terrorist 
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Figure 1-2: Photograph of the shooting area. The pistol stand can be seen in the 

lower right hand comer. The chronograph is in the center ofthe photo, and the target 

stand is in the right-hand side of the photo behind the chronograph. The bullet trap is 

the large wooden box behind the target stand. 
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Figure 1-3: Photograph ofthe9mm SIG-Sauer P-226 in the Ransom pistol rest. Also 

seen below the pistol is the Daisy Model880BB rifle used to calibrate the gelatin. 
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teams,though with afew differences from the rifle used in testing. Theissue weapon 

is referred to asthe M-4carbine,and hasa 14.5"barrel with 1 tum in7"twistrifling. 

Itis also a selective-fire weapon,in thatthe firing modeincludesthe usualsemi 

automatic as wellas athree round burst setting. Giventhe difficulties in trying to 

obtain an M-4carbine,areadily available civilian counterpart was used instead. The 

civilian model differs from the M-4carbine in that it hasa 16"barrel and is not 

capable ofselect fire. The barrel ofthe test carbine is also ofstainless steel,whereas 

the M-4's is chrome-lined carbon steel,butthis did notimpactthe performance ofthe 

bullets.A photograph ofthe rifle is provided in figure 1-4. The previously mentioned 

difference in barrel length mightincrease the muzzle velocities ofthe projectile,buta 

smallincrease in velocity is notexpected to noticeably affectthe performance ofthe 

projectiles. Itshould be noted here thatthe handloaded cartridges were notmeantto 

replicate the velocities ofthe currentissue rounds butrather provide the entire testing 

with bullets traveling at consistent velocities. A rifle rest was notavailable for the 

CAJR.-15,so it wasshotby hand.Several cloth bags filled with sand blasting media 

wasused to stabilize the stock and forearm during shooting. 

In the articles that were researched forthistesting,thefew papersthat studied 

projectile impacts on bone did notaccountfor any weightor stress the bone would be 

experiencing attime ofimpact. In light ofthis,it was decided early on in the 

planning stages ofthis testing that pre-loading the bonesin the gelatin would add 

anotherrelevant variable to the bones. While there wasn'tany effortto record 

exactly whatloading the bonesexperienced attime ofimpact,every bone was 

subjected to a251b weightapplied directly down its longitudinal axis. It wasfeltthat 
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Figure 1-4: Photograph ofthe CAR-15 used in the testing. 
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this preloading would address shortcomings ofprevious research and more 

realistically replicatethe environmentofalong bonetmder going projectile impact. 

To facilitate this loading,a steel stand wasconstructed that straddled the targetand 

supported and guided a sliding platform. A long metal cylinder attached to the 

bottom ofthis platform fitthroughthe platform directly into the top ofthe stabilizing 

cup thathad been attached to the top ofthe bone prior to gelatin immersion.This 

stabilizing cup protrudesfrom the gelatin block. The platform was adjusted so that 

the distance it could fall was notmorethan a 54",and immediately priorto shooting 

the weightwasplaced onthe platform thus preloading the bone. Thetemperature of 

the gelatin wasrecorded using an Accurite digital meatthermometer prior to shooting 

asseen in figure 1-5. After the shotwasmade,aDaisy Model880Powerline air-gun 

was used to calibrate the gelatin block. Six pumpsofthe air cylinder were used,as it 

gave arepeatable velocity of570feet per second,on average. This wasthe closest 

velocity thatcould consistently be achieved nearthe required gelatin calibration 

velocity of590Q)S ± 20^s. Three shots were madeinto each block after the main 

shot,and the depth oftheBB penetration were recorded. AllBB penetrations were 

within gelatin calibration specifications. 

Atthe conclusion ofeach main shot,the gelatin block wastaken into the third 

room ofthe wound ballistics lab.Essentially alarge,well-lit kitchen with a double 

basin stainless steel sink and aspecially built4'high countertop,thisroom was where 

the dissection ofeach gelatin block occurred.A photograph ofthisroom can be seen 

in figure 1-6. 
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Figure 1-5: Temperature of gelatin target being reeorded. 
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Figure 1-6: Photograph ofthe room where the target dissections occurred. 
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Alarge lightbox onthe4'countertop was used asthe dissection table. The back 

lighting provided excellent clarity ofthe projectile path and location ofbullet and 

bonefragments. A 10"Marttinen boning knife was used to cutsections ofgelatin 

away in orderto expose the wound path and bone. It was also used to dig outbullet 

and bone fragmentsfrom the gelatin and bone itself. 

A Stanley 25'steeltape measure was used to illustrate scale in each 

photograph. A PentaxZX-5035mm camera wasused to record various stages of 

each dissection. Annotations were madeon yellow note cards describing the 

particular step being photographed. Any unusual or significantitems in the target 

were also noted in this manner. 

The dissection ofthe targets occurred in five separate steps. First,the target is 

laid on its side onthe light box with the frontofthe block(bulletentry)to the 

observer's left. Thetop layer ofgelatin is sliced offto expose the path ofthe 

projectile and the maximum temporary cavity. The maximum temporary cavity is 

defined as being the largestfissure splitin the gelatin,and sometimes morethan one 

cutwasneeded to uncover this. Atthis point,the second step ofmeasuring specific 

characteristics ofthe targetand photographing itin detail is performed. Thethird 

step consists ofdigging outany and all bone and bullet fragmentsfrom the 

surrounding gelatin and bone itselfafter notations have been made with respectto 

locationsofthe fragments. Thefourth step is to removethe main intact bone 

segmentsfrom the target and attemptto reconstructthem inthe original position of 

impact. The fifth and final step is to photograph the reconstructed bone byitselfon 
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the light box. Anywherefromfourto twelve shots weretaken ofeach targetin this 

manner. The gelatin from all targets was discarded atthis point. Dueto biological 

hazard concerns,the real bone segments were discarded as well. Only the synthetic 

bones were retained for possible furtherinspection. 

The bone and bulletfragments were placed in separate containers aboutthe 

size ofsalt shakers. Each container waslabeled with respectto the step number,shot 

order,bullet caliber and type,and whetherthe target wasreal porcine bone or 

synthetic bone. In obtaining bonefragmentsfrom the target,it should be noted that 

onlythosefragmentsfully separated from the main segmentsofbone were collected. 

Any bone fragmentsretained bytheimbroken periosteum ofthe main pieces ofbone 

were not detached to be collected. This decision was made because it is not believed 

thatthese fragments would significantly contribute to the severity ofthe wound, 

whereas bonefragmentsfoimd throughoutthe temporary and permanent cavities may 

have acted assecondary missilesto contribute to wound severity(3). 

The aforementioned specific characteristics ofeach target are the performance 

metricsthat were decided upon to berecorded from each bullet-target interaction. 

These metrics are the raw datathat wasgenerated in thistesting. Each ofthese 

metrics waslisted outona master sheet,and copiesofthis master sheet were filled 

outduringthe dissection ofeach target.An example ofthis sheetisfound in figure 1-

7. 

This mannerofdata collection insured against errors or omissions in the data 

recorded from each target. It also facilitated straightforward analysis and comparison 

81 



� 

DtteCtriledionSheet 

I 

BulletCahlMT 

BulletVdod^ 

TotalBulletPenetntno. 

BulletFiagmentatKHL 

Stq)#- Shot#-

< 

u. CalibntiMiDatft 

BBVelocity-

BBPendratiaa 

GdatinTaiipeiature 

JSL GditmTaiyetDaia 

Tatgdlnw 

BoneDqidL 

BoneDiameter 

FrsctureT^ 

Conuninntitm; 

MFCDiameter 

MTCLocation. 

IV, OlaavatieasaiidComiBetntiir 

-

Figure 1-7: Data Collection Sheet 
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ofdata between differenttargets.The step and shotnumber were recorded first. These 

correspond to the order in which the shots were scheduled according to a previous 

outline ofthe testing,found in the appendix ofthis thesis.The bullet caliber was 

recorded as either9nmior5.56nim.The velocity ofeach shotwasrecorded next. 

Similar velocities betweenthe tungsten-tin and lead bullets are necessary in orderto 

limitany differencesobserved to the materials ofthe bullets and notthe velocities. 

The bulletfragmentation was graded subjectively onaLikert scale.The 

fragmentation was classified asoneofthefollowing:very little,little,marked,or 

extreme.This parameter served to illustrate the behavior ofthe bullet against 

whatevertarget itimpacted against. 

The calibration data wasrecorded in orderto ensure thatthe gelatin was 

indeed representative ofhumantissue according to accepted calibration standards. 

Although every effort wasmadeto maintain consistency in the testing there were 

variations in target chilltime dueto time constraints. There were also variationsin the 

density ofthe gelatin simply because ofthe sheer volumeofpowderand water used 

in making each target.A gelatin block that wasmixed at higher densities but chilled 

to the correcttemperature will resultin ashorterthanrecommended BB penetration. 

The overall goal isto ensure valid comparabletesting,and thetemperature ofthe 

block in conjunction with the knownBB penetration depth can reveal a measure of 

the density ofthe gelatin.No attempthas been made to theoretically establish a 

correction factorfor gelatin in this paper.MacPherson cites a gelatin correction table 

in his book BulletPenetration.It accountsforlower or higherBB velocities and the 
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measured penetrationthey achieve.It was adequate for correcting thelowerthan 

desiredBB velocitiesfound in this testing.It essentially addsor subtracts alinear 

correction factorto a measured depth ata given velocity;the average penetration 

depth ofthe BB'sin this testing wasaround 3.00",and the correction table in 

MacPherson'sbookrecommended added 0.25"to this depth iftheBB wastraveling 

at570feet persecond.Thisresulted in corrected calibration depths ofapproximately 

3.25",which is0.10"shortofthe 3.35"optimum depth specified by MacPhersonin 

his book(36). 

The gelatin target data providesinformation aboutthe behavior ofboth types 

ofthe bones under projectile impact.Thetargettype is recorded as being either real 

bone or synthetic bone.The bone depth refers to the amountofgelatin between the 

fi-ont ofthe gelatin block and theforward face ofthe diaphysisofthe bone encased in 

the gelatin.It is this small amountofgelatin thatthe bullet mustpierce before 

impactingthe bone.The bone diameter wasrecorded to illustrate the similar sizes of 

the real bonesused in this experimentand to ensure thatno abnormally sized bone 

wasused in the testing.The bone comminution was graded onthe same Likertscale 

used for bulletfiragmentation,with thefollowing classifications:very little, little, 

marked,and extreme.The diameters and locations ofthe maximum temporary 

cavities wererecorded as well.These data provide animderstanding ofbullet 

behavior byshowing the point at which the bulletcaused the largest amountoftissue 

disruption,in addition to revealing the extentoftravel ofthe bonefragmentsin the 

MTC. 
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The observations and comments wererecorded asasubjective toolfor 

quantitative evaluation by the researcher.Any unique or interesting visual phenomena 

is likely to be recorded here. 

This recorded data and the fragmentsin the specimen containers representthe 

bulk ofthe data obtained from thistesting.Thefragmentsin the specimen containers 

are then counted outonto a digital scale.The entire number offragments are 

recorded. In this counting process,asubjective demarcation wasmade with respect 

to the size ofthe fragments.Each fragmentwas classified as either small or large. It 

wasseen thatthe difference between thetwo classes wasreadily apparentto the 

observer. Large fiagments were almostalways3/8"long in one or more dimensions, 

while smallfragments were alwayslessthan or equalto 1/8"long in any dimension. 

Typically these smallfragments were lessthan 1/16"oflongin any dimension. 

These smallfragments are believed to be interior cancellous and trabecular bone 

fragments ofreal bone,and the interior plastic fiber composite from the synthetic 

bone. Afterthe cumulative total offragmentshad been placed onthezeroed digital 

scale,the entire summed weightofall the fiiagments wasrecorded to the nearest0.02^ 

grains. 

This method ofdata collection was performed on both the bone and bullet 

fragments. The purpose ofthis data wasto provide a meansofcomparison ofthe 

effectthateachtype ofbullet had on each bone and provide ameansofcomparing the 

comminution ofthe synthetic bonesto thatofthe real porcine bones.The 

complexities ofthis analysis are not unacknowledged;every effort has been madeto 

presentthe dataand the analysis as clearly as possible. 
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CHAPTER2 

DATAFROMPROJECTILEIMPACTSAGAINST 

REALPORCINEBONE 

The data in this thesis is presented in tabular format.Theindividual shotdata 

for the real bone targets will be presented first,followed bythe recovered real bone 

fragmentdata.Table 2-1 showsthe shotdatafrom lead pistol bullets againstreal bone 

targets,table 2-2showsthe shotdatafrom tungsten tin pistol bullets against real bone 

targets,table 2-3showsthe shotdatafrom lead rifle bullets againstreal bone targets, 

and table 2-4showsthe shot data from tungsten tin bullets againstreal bone targets. 

Table2-5showsthe bonefragmentdata from lead pistol bullets againstreal 

bone targets,table 2-6showsthe bulletfragmentdatafrom lead pistol bullets against 

real bone targets,table2-7showsthe bonefragmentdatafrom tungsten tin pistol 

bullets againstreal bone targets,and table 2-8 showsthe bulletfragmentdata from 

tungsten tin pistol bullets against real bone targets. 
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Table 2-1: ShotDatafor 9inniLead Pistol Bullets AgainstRealBone Targets 

Bullet Vel.(fps): 

Tot.Pen.(in.): 

BulletFrag.: 

BB Vel.(fps): 

BBPen.(in.): 

GelTemp.(° F): 

Bone Depth(in.): 

Bone Dia.(in.): 

Frac.Type: 

Comm.: 

MTCDia.(in.): 

MTCLoc.(in.): 

Shot#l 

1067.9 

13.50 

Very little 

-570 

3.00 

39 

4.00 

1.75 

Complete 

Little 

1.25 

1.25"post-bone 

Shot#2 Shot#3 

1026.1 1051.2 

13.50 12.50 

Marked Marked 

-570 -570 

3.50 3.50 

39 39 

5.00 5.00 

1.70 1.70 

Butterfly Butterfly 

Extreme Marked 

0.80 1.10 

1.10"post-bone 0.75"post-bone 
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Table 2-2: ShotDatafor9mm Tungsten Tin Pistol Bullets AgainstRealBone 
Targets 

Shot#1 Shot#2 Shot#3 

o 
Bullet Vel.(^s): 1033.5 1041.5 1030.1 

I 

Tot.Pen.(in.): 15.75 14.00 13.00 

Bullet Frag.: Little Very little Marked 

BB Vel.(fys): -570 -570 

BBPen.(in.): 3.25 3.50 3.00 

GelTemp.(° F): 39 40 39 

Bone Depth(in.): 3.00 4.00 4.00 

Bone Dia.(in.): 1.60 1.40 1.40 

Frac.Type: Spiral Butterfly Complete 

Comm.: Extreme Extreme Little 

MTCDia.(in.): 1.50 1.00 1.25 

MTCLoo.(in.): 4.00"post-bone 2.00"post-bone 1.50"post-bone 
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Table 2-3; ShotDatafor 5.56mm Lead Rifle Bullets AgainstRealBone Targets 

Bullet Vel.(i^s): 

Tot.Pen.(in.): 

Bullet Frag.: 

BB Vel.(^s): 

BBPen.(in.): 

GelTemp.(° F): 

Bone Depth(in.): 

Bone Dia.(in.): 

Frac.Type: 

Comm.: 

MTCDia.(in.): 

MTCLoc.(in.): 

Shot#1 

2844 

4.50 

Extreme 

-570 

3.25 

46 

4.50 

1.75 

Complete 

Marked 

5.50 

0.00"post-bone 

Shot#2 Shot#3 

2865 2666 

7.00 7.00 

M^ked Extreme 

-570 -570 

3.40 3.00 

48 39 

3.75 4.00 

1.50 1.50 

Complete Complete 

Marked Extreme 

4.00 4.50 

0.00"post-bone 0.00"post-bone 
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Table 2-4; ShotDatafor 5.56imn Tungsten Tin Rifle Bullets AgainstRealBone 
Targets 

o 

I 

Shot#l Shot#2 Shot#3 

Bullet Vel.(^s): 2907 2652 2969 

Tot.Pen,(in.): 14.50 16.00 18.00 

Bullet Frag.: Marked Little Extreme 

BB Vel.(Q)s): -570 -570 

BBPen.(in.): 3.00 2.90 2.75 

GelTemp.(°F): 39 46 42 

Bone Depth(in.): 4.50 4.00 4.25 

Bone Dia.(in.): 1.75 1.40 1.60 

Frac.Type: Complete Complete Complete 

Comm.: Extreme Marked Extreme 

MTCDia.(in.): 3.00 3.75 3.50 

MTCLoc.(in.): 2.00"post-bone 3.75"post-bone 0.00"post-bone 
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Table 2-5: BoneFragmentDatafrom9nmiLead Pistol Bullets AgainstRealBone 
Targets 

SmallBoneFragments Large Bone Fragments 

Shot# Qty. Wt.(gn) Qty. Wt.(gn) 

1 23 31.56 1 22.4 

2 72 19.54 7 32.54 

3 33 24.14 4 87.30 

Table 2-6: BulletFragmentDatafrom9mm Lead Pistol Bullets AgainstRealBone 
Targets 

Small BulletFragments Large BulletFragments 

Shot# Qty. Wt.(gn) Qty. Wt.(gn) 

1 0 NA 1 122.40 

2 15 7.32 3 108.18 

3 4 13.78 5 96.96 
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Table 2-7: BoneFragmentDatafrom9mm Tungsten Tin Pistol Bullets AgainstReal 
Bone Targets 

SmallBoneFragments Large Bone Fragments 

Shot# Qty. Wt(gn) Qty. Wt.(gn) 

1 76 48.40 7 236.38 

2 76 35.95 11 171.18 

3 85 47.52 0 NA 

Table2-8: BulletFragmentDatafrom9mm Tungsten Tin Pistol Bullets Against 
RealBone Targets 

Small BulletFragments Large BulletFragments 

Shot# Qty. Wt.(gn) Qty. Wt.(gn) 

1 6 18.86 1 98.50 

2 10 13.14 1 100.32 

3 34 32.28 2 77.20 
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Table 2-9showsthe bone fragmentdatafrom lead rifle bullets againstreal 

bone targets,table 2-10showsthe bulletfragmentdatafrom lead rifle bullets against 

real bone targets,table 2-11 showsthe bonefragment datafrom tungsten tin rifle 

bullets againstreal bone targets,and table 2-12showsthe bullet fragmentdata from 

tungsten tin rifle bullets againstreal bone targets. 
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Table 2-9: Bone FragmentDatafrom 5.56nim Lead Rifle Bullets AgainstRealBone 
Targets 

SmallBone Fragments Large Bone Fragments 

Shot# Otv. Wt.(gn) Qty. Wt.(gn) 

1 -100 12.34 8 217.90 

73 37.88 12 263.022 

-100 52.10 14 277.043 

Table 2-10: BulletFragmentDatafrom5.56mm Lead Rifle Bullets AgainstReal 
Bone Targets 

Small BulletFragments Large BulletFragments 

Shot# Qty. Wt.(gn) Qty. Wt.(gn) 

1 44 16.86 1 11.18 

2 17 8.52 1 28.80 

3 32 22.38 2 17.30 
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Table 2-11: BoneFragmentDatafrom 5.56mm Tungsten Tin Rifle Bullets Against 
RealBone Targets 

SmallBoneFragments Large Bone Fragments 

Shot# Oty. Wt.(gn) Qty. Wt.(gn) 

1 51 44.46 21 292.38 

2 28 9.84 4 173.30 

3 34 27.96 10 248.92 

Table2-12: BulletFragmentDatafrom5.56mm Tungsten Tin Rifle Bullets Against 
RealBone Targets 

Small BulletFragments Large BulletFragments 

Shot# Oty. Wt.(gn) Qty. Wt.(gn) 

1 29 12.76 3 11.02 

3.52 27.242 5 1 

5.18 14.683 9 2 
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CHAPTERS 

COMPARISONOFTERMINALBALLISTICSOFTUNGSTEN TIN 

ANDLEADPISTOLBULLETS 

Inlooking atthe differences between the9mm lead bullets and the9mm 

tungsten-tin bullets againstreal porcine bones,several itemscometo light. First it 

mustbe noted that each type ofbullet did fragmentagainstthe bone and the total 

numberoffragmentsrecovered for eachtype yielded approximatelythe sametotal 

weight.Thetungsten tin bulletfragmentsrecovered were on average 113.43 grainsof 

its 124 grain initial weight,and the lead bullet fragmentsthat were recovered 

accounted for 116.21 grains ofthe initial 124 grain weight.That said,however,the 

tungsten-tin bulletson average broke into almosttwice the number offragmentsthan 

did lead bullets.Forthe three tungsten tin shots against real porcine bone,each bullet 

broke into an average of18total fragmentsand had adeviation of15.72.The lead 

bullet againstthe same target broke into an average of9.33 fragments and carried a 

deviation of8.50.The deviation renders these numbers dangerously close to 

irrelevant,butthis difference in bulletfragmentation is also reflected in the 

breakdown ofthe fragmentsinto categoriesoflarge and small.The tungstentin bullet 

againstreal porcine bone broke into 16.67smallfragmentsand 1.33 largefragments 
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on average,whereasthe lead bullet broke into6.33 smallfragments and 3.00large 

fragmentson average againstthe same target.Onecould pointoutthatthe tungsten 

tin bullet hadfewer large fragmentsthan did the lead bullet,butthis reflects in favor 

ofthe tungsten tin bulletbythe nature ofthe fragmentation;namely,thatthe tungsten 

tin bullet,when it doesfragment,doesso into smaller piecesthan doesthe lead bullet, 

on average.While it istemptingto state thatin this testing thetungsten tin pistol 

bullets exhibited a higher degree ofsmallfragmentation than did the lead pistol 

bullets againstreal porcine bones encased in gelatin,this conclusion is contradicted 

by applying the student t-testto this data,as it reveals no statistical difference in 

fragmentation between tungsten tin and lead pistol bullets. 

Thelocation ofthe these bulletfragments varied for each bullettype.In the 

tungsten tin bullet,the fragmentpattem did notbegin until afterthe bullet had exited 

the bone.This effectcan be clearly seen infigures 3-1 and 3-2.Uponexiting the bone 

thetungsten tin bullet appeared to leave atrail oftungsten tin powderthrough the 

wound tractfor the entire length ofthe permanent cavity.It appeared thatthe tungsten 

tin bullets mayhave cracked upon hitting the bone,but did notshatter as was 

expected.The bullets penetrated the bone and began shedding powder only after 

penetrating the first anterior wall ofcompactbone.The shedding appeared to take 

place asareverse"snowballing"effect.It appeared thatlarger fragments would break 

offfrom the main bullet at slight angles and penetrate into the tissue surrounding the 

main permanent cavity.The average depth ofthese offshoots depended onthe size, 

and therefore the weight,ofthe broken fragment.Each offshootcould be clearly seen 

97 



3S 

sir-* 

m 

Si 

pplf 
lO 13 14 IS Effl ii:-4 

-2 

-STeP 5/sv\ot 3 

*1**" 
k: 

K 
if- :'i? *4 

Figure 3-1: Tungsten tin pistol shotshowing the trail oftungsten tin powder post-

bone. 
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Figure 3-2: Close-up oftungsten tin powder trail post-bone. 
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astheftagmentsshed powderand slowly dteintegrated nntilits eneigyhad beenspent 
orthere wasnolonger a partiele ofhmgstentinto penetrate anyfurther.Hie small 
tungsten tin ftagmentswere aU reeoveredinthis manner.Ihe entiretungstenbullet 
did notdisintegrate,though,asthelargerftagmentswereusuallyfound atthe end of 
the permanenteavity.Theseftagmentsean be elearly seen atthe end ofthe 

eavityinfigure 3-3.Thesefewlargeftagments werethe bottomsofthe 
coresofthe tungsten tin bullets,andeould beidentified assuch bytheir perfectly 
cylindrical cross section and smooth,flatbase. 

The majority ofjacketftagmentsofthetungstentinbnUets werefound mthe 
area ofgelatin priortothebone,suggestingthatthecopperjackets peeled offthe 
umgsien tincores withinthe firstfew inchesofpenetratingthe gelatinand pnorto 
hittingthebone.Whenjacketftagments werefound post-bone,they wereusuaUy still 
bonded insome wayto the bottom ofalargeftagmerrtoftungstentmcore. 

The n-iriten fiubullcts exhibited deeper penetration depththanthelead bulletson 
average,although with ahigher deviation.Theaverage penetration depth ofthe 
tmrgsten tin bnlletsforthethree shotswas14.25"with aSDof1.39".The average 
velocity ofthese shots was1035 feetpersecond.Theaverage penetration depth ofthe 
lead bulletswas 13.1T',with a correspondingSDof0.58".The average velocityfor 
theseshots was1048.4feet persecond.Whfiethelarger deviation onthetungstentin 
bnUetmakesthisincreasein penetration depthlessimportant,whatismore telling of 
the bullet's capabUity isthe penetration depthofeach buUetafterthe bone.The 
mngstentin builet penetratedanaverageof9.12"postbone(SD=1.83")while the 
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Figure 3-3: Tungsten tin pistol bulletfragments atthe end ofthe permanent cavity. 

101 



lead buUetpenetrated an averageof6.78"postbone(SD=0.98").Inthiseasetbe 
ntore substantial diffe^neein penetration depth helpsofSetOre larger deviation.This 
inereasein penetration depth suggeststhatthe tungsten tin bullets retain ahighern^ssoveralonger distancethan dotheleadbune«;..e..thatthe tungstentinbuUets 

hold togetherlongerand fragmentlaterinthe tissue thanthelead bullets.From a 
wound baUisticsstandpoint,thisincreased dqUh islessimportantthaneontroUingthe 
depth atwhichthefragmentation happens.Theiner^d deviationofthe tungstentinbufret penetration suggeststhatthe penetration depthis notaspredietable asthatof 

thelead buUetdueto the less uniform nature ofitsfragmentation.Thefr̂ entsfrom 
the tungsten tin buUets werefoundthroughoutthe permanentcavity posthone.The 
pathcan be clearly seenforits entire lengthdueto the aforementioned tungsten tinpowderresidue thatpermeatesthetraetAspmviously stated,there were only 1.33 

large bulletfragmentsonaveragefromthese bullets.Thelead buUetfragments 
displayed very differentbehaviorbyfragmenting into anaverageof3.00large pieces. 
Thesefragments were usuallyfoundin line with and attheend ofthe permanent 
cavity.There is no patternofbuUetfragmentsthroughoutthe wound cavity,although 
thete are bone fragmentsinthe permanentcavity starting immediately afterthebone 
and emendi.^ pastthebonefor several inches.These effectscan be clearly seenin 
figures 3-4,3-5,and 3-6. 

The maximumtemporary cavities occurred on average2.5"pastthe posterior 
wallofcompactbone and-averaged 1.25"in diameterforthetungsten tin buUet.while 
the maximumtemporary cavitiesforthelead bullet wereonaverage 1.05"in 
diameter and oceuired about 1.03"pastthe anterior wallofcompactbone.This 
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Figure 3-4: Lead bullet fragments seen at the end of the permanent cavity, with no 

evidence of significant bullet fragments throughout the permanent cavity. 
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Figure 3-5: Close-up of the lead pistol bullet fragments at the end of permanent 

cavity. Also note trailing bone fragments. 
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Figure 3-6: Lead pistol bullet target showing bone fragments in the permanent cavity 

immediately after the bone. 

105 



difference in MTCdiameters between bullettypesis negligible.The difference in 

location ofmaximum temporary cavities can largely be traced to theinconsistent 

depth ofoneofthe tungsten tin bullets,which relegates this measure asbeing 

somewhatmisleading.In reality,the maximum temporary cavities ofboth bulletare 

quite similar.Theeffect ofthe tungsten tin bulletsfragmenting into many pieces 

throughoutthe wound,ratherthan afew fragments atone location,may contribute to 

increased wound severity in real tissue. 
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CHAPTER4 

EFFECTSOFTUNGSTEN TIN ANDLEADPISTOLBULLETS 

AGAINSTREALPORCINEBONE 

Inthe casesofboth bullettypes,bone fragments werefound throughoutthe 

permanentcavity post bone.Itis these bone fragmentsthatAmato suggestscan be 

construed assecondary missiles and contribute to wound severity(3).In the case of 

the tungsten tin bullet,an average of179.83 grains ofreal porcine bone fragments 

were collected from the wound tracts ofeach target.The standard deviation was very 

large at96.89 grains,butlike the previous MTC deviation,this is misleading.The last 

tungsten tin shot yielded several large bonefragmentscommensurate with the 

previoustwo tungsten tin shots,butthese fragments were still connected to the main 

segmentsofbone by shredsoftissue thathad notbeen adequately removed prior to 

shooting.These large bonefragmentscan be seen in figure 4-1.In the interests of 

consistency the decision wasmadeto not collectthese fragments.Ignoring thisthird 

shot,however,reveals thatthe large bonefragmentsfrom the previoustwo shots were 

reasonably consistent at236.38 grains and 171.18 grains,respectively.The small 

bone fragments were very consistent,yielding an average of43.98 grains(SD= 

6.97gn)for each shot. 
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Figure 4-1: Third tungsten tin pistol shot showing at leasttwo large bone fragments 

retained by excess tissue. 
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Thelead bullets generated an average of72.49 grains ofbone fragmentsfrom 

each shot.The deviation ofthe lead bullet bonefragments was33.74 grains.Like the 

tungsten tin bullet shots,this can largely be traced to the second lead bullet shot.The 

bone fragmentsin this shotthat were classified as"large"were actually muchsmaller 

than the other large bonefragmentsseen in the other tungsten tin and lead bullet shots 

but were notsmall enough to be considered"small".While this mighthave prompted 

the addition ofa"medium"size category,it also would have unnecessarily 

complicated the subsequentanalysis ofthe other shots.Asstated before,the decision 

criteriafor"large"and"small"was based on aclear difference in size ofthe 

fragments collected and the likely different contribution each firagment would have on 

wound severity.Simply put,abig fragmentwould cause more secondary damage 

than would atiny fragment.Whatisofimportance to note isthe marked difference 

between the average weights ofthe bone fragments generated by each type ofbullet. 

Thetungsten tin bullet caused more comminution by weightinthe porcine real bone 

than did the lead bullet(179.83 grains versus72.49 grains,respectively). 

By dividing the weightofthe fragmentsfrom each shotbythe numberof 

large fragmentscollected,an ideaofthe individual large fragment weight,and 

therefore size,can be determined.The collective weightofthe large Segmentsfrom 

the tungsten tin shots againstreal bone was 135.85 grains with adeviation of122.09 

grains This large deviation is the directresult ofhaving nolarge bonefragments 

collected from the third shot.Ifthe third shotis discounted,the average collective 
} 

large fragment weightbecomes203.78 grains with a deviation of46.1 grains.The 

lead pistol bullets generated a collective average of47.41 grainsoflarge real bone 
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fragments and had adeviation of34.91 grains.The average large bonefragmentsize 

(weight)ofthe tungsten tin bullet shots,discounting the third shot where none were 

collected,was24.64 grains.This contrasts withthe individual large fragmentsize of 

the lead shots at 16.29 grains. Also telling is the numberoflarge fragmentsthat were 

generated bythe tungsten tin bullets.Ignoring the third shot,there were an average of 

9.00large bonefragments generated,whereasthere were an average of6.00large 

fragments generated ifthe last shotthat generated zero large fragmentsisincluded. 

There were only 4.00large fragments generated on average fromthe lead bullet shots, 

each having an average weightof47.41 grains and a deviation of34.91 grains. 

The small bone fragmentsrevealthatthetimgsten tin bullets caused more 

bone comminution by weightona smaller scale than the lead bullets,as well.There 

were an average of79small bonefragments generated in the real porcine bone targets 

from the tungsten tin bullets. Their collective weight averaged 43.98 grains with a 

very small deviation of6.97 grains.This suggests thatthetungsten tin bullets cause 

consistentcomminution on asmaller scale than onalarger scale.The lead bullets 

generated an average of42.67smallfragments againstreal porcine bones,nearly half 

thatofthe tungsten tin bullets.The average collective weights ofthese fragments was 

25.08 grains with a deviation of6.06 grains.Like the tungsten tin bullets,it appears 

thatthe smaller scale comminution is more consistentthanthe comminutionthat 

occiurs onalarger scale,although in both casesthere really weren'tenough large 

fragments generated to statistically objectify this observation. Whenthe Studentt-test 

was applied to this data,it supported the conclusionthatthetimgsten tin pistol bullets 

generated greater collective weights ofbone fragmentsthan did lead pistol bullets. 
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The t-testrevealed a0.976 probability thatthe collective smallfragmentweightsfrom 

the tungsten tin shots were greater than those ofthe lead shots,and a0.978 

probability thatthe collective large fragment weightsfrom the tungsten tin shots were 

greaterthan those ofthe lead shots.Thet-test did notsupportany other statistical 

differences between bone fragmentsizes and weightsfrom the differenttungsten tin 

and lead pistol shots,eventhough calculation ofthe simple meanssuggests otherwise, 

aspreviously mentioned. 

The real porcine bonesused in all targetsin this testing camefrom similar 

sows,which should discountany possible differencesin bone density.This 

assumption is reqiiired before any comparisons between sizes offragments giventhe 

weightscan be made.Amato states that bonefragmentscan become secondary 

missilesin tissue,and it standsto reason thatalarger quantity oflarger sized 

fragments would likely cause more tissue damage than afewer quantity offragments 

ofacorrespondingly decreased size would,assuming thatthe terminal locations of 

these fragments was similar.Thisintroducesthe second setofobservations made on 

the bonefragments,which isthe location wherethe greatestconcentrations ofbone 

fragments werefound inthe target. 

The majority ofbone fragmentsfor boththe tungsten tin and lead bullets were 

foimd in acone-shaped pattern surrounding the permanentcavity.In all instances,this 

cone-shaped pattern wasfound almostimmediately afterthe anterior wallofcompact 

bone.These conesextend for approximatelytwo orthree inches pastthe bone and 

taper into the permanentcavity.BoneSegmentsarefound throughoutthe permanent 

cavities ofbothtypes ofbullets,butthe cavities created bythetungsten tin bullets had 
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a greater density offragmentsthanthe cavities ofthe lead bullets.This correlates 

with theincreased numberoffragmentsgenerated bythe tungsten tin bullets. Given 

thatthe locations ofthe fragmentsfor each bullettype were in approximately the 

same areas,the greater numberofbonefragments generated bythetungsten tin 

bullets suggests that more tissue in the same volume would be affected bythe cutting 

action ofthesefragmentsthan bythefewer bonefragments generated bythe lead 

bullets.It does not,however,implythatthere would necessarily bea greater volume 

oftissue disrupted bythetungsten tin bullets ascompared to the lead bullets. 

TheRed Cross wotmd classifications ofthe tungsten tin and lead pistol bullet 

impacts againstthe real bone target were all ofthe grade2typeFM or VFM category. 

Allreal porcine bones demonstrated marked comminution.The difference between an 

FM orVFM classification would depend upon major vessel disruption such asthe 

femoral artery being damaged insome manner. In every case there wasatleastone 

bulletfragmentfoimd in or atthe bone.The powdertrail ofthe tungsten tin bullets 

becomes very obviousin every case after exiting the bone,and inthe casesofboth 

the tungsten tin and lead pistol bullets,partsof the copperjackets are almostalways 

invariablyfound in the gelatin priorto the bone itself. This is likely dueto the use of 

the soft-point bullet design ofthe projectiles used in thistesting. 

In every case ofboth thetungsten tin and lead bulletimpacts,the resulting 

femurs were classified asa gradeIV comminuted fracture according tothe Winquist 

and Hansen method offemoralfracture classification.No major differences between 

the wound severity caused by tungsten tin and lead pistol bullets were observed when 

graded bythe Red Cross Wound Severity Scoring System,nor werethe fracture types 
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ofeach bulletimpactobservably different according to the Winquistand Hansen 

method ofgradingfemoralfractures. 
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CHAPTERS 

COMPARISONOFTERMINALBALLISTICSOFTUNGSTEN TIN 

ANDLEADRIFLEBULLETS 

Having analyzed the data from the pistol bullets first,and believing thatthere 

can't be that much difference between afew gramsofmaterial's difference in both 

the tungsten tin and lead bullets asthey fly through the air,one mightexpectthatthe 

rifle bullets would behavein a manner similarto the pistol bullets.Simply stated, 

such an assumption would bea gross error.Asmentioned in the beginning ofthis 

work,there are quite different phenomenathat occurin tissue and gelatin whenthe 

velocity ofa projectile is increased threefold and the weightisreduced twofold.It is 

medicalfactthat woundsproduced by high velocity projectiles,such as rifle bullets, 

produce markedly differentwound patternsthan those oflower velocity pistol bullets. 

The woimdsresulting from rifle projectilestendto be deeper with a correspondingly 

larger maximum temporary cavity.Soft-nosed lead rifle projectiles are also designed 

tofragmentin tissue,notsimply expand as soft-nosed lead pistol bullets are designed 

to do.This fingmentation markedlyincreases wound severity by controlling the depth 

oftissue destruction.Theincreased energy ofthe rifle projectiles is also more 

efficiently used bythese fragmentsthan bya single intact bullet.Theindividual 
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fragments disperse the energy ofthe initial projectile by acting as cutting tools 

throughthe tissue.Dueto the fibrous nature ofreal tissue,a muscle bundle cutbya 

fragmentcan be completely detached and resultin increased hemorrhage(19,23). 

This isthe benefitto achieving firagmentation and utilizing the increased energy 

associated with rifle projectiles.It is nottypically desirable for a pistol bulletto 

fragment,asthe reduced massofthe bullet will prohibit adequate penetration depths. 

Instead,it is expansion thatisthe accepted method ofdeformation used in pistol 

bulletsto increase the destruction oftissue. Thisexpansionis notnecessarily to 

increase the diameter ofthe permanent cavity,butto increase drag so thatthe depth at 

which the maximum tissue destruction occurs can be controlled(36).Pistol bullets do 

not possessenough velocity,and therefore energy,to take advantage of 

fragmentation. 

This discussion is largely meaningless,however,whenthetarget is hard 

enough to makethe bullets fragmenton theirown as wasseen withthe pistol bullets. 

Thefactthatconventional rifle bullets do create differentwoundsthan conventional 

pistol bullets is important.The resulting analysis illustrates the effects ofhigh 

velocity tungsten tin rifle bullets versusthose ofhigh velocity lead bullets against 

bones encased in ballistic gelatin. 

In looking atthe differences between the5.56mm lead bulletsand the5.56mm 

tungsten-tin bullets against real porcine bones,severalitemscometo light.Eachtype 

ofbullet did fingmentagainstthe real porcine bone.Thetungsten tin bullet fragments 

recovered wereon average 24.80 grains(SD=5.52 grains)ofits60 grain initial 

weight,and the lead bulletfragmentsthat were recovered accounted for 35.01 grains 
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(SD=6.15 grains)ofthe initial60 grain weight.These differences in recovered 

weights serve to illustrate the effect ofdisintegration ofthe tungsten tin bullet and not 

an effect offiragmentation.The wound tracts ofthe tungsten tin rifle bullet displayed 

the same characteristic powder dispersion asthatofthe tungsten tin pistol bullet,but 

to a much greater degree as seen in figure 5-1.The small deviation associated with 

the recovered weightshowsthata consistent amountoffragments were recovered 

from each shotofeach bullettype. 

The lack ofcomplete recovery oflead rifle bulletto the same degree asthe 

pistol bullets(58%versus91%)is notcompletely understood,and maycontribute 

partially to the lack ofrecovery ofmore weightfrom the tungsten tin rifle bullet as 

compared to the lead rifle bullet(41%versus58%).It appearsthatthe lead bullet 

tended to breakinto tiny slivers oflead uponimpacting the bone,and these lead 

slivers were prohibitively difficult to locate in the ballistic gelatin. These slivers were 

notdeemed crucial to contributing to wound severity because oftheir small individual 

size and close proximity to the bone.Thetungsten tin remnants were easily located in 

the wound tract due to the high visibility ofthe powder as it coated the wound tract. 

The locations ofthe respective bulletfragments were also very different,and will be 

discussed later. 

Fragmentation ofthe rifle bullets occurred in a manneralmostexactly 

opposite thatofthe pistol bullets.Thetungsten-tin bullets on average broke into half 

the numberoflarge fragmentsthatlead bullets did.Forthe three tungsten tin rifle 

shots againstreal porcine bone,each bullet broke into an average of16.33 total 
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Figvire 5-1: Tungsten tin rifle bullet target showing tungsten tin powder dispersion 

throughout the permanent cavity. 
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fragments.Thelead bullet againstthe sametarget broke into an average of32.33 

fragments.This difference in bulletfragmentation is also reflected inthe small 

fragmentscollectedform each shot,butnotthe large fragments.Thetungsten tin 

bullet againstreal porcine bone broke into 14.33 smallfragmentsand2large 

fragmentson average,whereasthe lead bullet broke into 31 smallfragments and 1.33 

large fragmentson average againstthe same target.The small fragments supportthe 

conclusion thatthe lead bullet demonstrated morefragmentation,butthe large 

fragmentcountsuperficially does not.Whenlooking atthe actual bullets,however,it 

becomesapparentthatthere were no more large fragmentsto recover from the lead 

bullets;each shot had fragmented so severely upon impacting theface ofthe bone 

thatthere were no other large fragmentsto befound.Combining this with the 

recollection thata substantially greater portion ofthe lead bullet wasrecovered as 

opposed to the tungsten tin bulletleadsto the possibility thatthe lead bullet did 

splinter into morefragments when sinking real porcine bone encased in gelatinthan 

did thetungsten tin bullets and thatthose fragments are ofasmaller size on average. 

A t-test run onthe bullet fragmentation data,however,did notsupportthat conclusion 

based on a0.95 confidence level.Thet-test did not supportany differences between 

the fragmentation oftungsten tin and lead rifle bullets. 

The penetration depth ofeachtype ofbullet,and the subsequentlocation of 

the bulletfragments,revealed the greatest difference betweenthe tungsten tin and 

lead bullets.Thetungsten tin bullets penetrated atotal average depth of16.17"(SD= 

1.76").Thelead bullets penetrated an average depth of6.17"(SD=1.44"). 

118 



Corresponding velocities ofthe tungsten tin bullet averaged 2842.67feet per second 

(SD=168.01 ^s)and those ofthe lead bullets averaged 2791.67feet per second(SD 

=109.34 Q)s).The substantially greater penetration ofthe tungsten tin bullets 

illustrates the lesser degree offragmentation thetungsten tin bullets underwent.Asa 

bulletloses massthrough fragmentation,less penetration depth is achieved dueto the 

lower massofeach fragment.Thetungsten tin bullets appearedto smashthrough the 

anterior wallofcompactbone largely intact,then crack upon breaking through the 

posterior wall ofcompactbone.The bulletthen appearsto slowly lose small 

fragments before,during,and after yawing to create the maximum temporary cavity. 

After the creation ofthe MTC,the bulletcontinuesonfor severalinches before 

finally coming to rest an average of16.17"from the beginning ofthe target.The 

Tnavimiim temporary cavities had an average diameterof3.42"and werefound an 

average of3.08"post-bone.Tungsten tin powderand very smalltungsten tin 

fragments werefoundthroughoutthe wound tract,with greatestconcentrationsfound 

just afterthe posterior wall ofbone and atthe end ofthe bullet path. 

As stated,the penetration depth ofthe lead bullets averaged6.17"(SD= 

1.44").Thisis consistent with the explosive nature thatthe lead bullets demonstrated 

against bone.The lead bullets appeared to transfer the majority oftheir energy into 

the bone,and in the processbroke up into acloud oftiny slivers oflead.In only one 

shotofthe three did alead bullet penetrate beyond the boneasignificant distance. 

The mavirmim temporary cavities also occurred atthe bonein all three shotsand 

averaged 4.67"in diameter.This difference in location and diameter ofmaximum 

temporary cavities reflects howthe bone affects each type ofbullet;namely,thatthe 
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lead bullet isimpeded bythe bone and the bone becomesthelocation ofmaximum 

energy deposition,whereasthe tungsten tin bullet penetratesthrough the bone without 

any different observable effects from thatofthe lead bullet.One mightspeculate that 

bone damagefrom the lead bullet would be more severe than bone damagefrom the 

tiingstfin tin bullet,butthere is no pictorial evidenceto supportthis claim.Any 

objective evidence ofthis will be revealed in the analysis ofthe bone fragments. 

A morerelevant illustration ofthe natureofthe rifle bullets againstbone is 

seen in the post-bone penetration depths.Thetungsten tin bullets penetrated an 

average 10.33"(SD=1.96")pastthe bone,while thelead bullets penetrated an 

average of1.08"(SD=0.95")pastthe bone.Thisremarkable difference reinforces 

the theory thatthe tungsten tin bullets brokethroughthe bone with a minimum of 

bulletfragmentation atthe bone,and thatthe lead btillets all but disintegrated when 

they hit bone.Thissuggeststhatthetungsten tin rifle bullets"hold together"under 

the pressures ofimpacting bone betterthan lead rifle bullets andfragmentlater inthe 

wound path. 

In the tungsten tin bullet,the fragmentpattem did notbegin tmtil after the 

bullet had exited the bone.In one such shot,seen in figure 5-2,the tungsten tin bullet 

broke into three distinctly separate large fragmentsthat all achieved close to 

mavimiim penetration depth.Upon exiting the bonethe tungsten tin bullet appeared 

to leave atrail oftungsten tin powderthrough the wotmd tractforthe entire length of 

the permanentcavity,much like thatofthe tungsten tin pistol bullet.Itappeared that 

the tungsten tin bullets may have cracked upon hitting the bone,butdid notshatter as 
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Figure 5-2: Tungsten tin rifle shot showing three distinct fragment tracts penetrating 

the entire depth of the target. 
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wasexpected.The biillets penetrated the bone and began shedding powder only after 

penetrating the first anterior wall ofcompactbone.The shedding appeared to take 

place asareverse"snowballing"effect.It appeared that larger fragmentswould break 

offfrom the main bullet at slight anglesand penetrate into the tissue surrounding the 

main permanentcavity.The average depth ofthese offshoots depended onthe size, 

and thereforethe weight,ofthe brokenfragment.Each offshootcould be clearly seen 

asthe Augmentsshed powderand slowly disintegrated until its energy had been spent 

orthere wasno longera particle oftungsten tin to penetrate anyfurther.The small 

tungsten tinfragments were all recovered in this manner.The entire tungsten-tin 

bullet did not disintegrate,though,asthe larger Augments were usuallyfound atthe 

end ofthe permanentcavity.Thesefew large fragments werethe bottoms ofthe cores 

ofthe tungsten tin bullets,and could be identified assuch bytheir perfectly 

cylindrical cross section and smooth,flat base.(The diligentreader will recognize 

that mostofthe preceding analysisonthe behavior ofthe tungsten tin rifle bullet 

mirrorsthatofthetungsten tin pistol bullet.Thisis notunintentional.Both calibers of 

the tungsten tin bullets behaved in very similar and proportional ways.The greatest 

difference between thetwoisthe depth ofpenetration,with the rifle bullet penetrating 

furtherinto thetargetthan the pistol bullet.The rifle bullet also caused alarger 

mavimnm temporary cavity diameter,consistent withthe increased velocity(energy) 

ofthe rifle bullet.) 

The location ofAugmentsfrom the lead rifle bullets were almost all contained 

in the area before or atthe bone.The Augmentsofthe lead bullets appear as dark 

cloudy areasjust after the diaphysis ofthe bones.These Augments did not scatter 

122 



deeply into the surrounding ballistic gelatin.It appearsthatthe soft nature oflead 

allowsthe bulletto drastically deform whenimpactingthe bone,whilethe hard brittle 

nature ofthe tungsten tin bullet allows itto punchthrough the bone with minimal 

damage and continue muchfurther into the targets. 

The Red Cross wound classificationsofthe tungsten tin rifle bulletimpacts 

againstthe real bone target were all ofthe grade2typeF orVF category.This 

category is chosen eventhough the tungsten tin rifle bullets would leave atrail offine 

powder post-bone because no significanttungsten tinfragments werefound in the 

gelatin within severalinchesofthe bone.Although the third tungsten tin shotappears 

to have left fragments before and afterthe bone,none were recovered.The post-bone 

black cloud seen inthe photograph isthe resultofthe tungsten tin powder covering 

the fissures ofthe temporary cavity. While itcould be argued thatthetungsten tin 

rifle shots should be classified astype"M"shots because ofthis powderresidue,this 

category wasnotselected because ofthis"M"category is intended to representthat 

the majority ofthe metallic fragmentsfrom the wounding projectile are proximate to 

the wound itself.Inthe case ofthetungsten tin rifle bullets,these majorfragments 

were allfound outside the reasonable diameter ofthigh tissue.Itis possible,however, 

thatthe tungsten tin rifle bullets could have caused the more severe grade3injury if 

the exit wound diameters measured morethan9cm.This is suggested because the 

tungsten tin bullets all achieved complete penetration ofthe reasonable thigh 

diameter,and itis possible thatthe summed entrance and exitwoundscould have 

exceeded the requisite 10cm and been reclassified asa grade3typeF orVF wound. 
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This wasnotthe case with the lead rifle bullets,however.The Red Cross 

wound scoring system for each ofthe lead rifle bullets wasofthe grade2typeFM or 

VFM category.In every lead rifle target,the lead rifle bulletfragments were all 

contained within this reasonable thigh diameter. , 

All real porcine bones demonstrated marked comminution.The difference 

between anF orVF classification would depend upon major vessel disruption such as 

the femoral artery being damaged insome manner.It is possible thatthe tungsten tin 

rifle bullets would produce a more severe grade3 woundthan the lead rifle bullets 

dueto the greater penetration ofthetungsten tin rifle bullets,butthe lead bullets 

would certainly cause more localized damage dueto their more extreme localized 

fiiagmentation. 

In every case ofboththe tungsten tin and lead rifle bulletimpacts,the 

resultingfemurs were classified asa gradeIV comminuted fracture according to the 

Winquist and Hansen method offemoral fiacture classification.Thefracture types of 

each rifle bulletimpact were notobservably different according to the Winquistand 

Hansen method ofgrading femoralfractures. 
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CHAPTER6 

EFFECTSOFTHETUNGSTEN TIN ANDLEADRIFLEBULLETS 

AGAINSTREALPORCINEBONE 

Inthe casesofboth bullettypes,bone jfragments werefovmd throughoutthe 

permanentcavity postbone.It is these bone fragmentsthatAmato suggests can be 

construed as secondary missiles and contribute to wound severity(3).Inthe case of 

the tungsten tin bullet,an average total of265.62grainsofreal porcine bone 

fragments were collected from the wound tracts ofeach target.The standard deviation 

was77.47 grains.The collective bonefragmentsrecovered from the lead bullet 

targets averaged 286.79 grains with a deviation of50.89 grains.These remarkably 

similar numbersindicate thaton a collective level,eachtype ofrifle bullet caused a 

similar quantity ofdamage to the bones.There were on average 11.67large bone 

fragmentscollected from the tungsten tin targets.The total average weightofthese 

large fragments was238.20 grains(SD=60.26 gn),yielding an average large 

fragment weightof20.41 grains.From the lead bullettargets,an average of11.33 

large bonefragments were collected thathad an average total weightof252.65 grains 

(SD=30.90 gn),giving an average individual large fragment weightof22.30 grains. 

Again,the similarity ofthe large bone fragmentsizes and weights between the bullet 
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typesis surprising,suggesting thatfor large bonefragmentsand overall bone damage 

(by weight)there is no discemable difference betweenthe tungsten tin and lead 

bullets.The only difference betweenthese bullets with respectto bone isfound in the 

generation ofsmall bonefragments.There were an average of37.67small bone 

fragmentsrecovered from each ofthe tungsten tin bullettargets,while an average of 

91.00 small bone fragments were recovered from each ofthe lead bullettargets.The 

sizesofthese fragments were again very similar between bullettypes.The average 

total weightforthe small bone fragmentsfrom the tungsten tin targets were27.42 

grains(SD=17.32gn)and yielded an average size(by weight)of0.73 grains.The 

average total weightofthe small bonefragmentsrecovered from the lead bullet 

targets was34.11 grams(SD=20.15 gn)which resulted in an average fragmentsize 

(again,by weight)of0.37grams.The phenomenaofthe lead bullet generating almost 

2.5 times as manysmall bonefragments asthetungsten tin bulletis notclearly 

understood.It is possible thatthe increased fragmentation ofthe lead rifle bullets may 

havesomerelation to this increase in small bonefragment generation.A t-test 

supportsthese conclusions,as it produced a0.991 confidence levelthatthe lead rifle 

bullets produced a greater quantity ofsmall bonefragmentsthan the tungsten tin rifle 

bullets. All other metrics werefound to have no statistical difference betweenthe 

means. 

This similarity between bone coniminution underthe two separate types of 

bulletimpactsleads to the conclusion thatthe tungsten tin bullet affectsthe real 

porcine bone in muchthe same mannerasthelead bullet. While bone comminution is 
s 

unquestionably severe for each type,the primary difference betweenthetwo rifle 
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bulletsremainsthe difference in post-bone penetration depth.Itis herethatthe 

tungsten tin bullets take more full advantage ofthe bone fragmentsthey have 

generated by pulling them deeper into the permanentcavity pastthe bone and likely 

contributingto increased tissue damage overthe lead bullets.The bonefragmentsin 

the tungsten tin targets were mainlyfound inthe permanentcavity behind the bone. 

The depth ofthese jfragments into the permanentcavity ranged fromzero to three 

inchesawayfrom the bone.The bone fragments retrieved from the lead bullettargets 

were mainly clustered aroundthe bone itself. There were also more bonefragments 

found in the gelatin prior to the bonein the lead bullettargets. All ofthese fragments 

were small.There were no discemable bone fragmentsinthe gelatin prior to the bone 

inthe tungsten tin bullettargets. 
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PARTIII 

COMPARISONOFSYNTHETICBONEANDREALPORCINEBONE 

UNDERPROJECTILEIMPACT 
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CHAPTER1 

JUSTIFICATION 

Thesecond partofthis thesis examinesthe viability ofasynthetic bone as a 

replacementfor real bone in projectile impacttesting.A group ofresearchers atthe 

University ofTennessee,Knoxville have developed a proprietary materialthat was 

designed to simulate the mechanical propertiesofreal bone.The material can be 

injection-molded into almostany desired shape,and anumberofspecimens were 

maHp in the shape ofalong narrow cylinder.Each specimen was approximately 

fourteen incheslong and one inch in diameter. 

It wasdecided inthe planning stagesofthe first partofthis thesisthatthe 

existing specimenswould be castinto the samethigh-shaped gelatin mold asthe real 

bonesused inthe first partofthis testing.A total oftwelvetargets were made with 

the synthetic bonescastinside.This yielded an equalnumberofsynthetic bone 

targetsto real porcine bone targets,allowing a directcomparison ofthe effects ofthe 

sametypesand calibers ofbullets againstthe synthetic bone and the real porcine 

bone. 

The rationale for developing areal bone substitute initially seemsto be a self-

defeating proposition.Whybotherto develop such athing when real bones already 
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behave like real bones? Several issues arise that quickly revealthejustification of 

such research.Like snowflakes,notwo bones are exactly the same size and shape. 

This isthe single mostimportantreasonforthe developmentofareal bone substitute. 

The size and shape ofeach bone affectsthe mechanical properties ofthat particular 

bone.In conducting valid,repeatable scientific research,all known variables mustbe 

controlled as tightly as possible.A mass-produced synthetic bone ofwhich each piece 

possessesthe same mechanical properties ofa single given real bone woiild be greatly 

welcomed in the scientific community.This is especially true with regard to 

biomedicalresearch and the projectile impactresearch thatthis paper deals with. 

Real bones also havea distinct shelflife.The propertiesofbone change asa 

function ofthetime the bone spends outside ofits natural environment.Realbones 

mustalso be stored properly in orderto maintain their natural mechanical properties. 

The synthetic bonestested here are notaffected bytime,nor dothey require any 

expensive and difficult handling and storage procedures. 
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CHAPTER2 

METHODOLOGY 

The effects ofbullets againstreal porcine bones has been discussed in the&st 

partofthis thesis.Thesametypes ofbullets were also shotagainst synthetic bone 

cylinders contained in the same type gelatin targets.Theintention ofthese tests were 

to measure the comminution ofthe synthetic bonesunder eachtype ofprojectile 

impact.These results would then be compared againstthe results obtained from the 

real porcine bone comminution thatoccurred from eachtype ofbulletimpact.Forthe 

synthetic boneto beatruly viable replacementfor real bone inimpacttesting,the 

synthetic bone mustfracture and comminute in a more consistent maimerthan the 

real bone.The same bonefragmentanalysis will be performed onthe synthetic bone 

as was performed onthe real porcine bone.Thefollowing parameters will be 

compared: 

1. Average overall fragmentweight 

2. Average large fragmentquantity 

3. Average large fragment weight 

4. Average large fragmentsize(asafunction ofweight) 
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5. Average smallfragment quantity 

6. Average smallfragmentquantity 

7. Average smallfragmentsize(asafunction ofweight) 

8. Post-bone penetration depth 

9. Average velocity ofthe impacting projectile 

Ifthe synthetic bones demonstrate smaller deviations thanthe real bonesin 

mostor all ofthese parameters,the synthetic bones will be deemed as suitable 

substitutesforreal bonein projectile impacts.If,however,the deviationsturn out 

excessively large,more work will be needed to refine the existing synthetic bone. 

The procedural stepsofmaking,shooting,and dissecting the synthetic bone 

targets were exactly the same asthe real bone targets previously discussed in Chapter 

1 ofPartII ofthis thesis. 
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CHAPTERS 

DATAFROMPROJECTILEIMPACTSAGAINST 

SYNTHETICBONE 

The datain this chapteris presented intabularformat.Theindividual shot 

data forthe synthetic bone targets will be presented first,followed bythe recovered 

synthetic bonefragmentdata.Table 3-1 showsthe shotdata from lead pistol bullets 

against synthetic bonetargets,table 3-2showsthe shot data from tungsten tin pistol 

bullets against sjmthetic bone targets,table 3-3showsthe shotdatafrom lead rifle 

bullets against synthetic bone targets,and table 3-4showsthe shot datafrom tungsten 

tin bullets against synthetic bone targets. 

Table 3-5 showsthe bone fragmentdata from lead pistol bullets against 

synthetic bonetargets,table 3-6showsthe bulletfragmentdatafrom lead pistol 

bullets against synthetic bone targets,table 3-7showsthe bone fragmentdatafrom 

tungsten tin pistol bullets against synthetic bone targets,and table 3-8 showsthe 

bulletfragmentdata from tungsten tin pistol bullets against synthetic bone targets. 
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Table 3-1: ShotDatafor9mniLead Pistol Bullets Against Synthetic Bone Targets 

o 
t-

I 

Shot#l Shot#2 Shot#3 

Bullet Vel.(Q)s): 1006.3 1053.6 1065.0 

Tot.Pen.(in.); 7.50 8.50 14.50 

Bullet Frag.: Marked Extreme Little 

BB Vel.(^s): -570 -570 

BBPen.(in.): 2.75 3.50 3.10 

GelTemp.(°F): 35 37 41 

Bone Depth(in.): 4.75 4.50 4.75 

Bone Dia.(in.): 1.00 1.00 1.00 

Frac.Type: Complete Complete Complete 

Comm.: Very little Very little Extreme 

MTCDia.(in.): None Observed None Observed 1.90 

MTCLog.(in.): None Observed None Observed 1.00"post-bone 
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Table 3-2: ShotDatafor9inm Tungsten Tin Pistol Bullets AgainstSynthetic Bone 
Targets 

Bullet Vel.(I^s): 

Tot.Pen.(in.): 

Bullet Frag.: 

BB Vel.(j5)s): 

BBPen.(in.): 

GelTemp.(° F): 

Bone Depth(in.): 

Bone Dia.(in.): 

Frac.Type: 

Comm.: 

MTCDia.(in.): 

MTCLog.(in.): 

Shot#l 

928 

7.10 

Extreme 

-570 

3.00 

41 

4.25 

1.00 

Complete 

Marked 

1.00 

0.50"post-bone 

Shot#2 Shot#3 

1030.7 1048.6 

7.00 6.75 

Very little Little 

-570 -570 

2.75 2.75 

39 37 

4.50 4.25 

1.00 1.00 

Complete Complete 

Extreme Little 

None Observed None Observed 

None Observed None Observed 
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Table 3-3: ShotDatafor5.56mm Lead Rifle Bullets Against Synthetic Bone Targets 

Bullet Vel.(Q)s): 

Tot.Pen.(in.): 

Bullet Frag.: 

BB Vel.(fps): 

BBPen.(in.): 

GelTemp.(°F): 

Bone Depth(in.): 

BoneDia.(in.): 

Frac.Type: 

Comm.: 

MTCDia.(in.): 

MTCLoc.(in.): 

Shot#l 

NotRecorded 

7.75 

Extreme 

-570 

2.75 

35 

5.00 

1.00 

Complete 

Very little 

4.75 

3.00"post-entry 

Shot#2 

NotRecorded 

6.75 

Extreme 

2.50 

I37 

o 
3.50 

1.00 

Complete 

Little 

5.50 

3.00"post-entry 

Shot#3 

NotRecorded 

6.75 

Extreme 

-570 

3.75 

50 

5.00 

1.00 

Complete 

Very little 

4.50 

0.00"post-bone 

136 



Table 3-4: ShotDatafor 5.56nim Tungsten Tin Rifle Bullets Against Synthetic 
Bone Targets 

Bullet Vel.(fys): 

Tot.Pen.(in.): 

Bullet Frag.: 

BB Vel.C^s): 

BB Pen.(in.): 

GelTemp.(°F): 

Bone Depth(in.): 

Bone Dia.(in.): 

Frac.Type: 

Comm.: 

MTCDia.(in.): 

MTCLog.(in.): 

Shot#1 

2768 

15.00 

Extreme 

-570 

3.75 

48 

4.50 

1.00 

Complete 

Marked 

4.25 

0.00"post-bone 

Shot#2 Shot#3 

2791 2764 

14.50 14.00 

Extreme Extreme 

-570 -570 

3.00 3.10 

37 35 

4.50 4.00 

1.00 1.00 

Complete Butterfly 

Marked Extreme 

3.50 4.50 

0.00"post-bone 0.00"post-bone 
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Table 3-5: BoneFragmentDatafrom9mm Lead Pistol Bullets Against Synthetic 
Bone Targets 

SmallBone Fragments Large Bone Fragments 

Shot# Qty. Wt.(gn) Qty. Wt.(gn) 

1 14 1.92 0 NA 

2 17 2.88 2 3.02 

3 >120 8.38 8 65.12 

Table 3-6: BulletFragmentDatafrom9mm Lead Pistol Bullets Against Synthetic 
Bone Targets 

Small Bullet Fragments Large BulletFragments 

Shot# Qty. Wt.(gn) Qty Wt.(gn) 

1 46 52.04 8 73.62 

2 43 52.94 4 72.96 

3 11 10.66 2 113.34 
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Table 3-7: BoneFragmentDatafrom9mm Tungsten Tin Pistol Bullets Against 
Synthetic Bone Targets 

SmallBone Fragments Large Bone Fragments 

Shot# Qty. Wt.Cgn) Qty. Wt.(gn) 

1 -100 38.16 2 47.08 

2 -100 45.16 1 7.98 

3 85 38.70 0 NA 

Table 3-8: BulletFragmentDatafrom9mm Tungsten Tin Pistol Bullets Against 
RealBone Targets 

Small BulletFragments Large BulletFragments 

Shot# Otv. Wt.(gn) Qty. Wt.(gn) 

1 20 25.26 5 80.86 

2 20 5.76 2 115.74 

3 31 43.30 2 76.90 
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Table 3-9showsthe bone jfragment data from lead rifle bullets against 

synthetic bone targets,table 3-10showsthe bulletfragmentdata from lead rifle 

bullets against synthetic bonetargets,table 3-11 showsthe bonefragmentdatafrom 

tungsten tin rifle bullets against synthetic bone targets,and table 3-12showsthe 

bulletfragmentdata from tungsten tin rifle bullets against synthetic bone targets. 
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Table 3-9: Bone FragmentDatafrom 5.56mm Lead Rifle Bullets Against Synthetic 
Bone Targets 

SmallBone Fragments Large Bone Fragments 

Wt.(gn)Shot# Oty. Wt.(gn) Oty. 

1 1 0.22 0 NA 

2 43 2.74 3 10.74 

1 0.14 0 NA3 

Table 3-10: Bullet FragmentDatafrom 5.56mm Lead Rifle Bullets AgainstReal 
Bone Targets 

Small BulletFragments Large BulletFragments 

Shot# Oty. Wt.(gn) Oty. Wt.(gn) 

1 54 15.88 4 30.06 

2 56 14.92 2 28.12 

3 41 17.78 3 23.18 
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Table 3-11: Bone FragmentDatafrom 5.56mm Tungsten Tin Rifle Bullets Against 
Synthetic Bone Targets 

SmallBoneFragments Large Bone Fragments 

Shot# Oty. Wt.(gn) Qty. Wt.(gn) 

1 62 6.92 0 NA 

2 -100 13.56 0 NA 

3 -100 17.24 4 15.04 

Table 3-12: BulletFragmentDatafrom5.56mm Tungsten Tin Rifle Bullets Against 
RealBone Targets 

Small BulletFragments Large BulletFragments 

Shot# Oty. Wt.(gn) Qty. Wt.(gn) 

1 35 22.98 0 NA 

2 42 13.12 1 13.12 

3 38 30.18 3 18.10 
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CHAPTER4 

COMPARISONOFSYNTHETICANDREALPORCINEBONES 

UNDERLEADPISTOLBULLETIMPACTS 

The lead pistol bullet shots madeinto the synthetic bone targets had an 

average velocity of1041.63 feet per second witha deviation of31.13 feet per second. 

Thelead pistol bulletsfired into the real porcine bone targets averaged 1048.4feet 

per second with an accompanying deviation of21.04feet per second.These similar, 

consistent velocities were the only similar,consistent aspectsofthe synthetic bone 

testing. 

The synthetic bones shot withlead pistol bullets yielded atotal overall 

average fragment weightof27.11 grains.The deviation is large at 40.23 grains.The 

factthatthe deviation is largerthan the meanindicates gross non-uniformity of 

comminution ofthe synthetic bones,assuming that all shotsimpacting in the same 

area ofeach ofthe bones.This contrasts withthe overall total fragment weightofthe 

real bone targets shot with lead pistol bullets at72.49 grains with a deviation of33.74 

grains. Whilethe deviation for the real bonesis large,itindicatesamuch higher 

degree ofconsistencythan the synthetic bone. 
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This exceedingly large deviation is further reflected in the other measured 

parameters ofsynthetic bones.The average numberoflarge fragments generated by 

theimpactofthe lead pistol bullet was3.33 fragments,with adeviation of4.16 

fragments.Here again weseea deviation largerthan the mean numberoffragments 

generated.There were4.00large bone fragmentsgenerated bythe lead pistol biillet 

against real bone,with an accompanying deviation of3.00 fragments.Whilethis 

deviation isn't acceptably uniform,it is betterthanthatofthe synthetic bones.The 
I 

average collective weightofthe large synthetic bone fragments was22.71 grains, 

with adeviation of36.76 grains.This yielded an average fragmentsize of6.82 grains. 

The average collective weightofthe large real bonefragments were47.41 grains with 

adeviation of34.91 grains. Again,this doesn'tspeak wellforthe real bone,butit is 

still better than thatofthe synthetic bone.The average size ofthe large synthetic bone 

fragmentsis much lessthan the average size ofthe large real bonefragments which 

averaged 16.29 grains. 

The average quantity ofsmallfragments generated from the synthetic bone 

underlead pistol bulletimpacts was50.33 withadeviation of60.35.The same shots 

againstthe real bone yielded an average of42.67fragments generated and adeviation 

of25.89.Whilethe meansare close,the deviation again destroys any uniformity that 

this implies.The average smallfragmentcollective weights were4.39 grains witha 

deviation of3.49 grains,yielding an averageindividual smallfragmentsize of0.09 

grains.The average smallfragmentcollective weightfrom the real porcine bone was 

25.08 grains with adeviation of6.06 grains,resulting in an average individual 

fragmentsize of1.70 grains.Even accounting forany realistic differencesin density, 
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it is evidentthatthe synthetic bone doesnot mimicthe smallfragmentcomminution 

ofreal porcine bone. 

The synthetic post-bone penetration depth wasalso not similar to real porcine 

post-bone penetration depth.The lead pistol bullets penetrated an average of4.50" 

pastthe synthetic bone into the ballistic gelatin and had adeviation of3.73".The lead 

pistol bullets penetrated the pastthe real bone an average of6.78"into the gelatin 

with afairly consistent deviation of0.98".The synthetic post-bone penetration was 

notonly overtwo inches lesson average but wasalso very inconsistent when 

compared to the real bone. 

The synthetic boneshave beenshownto possess little or no uniformity when 

compared to real porcine bone underlead pistol bulletimpacts.Lead rifle bullet 

impacts will be analyzed next. 
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CHAPTERS 

COMPARISONOFSYNTHETICANDREALPORCINEBONES 

UNDERLEADRIFLEBULLETIMPACTS 

The velocities ofthe lead rifle bullets shotinto the synthetic bone target were 

unfortunately notrecorded dueto afaulty chronograph.The velocities oflead rifle 

bulletsfrom the same batch were recorded from the real bone shots and it is expected 

thatthe velocities are likely to be very similar,and these velocities will be used for 

the sake ofthis comparison.The velocities ofthe lead rifle bullets shotinto the real 

bone target averaged 2791.67feet persecond with adeviation of109.43feet per 

second. 

The synthetic bonesshotwith lead rifle bullets yielded atotal overall average 

fragment weightof4.61 grains.The deviation islaughably large at7.68 grains.The 

factthatthe deviation is larger than the meanindicates gross non-uniformity of 

comminution ofthe synthetic bones,assuming that all shotsimpacting in the same 

area ofeach ofthe bones.This contrasts with the overall total fragmentweightofthe 

real bone targets shot with lead rifle bullets at286.79 grains with adeviation of50.89 

grains. Whilethe deviation forthe real bones is large,itindicatesa much higher 

degree ofconsistencythanthe synthetic bone. 
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Thisexceedingly large deviation isfurther reflected in the other measured 

parameters ofsynthetic bones.The average numberoflarge fragments generated by 

the impactofthe lead rifle bullet was 1 fragment,with a deviation of 1.73 fragments. 

Here again wesee a deviation largerthan the mean numberoffragments generated. 

There were 11.33 large bone fragments generated bythe lead rifle bullet against real 

bone,with an accompanying deviation of3.06fragments.While this deviation isn't 

acceptably uniform,it is better than thatofthe synthetic bones.The average weightof 

alarge synthetic bone fragmentwas3.58 grains,with a deviation of6.20 grains.This 

yielded an average fragmentsize of3.58 grains.The average weightofthe large real 

bone fragments were252.65 grains with a deviation of30.90 grains.Again,this 

doesn'tspeak wellforthe real bone,butit is still better than thatofthe synthetic 

bone.The average size ofthe large synthetic bonefragments is much lessthan the 

average size ofthe large real bone fragments which averaged 22.30 grains. 

The average quantity ofsmallfragments generated from the synthetic bone 

underlead rifle bulletimpacts was 15.00 with a deviation of24.25.Thesame shots 

againstthe real bone yielded an average of91.00fragments generated and a deviation 

of15.59.Whilethe meansare close,the deviation again destroys any uniformity that 

this implies.The average small fragmentcollective weights were 1.03 grains with a 

deviation of1.48 grains,yielding an average individual smallfragmentsize of0.07 

grains.The average smallfragmentcollective weightfrom the real porcine bone was 

34.11 grains with a deviation of20.15 grains,resulting in an average individual 

fragmentsize of0.37 grains.Even accounting for any realistic differencesin density. 
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it is evidentthatthe synthetic bone does notmimicthe smallfragmentcomminution 

ofreal porcine bone. 

The synthetic post-bone penetration depth was very similarto real porcine 

post-bone penetration depth.Thelead rifle bullets penetrated an average of1.58"past 

the synthetic bone into the ballistic gelatin and had adeviationof0.76".Thelead rifle 

bullets penetrated the pastthe real bone an average of1.08"into the gelatin with a 

fairly consistent deviation of0.95".The synthetic post-bone penetration was 

demonstrably more consistentthan any ofthe other parameters measured.In this 

instance,the lead rifle bullet penetrated to amore consistent depth after passing 

through the synthetic bone than after passing through the real porcine bone.It mustbe 

noted thatthis difference only appliesto the higher velocity,lower mass rifle bullets, 

and notthe pistol bullets. It also mustbe noted thatthe difference betweenthe 

synthetic bones and real porcine bones is marginal at best. 

The synthetic boneshave beenshownto possess little or no uniformity when 

comparedto real porcine bone underlead rifle bulletimpacts with the possible 

exception ofpost-bone penetration depth.Tungsten tin pistol bulletimpacts against 

synthetic bones will be analyzed next. 
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CHAPTER6 

COMPARISONOFSYNTHETICANDREALPORCINEBONES 

UNDERTUNGSTEN TINPISTOLBULLETIMPACTS 

Thetungsten tin pistol bullet shots made into the synthetic bonetargets had an 

average velocity of1002.43 feet per second witha deviation of65.08feet per second. 

Thetungsten tin pistol bullets fired into the real porcine bone targets averaged 

1035.03feet per second with an accompanying deviation of5.85 feet persecond.The 

large disparity between thetwo is notunderstood,asthe bullets wereloaded in the 

same batch. 

The synthetic bonesshot with tungsten tin pistol bullets yielded atotal overall 

averagefragment weightof59.03 grains.The deviation is 23.82 grains.Thisisthe 

firstinstance ofsynthetic bone comminution wherethe deviation is significantly less 

thanthe mean.Thislendscredenceto the possibility ofuniformity ofcomminution of 

the synthetic bonesshot with tungsten tin pistol bullets,assuming that all shots 

impacting in the same area ofeach ofthe bones.This contrasts withthe overalltotal 

fragment weightofthe real bone targets shot with tungsten tin pistol bullets at 179.83 

grains with adeviation of96.89 grains.The comparatively smaller deviation ofthe 

synthetic bonessuggeststhatthe synthetic bone is moreuniform with respectto 
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comminution,butthe difference in overallfragment Aveight is indicative ofthe 

synthetic bone notfully replicating the amountoffragmentation ofreal bone.The 

diameter ofthe synthetic bones are lessthan those ofthe real bones(1.00"versus 

1.47",respectively),butthe 32%reduction in diameter from real boneto synthetic 

bone does notcorrespond with the67%percent decrease offragmentweightfrom 

real boneto synthetic bone.Granted,this comparison would truly only be valid ifthe 

bullet diameter were reduced forthe synthetic bone as well,andthe possible 

difference in density between the real bone and synthetic bone be accounted for as 

well.Even in light ofthis,it is not believed thatthe synthetic bone reasonably 

replicates the overall fragmentation ofreal bone,although it does demonstrate more 

uniformity tban the real bone does undertungsten tin bulletimpacts.This conclusion 

shows promiseforthe synthetic bone as afuture viable replacementfor synthetic 

bone,butonly after more research and refinementis doneonthe shape and 

composition ofthe synthetic bone. 

There wasonly 1.00large bonefragmentgenerated on average bythe 

tupgstftn tin pistol bulletimpactingthe synthetic bone,with a deviation of1.00 

fragment.There were 9.00 large bonefragments generated by thetungsten tin pistol 

bullet againstreal bone(6.00 ifthe second shotis notdiscounted),with an 

accompanying deviation of2.82(5.57)fragments.While this deviation isn't 

acceptably uniform,it is better thanthatofthe synthetic bones.The average weightof 

the large synthetic bonefragmentwas 18.35 grains,with a deviation of25.20 grains. 

This yielded an average fragmentsize of18.35 grains.The average weightofthe 

large real bone fragments was 135.85 grains with a deviation of122.08 grains.The 
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average size ofthe large real bonefragmentwas 15.09 grains,or22.64 grains 

including the second shot.The appearance ofprevious overallfragmentconsistency 

doesnotextendto the large fragmentsofeach bone type.Both bonesexhibited poor 

uniformity in thisregard. 

The average quantity ofsmallfragments generated from the synthetic bone 

undertungsten tin pistol bulletimpacts was95.00 with adeviation of8.66.The same 

shots againstthe real bone yielded an average of79.00fragments generated and a 

deviation of5.20.It is evidentthatthe uniformityseenin the overall fragment 

quantity stems largely from the effect ofsmallfragmentgeneration in eachtype of 

bone.The average synthetic bone smallfragmentcollective weights were40.67 

grains with adeviation of3.89 grains,yielding an average individual small fragment 

size of0.43 grains.The average smallfragmentcollective weightfrom the real 

porcine bone was43.98 grains with a deviation of6.97 grains,resulting in an average 

individual fragmentsize of0.57 grains.Thissmall bone comminution isremarkably 

consistent and similar between synthetic bone and real bone,and it suggeststhatona 

micro scalethe synthetic bone may be a viable replacementfor real bonein projectile 

impacttests. Thistesting showsthatmore work is needed onthe synthetic boneto 

make it replicatethe macro effects ofprojectile impacts on real bone,however. 

The synthetic post-bone penetration depth wasnotsimilar to real porcine post-

bone penetration depth although the penetration depths achieved displayed less 

variation than those inthe real bone target.Thetungsten tin pistol bullets penetrated 

an average of1.62"pastthe synthetic bone into the ballistic gelatin and had a 

deviation of0.20".Thetungsten tin pistol bxillets penetrated the pastthe real bone an 
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average of9.12"into the gelatin with alarger comparative deviation of1.83".This 

huge difference in synthetic post-bone penetration suggeststhatthe synthetic bones 

atfecttungsten tin pistol bullets in aremarkably different mannerthan real bones do. 

Thetungsten tin pistol bullets appearto lose more energyin synthetic bonesthan real 

bones.The synthetic bones may be harder and more resistantto fracture thanthe real 

bones are,and instead ofthe tungsten tin pistol bullets fracturing the real bones,the 

synthetic bones may be firacturing thetungsten tin pistol bullets.Toinvestigate this,a 

look atthe bullet frragments is in order.The totalrecovered weightofthe tungsten tin 

pistol bullets againstthe synthetic bonetargets averaged 115.94 grains and had a 

deviation of8.53 grains.The total recovered weightofthe tungsten tin pistol bullets 

against real bonesaveraged 113.43 grains and had a deviation of3.94 grains.There 

are no stellar differences evidenthere.Thetungsten tin pistol bullets against synthetic 

bones broke into an average of26.67frragments with adeviation of5.69.The 

tungsten tin pistol bullets against real porcine bones broke into an average of18.00 

total frragmentsand had adeviation of 15.72.This suggeststhatthe tungsten tin pistol 

bullets broke into more Jfragments and did soin a more consistentfashion againstthe 

synthetic bonesthan they did againstthe real bones.The breakdown ofthese 

fragmentsinto large and small categories also reflectsthis conclusion.Thetungsten 

tin pistol bullets againstthe synthetic bones broke into 3.00large frragmentson 

average and had a deviation of1.73.Thesame bullets againstthe real bone targets 

broke into an average of1.33large fr*agmentsand had adeviation of0.58.It appears 

thatthe tungsten tin pistol bullets broke into approximatelytwice as many frragments 

against synthetic bonesthan againstreal bones.The tungsten tin pistol bullets against 
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the synthetic bones broke into 23.67smallfragmentson average and had adeviation 

of6.35.Thesame bullets againstthe real bone targets broke into an average of16.67 

small fragments and had a deviation of15.14.This metric also indicates thatthe 

synthetic bones affectthe tungsten tin pistol bulletsin a different mannerthanthe real 

bonesdo.It seemsthatthe synthetic bonesproduce more consistentfragmentation 

againsttungsten tin pistol projectilesthan real bones. 

The difference betweenthe post-bone penetration depthsoflead pistol bullets 

and tungsten tin pistol bullets suggeststhatthe synthetic bones may be much harder 

to fracture than the real bones are.The real bones are more brittle thanthe synthetic 

bones,while the synthetic bones possess more ductility than the real bones.Itis 

believed thatthe tungsten tin bullets were prone to losing more energy when breaking 

throughthe synthetic bonesthanthe real bones,eventhoughthe synthetic bones were 

32%smaller in diameteron average.The more consistent and uniform tungsten tin 

bulletfragmentation against synthetic bonescan bethe resultoftwo possible 

situations:thatthe synthetic bone hasa more uniform densitythan the real bonesdo, 

and/orthe synthetic bones are much stronger and resistantto projectile impactsthan 

are real bones.Either scenario would cause the tungsten tin pistol bulletto fragment 

to a greater degree than penetration into a softer medium in general. 

The synthetic boneshave beenshownto possess little or no uniformity when 

compared to real porcine bone undertungsten tin pistol bulletimpacts.Tungsten tin 

rifle bulletimpacts will be analyzed next. 
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CHAPTER7 

COMPARISONOFSYNTHETICANDREALPORCINEBONES 

UNDERTUNGSTENTINRIFLEBULLETIMPACTS 

The tungsten tin rifle bullet shots madeinto the synthetic bonetargets had an 

average velocity of2774.33feet persecond with adeviation of14.57feet persecond. 

Thetungsten tin rifle bullets fired into the real porcine bonetargets averaged 2842.67 

feetpersecond with an accompanying deviationof168.01 feet persecond. 

Thesynthetic bonesshot with tungsten tin rifle bullets yielded atotal overall 

average fragmentweightof17.59 grains.The deviation is large at 13.15 grains.This 

contrasts with the overall total fragment weightofthe real bone targets shot with 

tungsten tin rifle bullets at265.62 grains with adeviation of77.47 grains. While the 

deviation forthe real bonesis large,itindicatesamuch higher degree ofconsistency 

than the synthetic bone. 

The average numberoflarge fragments generated by theimpactofthe 

tungsten tin rifle bulletinto the synthetic bone was 1.33 fragments,with adeviation 

of2.31 fragments.Here weseeadeviation largerthan the mean numberoffragments 

generated.There were 11.67large bone fragments generated bythe tungsten tin rifle 

bullet againstreal bone,with an accompanying deviation of8.62fragments.While 
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this deviation isn't acceptably unifomi,it is betterthan thatofthe synthetic bones. 

The average weightofalarge synthetic bonefragmentwas 13.23 grains.The average 

weightofthe large real bonefragments were20.41 grains.Again,this doesn't speak 

wellforthe real bone,butit is still preferable to thatofthe synthetic bone. 

The average quantity ofsmallfragments generated from the synthetic bone 

undertungsten tin rifle bulletimpacts was87.33 with a deviation of21.94.Thesame 

shots againstthe real bone yielded an average of37.67fragments generated and a 

deviation of11.93.These numbersindicate thatthe synthetic bone possesses more 

uniform smallfragmentcomminutionthanthe real bone underthe high velocity,low 

massimpactoftungsten tin rifle bullets. This doesnotseem to apply to the lead rifle 

bullets,however.The greater comminutionofthe synthetic bonefrom tungsten tin 

bullets is siuprising when compared to thatofthe synthetic bone comminutionfrom 

lead rifle bullets(15.00 average smallfragmentsgenerated,with a deviation of 

24.25). 

The average small fragmentcollective weightsfrom thetungsten tin rifle 

bulletimpactingthe synthetic bone were 12.57grains with a deviation of5.23 grains, 

yielding an average individual smallfragmentsize of0.14 grains.The average small 

fragmentcollective weightfrom the real porcine bone was27.42 grains witha 

deviation of17.32 grains,resulting in an average individualfragmentsize of0.73 

grains. While this small difference in average individual smallfragment weightcould 

be attributed to differing densities ofsynthetic bone and real bone,the actual quantity 

offragments generated in categoriesofboth size and weightprecludesthe conclusion 

that synthetic bone is a viable replacementforreal bone inimpact projectile studies. 
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The greater uniformity ofcomminution ofthe synthetic bone overthe real boneona 

«;mal1 scale,though,is very encouraging and suggeststhat with refinementthe 

synthetic bone can actasasuitable altemative.Thesubsequent analysisofpost-bone 

penetration depth further reinforcesthis belief. 

The synthetic post-bone penetration depth wasvery similar to real porcine 

post-bone penetration depth.Thetungsten tin rifle bullets penetrated an average of 

9.17"pastthe synthetic bone into the ballistic gelatin and had adeviation of0.29. 

Thetungsten tin rifle bullets penetrated the pastthe real bone an average of10.33" 

into the gelatin with afairly consistent deviation of1.96".The synthetic post-bone 

penetration wasremarkably more consistentthan the real boneinthis measurement. 

The differences betweenthefavorable behaviorofthe tungsten tin and lead rifle 

bullets againstthe synthetic bonesandthe unfavorable behaviorofthe pistol bullets, 

particularly thetungsten tin pistol bullets,can likely be traced back to the very 

differences ofthe bulletsthemselves.The increased energy dueto increased velocity, 

smaller size,and lower massofthe rifle projectiles allowsthemto overcomethe 

mechanical propertiesofthe synthetic bonesthatinturn cannotbe overcome bythe 

decreased velocity,increased size,and increased massofthe pistol bullets. 
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CONCLUSIONS 
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CHAPTER1 

TUNGSTEN TINPROJECTILESVERSUSLEADPROJECTILES 

Thetimgstftn tin pistol bullets may cause more significantwoundtrauma 

against bonesencased in ballistic gelatin than lead pistol bullets solely dueto the 

greater collective bonefragment weights generated bythetungsten-tin pistol bullet 

impacts againstreal porcine bonesoverlead pistol bullets.Bonecommmutionis 

observed under bothtypesofbullets impacts,butin every other metric there wasno 

statistically significant difference observed betweenthetwotypesofpistol bullets. 

There were no statistically significant differences betweenthe fragmentation 

ofeach type ofpistol bullet.Although it appearedfrom looking atthe simple means 

thatthe tungsten-tin pistol bulletgenerated a greater quantity ofsmall bullet 

fragmentsthan lead bullets,asubsequentt-test did notsupportthis. 

Thetungsten tin rifle bullets did perform significantly different firom the lead 

rifle bulletsin the overall and post-bone depth ofpenetration into the target.The 

tungsten tin bullets also demonstrated less bullet firagmentation than did the lead 

bullets on average.Dueto this increased penetration depth,it is possiblethatthe 

tungsten tin rifle bullets can damage a greater depth oftissue than the lead rifle 

bullets.Thelead rifle bullets did generate a greaternumberofsmall bone fingments 
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than the tungsten tin rifle bullets againstreal porcine bone,butthesefragments are 

likely too smallto cause significanttissue damage. 

There were no statistically significant differences between the fragmentation 

ofeachtype ofrifle bullet.None were observed orinferred through the simple means, 

and a subsequentt-test reinforces this. 

Having reported the objective data aboutthe differences betweenthe tungsten 

tin and lead bullettypes,the more interesting and useful part ofthis work liesin the 

interpretation ofthese findings.Many questionsthat are likely to be posed would 

concernthe applicability oftungsten tin bullets in situations that are currently served 

by conventional lead bullets,as well ashowthe different characteristics oftungsten 

tin bullets can be utilized in an advantageous manneroverlead bullets.Finally,after 

all the paper and time thatthis testing hasconsumed,one mightask whatthe"real 

world"benefits and detrimentsofthe tungsten tin bullets are. 

Thetungsten tin bullets do perform differently than lead bullets.The 

differences can be mostly attributed to the mechanical propertiesofthetungsten tin 

powdered metal core versusthose ofthe conventional lead core.Thetungsten tin 

cores are much harderthanthe softlead used in conventional bullet cores.This is 

easily observed by scratching each material withaknife,or even a fingernail.The 

hardness ofthe tungsten tin core is aresult ofthetungsten metal,and arough 

estimation ofthe tungsten ratio in atungsten tin core can be made in this manner. 

While reducing the amountoftungsten may resultin asofter bullet,the resulting 

density would also be lessthan thatoflead. 
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Another property oflead thatthe tungstentin bullets did notemulate wasthat 

ofductility.The majority oflead used in small arms ammunition is ductile and 

malleable.It is these properties,combined with high density,thatcombineto make 

lead a desirable bullet material.Underthe pressuresofimpactin softtissue,lead 

deforms plastically.A lead core bulletistypically designedto take advantage ofthese 

properties by expanding to a greater diameterin the handgun bullet and fragmenting 

in the case ofrifle bullets.The expansion in the handgun bullet serves to controlthe 

depth at which maximum tissue damage occurs,and the fragmentation that soft-point 

rifle bullets undergo is designed to efficiently use the greatamountsofenergy from 

the rifle bullet's high velocity in thateach fragmentbecomesacutting toolin the 

tissue.This dispersesthe energythrough the tissue in a destructive manner,as it 

should be recalled thattissue isn't damaged solely from energy deposition butrather 

how that energy is used. 

Thetungsten tin composite coresdo notpossessthe ductility and malleability 

oflead.They are very brittle,and in many cases it is this brittle nature that makesthe 

manufacture ofthese bullets difficult,asthe cores are prone to crack atany pointin 

the manufacturing process. This brittle nature isexemplified whenthetungsten tin 

bulletsshed their softcopperjackets early in the gelatin and continue through the 

gelatin and bone withoutsignificant deformation.The bullets can and do fragment, 

butthey are never molded into a differentshape underthe pressures ofimpact with 

gelatin or bone.The main cores will crack upon striking the bone,and will shed small 

fragmentsthroughoutthe wound tract,butthey will never expand to a greater 

diameter aslead handgun bullets are designed to do.In rifle bullets,the nature ofthe 
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tungsten tin bulletfragmentation is notexactly similar to lead bullets,asthe lead 

bulletstend to decrease their penetration depth asthey expand before fragmenting. 

Thetungsten tin rifle corestendto begin theirfragmentation from theforward end of 

the core down,butdo notexpand and increase their drag in tissue in orderto control 

the depth ofpenetration at which maximum tissue damage occurs.Thisis believed to 

be one ofthe reasonsthatthe enabled the tungsten tin rifle bullets to penetrate further 

into the gelatin blocksthanthe lead rifle bullets after striking bone. 

This brittle nature isn't necessarily an undesirable characteristic.One ofthe 

attractive aspectsofthe tungsten tin bulletis its inherentfrangibility.The brittle 

nature ofthe tungsten tin core allows itto literally disintegrate uponimpact with a 

materialthat is much harderthan the composite tungsten tin core.Concrete and steel 

aretwo materials thatreadily spring to mind,andthe tungsten tin bullets have been 

shownto produce virtually no ricochets when striking such surfaces.Slow motion 

video documentsthe tungsten tin coresturning to flne powder uponimpacts with 

steel,and similar results are expected from concrete.In applications such as close 

quarters battle(CQB)in areasofconcrete structures and around sensitive equipment 

such as nuclear weapons,the increased frangibility and zero ricochets ofthetungsten 

tin bullets isa desirable characteristic.Lead bullets will often flatten outinto razor-

sharp fragmentsthatricochetoffin unpredictable directions,easily inflicting damage 

on an unintended target.Lead armor-piercing ammunition is also ricochet-prone and 

hasthe ability to damage sensitive equipmentto greater degree than conventionallead 

bullets.In both applications,tungsten tin bullets have particular value.Whatmustbe 

keptin mind are the effects thatthe tungsten tin bullets produce against softtargets, 
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such ashumantissue.In their current state ofdesign,the mechanical properties ofthe 

tungsten tin bullets do not behave in the same manner aslead bullets in either rifle or 

pistol calibers.Atungsten tin hollowpoint pistol bulletis notlikely to expand in 

tissue and controlthe depth at which maximum tissue damage occurs,so another 

method ofincreasing its drag in softtissue will likely need to be developed.Thisnew 

method would need to utilize the brittle nature ofthe tungsten tin core,ora method of 

modifying the tungsten tin core with additional materials is required to increase the 

ductility ofthe tungsten tin core so thatthe core will expand in a maimer similar to 

lead. 

Thesesame recommendationsapplyto rifle bullets,butto alesser extent. 

Tungstentin rifle bullets have beenshownto fragmentto acomparable degree to lead 

rifle bullets againstimpacts with bone,although as mentioned previously,the 

distinguishing difference betweenthetwo types ofrifle bulletsis penetration depth. 

Thetungsten tin bullets penetrate the bone easily,often staying largely intact until 

well pastthe bone.Anylarge fi:agments are usuallyfound in close proximityto the 

other large fragments.Lead rifle bullets did noteasily penetrate bone,and in every 

case the forward motion ofthe lead rifle bullet all butceased when it hitthe bone. 

Thelead rifle bullets also deformed and fragmented in or atthe bonein every 

instance. 

The greater penetration depth dueto the decreased large-scale frangibility of 

the tungsten tin rifle bullets can be beneficial or detrimental,depending onthe 

specific target.Ifthe target is covered bya material ofthe consistency ofbone,the 

greater penetration depth ofthetungsten tin rifle bullet would be an asset.Ifthe target 
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obscured bya greater than normal depth oftissue,such as a medial-lateral chest 

shot,the greater penetration depth ofthe tungsten tin rifle bullet would also be 

welcome.If,however,the target were an extremity,the tungsten tin bullet would 

likely over-penetrate the target,and total energy deposition in the target would likely 

be lessthan thatofthe lead rifle bullet.Thelead bullet also likely possessesan 

advantage overtungsten tin bulletsin anterior-posterior impacts againstan unarmored 

human body,asthe fragmentation ofthe lead rifle bullets controlsthe depth of 

TTigvirmim tissue damageto an optimum shorter distance versusthe possible over-

penetration ofthe tungsten tin rifle bullets. Itis notbelieved thatthetungsten tin rifle 

bullets would penetrate hard body armor,asthey would likely disintegrate,butit 

would be interesting to see their effects against soft body armor.Itis possible thatthe 

tungsten tin bullets may behave differently than lead bullets against softbody armor 

because oftheir lack ofductility and greater hardness. 

These commentsonthe nature ofthe tungsten tin bullets and their differences 

with respectto lead bullets are notmeanto be objective facts.The previous 

discussion merely attemptsto characterize the behavior ofthe tungsten tin projectiles 

based on preliminary results obtained in the evaluation ofthe projectiles againstreal 

and synthetic bonesencased in ballistic gelatin. 

was
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CHAPTER2 

SYNTHETICBONESVERSUSREALBONES 

The synthetic bonestested here did notexhibit more uniform comminution 

vmder projectile impactsthan real bone.The synthetic bones were notas brittle asreal 

organic bone,and behaved differentlyfrom real organic bone under projectile 

impacts.Thesynthetic bone appeared to possess more ductility than real bones,and 

somelarge synthetic bonefragments exhibited plastic deformationzonesaround their 

edges.A greater degree ofductility ofthe synthetic bonesoverthe real bonesmay 

help explain whythefragmentation and comminution ofthe real bones wasmuch 

more severthanthatseen in synthetic bones.Increasing the hardnessofthe synthetic 

bonesmay yield fragmentation and comminution results more similarto those ofreal 

bone. 

The physical appearance ofthe interior ofthe synthetic bones wasvery similar 

to thatofreal bone.Interior portions ofsynthetic bonefragmentsand segments 

strongly resembled the cancellousand trabecular bone structure found inthe real bone 

fragmentsand segments. 

The interiors ofthe real bones were also filled with thick,fluid marrow.Itis 

possible thatthe incompressibilityofthis marrow could contribute to distributing the 
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interior pressure,caused by the passage ofthe projectile,further into each halfofthe 

bone segments.This mightalso contribute to the greater degree ofcomminution and 

fragmentation seen in real bone ascompared to the synthetic bone. 

The consistency ofthe synthetic bone materialseemed to present more 

uniformitythan real bone material dueto more consistent post-bone penetration by 

bothtypesofrifle bullets.This holds promiseforfurther developmentofthe synthetic 

bone.It has already been suggested that drilling outthe centers ofthese synthetic 

bonesmay yield more consistentlarge bone fragmentcomminution.Ifthis is done, 

the wallthickness ofthe synthetic bone should be scaled proportionatelyto thatofthe 

wallthicknessofreal bones.Improving the physical shape ofthe synthetic bones 

would also likely increase the probability ofbehaving like real bones.Flaring the 

endsofthe synthetic bone mightmore accurately modelreal long bones,as would an 

increase in general size and length.It should be said thatthe exterior surface ofthe 

synthetic bonein its current guise closely resemblesthatofreal bone.Tiny surface 

irregularities in the synthetic bone from the injection molding process madefor a 

surface that mimickedthe surface irregularities ofreal bone. 

The addition ofasynthetic periosteum would also assistin replicating the 

fracture characteristics ofreal bone,as wouldthe developmentofamore uniform 

injection molding manufacturing method. 
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Figure A-1: Firstlead pistol shot against a real bone target. 
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Figure A-2: Real porcine bone from first lead pistol shot. 
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Figure A-3: Second lead pistol shot against a real bone target. 
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Figure A-4: Real porcine bonefrom second lead pistol shot. 
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Figure A-5: Third lead pistol shot against a real bone target. 
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Figure A-6: Real porcine bone from third lead pistol shot. 
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Figure A-7; First tungsten tin pistol shot against a real bone target. 
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Figure A-8; Real porcine bonefrom first tungsten tin pistol shot. 

177 



 � 

Figure A-9: Second tungsten tin pistol shot againsta real bone target. 
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Figure A-10: Real porcine bone from second tungsten tin pistol shot. 
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Figure A-11: Third tungsten tin pistol shot against a real bone target. 
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Figure A-12; Real porcine bone from third tungsten tin pistol shot. 
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Figure A-13; First lead rifle shot against a real bone target. 
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Figure A-14: Closer view ofthe real porcine bonefrom first lead rifle shot. 
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Figure A-15: Second lead rifle shot against a real bone target. 
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Figure A-16: Closer view ofthe real porcine bonefrom second lead rifle 
shot. 
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Figure A-17: Third lead rifle shot againsta real bone target. 
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Figure A-18: Closer view ofthe real porcine bone from third lead rifle shot. 
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Figure A-19: First tungsten tin rifle shot againsta real bone target.Note 
increased penetration depth compared to lead rifle bullets. 
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Figure A-20; Closer view ofthe real porcine bone from first tungsten tin rifle 
shot. 
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Figiire A-21: Second tungsten tin rifle shot against a real bone target. Note 
increased penetration depth compared to lead rifle bullets. 
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Figure A-22: Closer view of the real porcine bone from second tungsten tin 
rifle shot. 
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Figure A-23: Third tungsten tin rifle shot against a real bone target.Note 
increased penetration depth compared to lead rifle bullets. 
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Figure A-24: Closer view ofthe real porcine bonefrom third tungsten tin 
rifle shot. 
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Figure A-25; First lead pistol shot againsta synthetic bone target. 
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Figure A-26: Closer view ofthe synthetic bonefrom first lead pistol shot. 
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Figure A-27: Second lead pistol shot against a synthetic bone target. 
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Figure A-28: Closer view of the synthetic bone from second lead pistol shot. 
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Figure A-29: Third lead pistol shot againsta synthetic bone target. 
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Figure A-30: Closer view ofthe synthetic bonefrom third lead pistol shot. 
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Figure A-31: Firsttungsten tin pistol shot againsta synthetic bone target. 
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Figure A-32: Closer view ofthe synthetic bonefrom third lead pistol shot. 
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Figure A-33: Second tungsten tin pistol shot against a synthetic bone target. 
Note the unfragmented tungsten tin bullet core immediately past the bone. 

8 
kk' 

s—st 

Figure A-34: Closer view ofthe synthetic bonefrom second tungsten tin 
pistol shot. 
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Figure A-35: Third tungsten tin pistol shot against a synthetic bone target. 
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Figure A-36; Closer view of the synthetic bone from third tungsten tin pistol 
shot. 

191 



 

(O 

p- 10 

lO£l-

Figure A-37: Firstlead rifle shot againsta synthetic bone target.Note the 
similar penetration depth to the real bone for the same type ofbullet. 
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Figure A-38: Closer view ofthe synthetic bonefrom first lead rifle shot.The 
large metallic fragmentto the lower right ofthe bone is the bulletjacket. 
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Figure A-39: Second lead rifle shot against a synthetic bone target.Note the 
segmented fracture type. 

[1% 

mhBi'Fto: 

't 

h 

It)/s''\or z 

Figure A-40; Closer view ofthe synthetic bone from second lead rifle shot. 
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Figure A-41: Third lead rifle shot against a synthetic bone target. 
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Figure A-42: Closer view ofthe synthetic bonefrom third lead rifle shot. 
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Figure A-43:Firsttungsten tin rifle shot againsta synthetic bone target. 
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Figure A-44: Closer view of the synthetic bone from first tungsten tin rifle 
shot. Note the dispersion of bone fragments past the bone. 
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Figure A-45;Second tungsten tin rifle shot againsta synthetic bone target. 
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Figure A-46: Closer view ofthe synthetic bonefrom second tungsten tin rifle 
shot.Note the comet-like dispersion ofbulletfragments pastthe bone. 
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Figure A-47:Third tungsten tin rifle shot againsta synthetic bone target. 
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Figure A-48: Closer view ofthe synthetic bonefrom third tungsten tin rifle 
shot.Note again the comet-like dispersion ofbullet fragments past the bone. 
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