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ABSTRACT

During an undebody blast (UBB) event, an improvised explosive device (IED) delivers a high
energy blast beneath a military vehicle, exposing moutWadighters to considerable risk of
severdower extremity injuriesLoftis and Gillich (2014 determined that the lower leg aadkle
regionis the most common body region to sustain skeletal injury in military mounted combat
events, comprising twentyne percent of cases reported in theint Trauma Analysis and
Prevention of Injuries in CombalTAPIC) database between 2010 and 2012. Injuries of the lower
extremity are not always lifthreateningHowever from a survivability standpoint, these injuries
may affect the ability of the Warfighter to seiktricate and ambulate in the immediate aftermath
of an UBB event. In addition, lower extremity injuries can lead to long term health complications
and reduced quality of life (Dischinger et al., 2004). \Wkibme comparisons can be drawn from
the study of civilian automotive crashes; the impact level, rate, location, and directions in UBB are
fundamentally differentfor the lower extremity Therefore, substantial research efforts to
characterizeand assesmjuries ungque to UBB are essentialhe Warrior Injury Assessment
Manikin (WIAMan), the Tech Demonstrator version of whichswatroduced by Pietsch et al.
(2016, is the onlyanthropomorphic test devicATD) designed to evaluate injury patterns in UBB
conditions However there are no known injury assessment tools for the fematégMer at this

time. The overarching goal of this research effstb determine the origin of potential differences

in the response of females and maheldBB conditions.The results of this workontribute to the

body of research concerning higite axial loading of the lower extremity and fothe first
detailed biomechanical account of UBB effects on female PMH$ workwill inform future
decisions regarding the rdgements for a valid injury assessment capability for female
Warfightersin the UBB environmentand the subsequent reseamededto support those
requirementsUltimately, advancements can be made in modeling and simulation capabilities,
injury assessmetrcriteria, test methodologies, and design approaches for safer military ground
vehiclesand personal protective equipment (PREprovements in these technologies will reduce
morbidity and mortaty rates among the U.S. Warfightgopulation, both malenal female.
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GENERAL AUDIENCE ABSTRACT

During an undebody blast (UBB) ewvat, an improvised explosive device (IED) delivers a high
energy blast beneath a military vehicle. Energy from the explosive is imparted to the occupants
primarily through the flooand seatsf the vehiclegxposinghe occupants to considerable risk of
injuries to the lower extremityompared to civilian automotive crashége lower extremities of
occupants in UBB scenarios are exposed to greater faymelsed at higher rateand in different
locations and directiong o improve current vehiclsystems and personal protgetequipment

(PPE) it is crucial to develop tools to evaluate injuriedJiBB scenarios. One such tool is a test
dummy, which is designed to quantify loadteflections and accelerations experiencby
occupantduring a cras. These measured values are compareacteptedhresholds.above

which injury is likely to occurThe Warrior Injury Assessment Manikin (WIAManyhich is
representative of the Bpercentile maleis the onlytest dummydesigned to evaluate injurias

UBB conditions. However, there are no known injury assessment tools for the female Warfighter
at this time.The overarching goal dhis research effort i determine the origin of potential
differences in the response of females and males in UBB tammsliThe results of this work
contribute to the body of research concerning Hagk axial loading of the lower extremity and
form the first detailed biomechanical account of UBB effects on fepadtmortem human
surrogatesFMHS). The resultsvill inform the development of injury assessment tools for female
Warfighters, which will ultimatelylead to inprovements in technologies teduce morbidity and

mortality rates among the U.B/arfighterpopulation, both male and female.
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CHAPTER 1
INTRODUCTION TO UNDER -BODY BLAST

During an undebody blast (UBB) eventan improvised explosive device (IED) delivers a high
energy blast beneath a military vehicle, exposing mouwWedightersto considerable risk of
severdower extremity injuriesA recent study revealed thihie lower leg and ankle region is the
most comron body region to sustain skeletal injury in military mounted combat events,
comprising twentyone percent of cases reported in doent Trauma Analysis and Prevention of
Injuries in Combat (JTAPIC) database between 2010 and R0dfis and Gillich 2014).
Substantial researdh characterize these injuriessessentialn the effort to reduce morbidity and
mortality rates amng the U.S.Warfighter population This chapterprovides background
information pertaining to UBB anithe associatedower extremityinjuries. The objectives of the
current study are presented at the conclusion of this chapter.

Blast Physics and Injury Types

Triggering a mine initiates a highate,explosive chemical reactioitheresulting shockwave and
subsequent gransion of gasnobilized et onat i on pr od ulRamasany retdal., i s oi |
2009) During UBB, kinetic energy is transferred to the target vehicle predominantly through the
high-speed flow of these particulates, which can become entrapped beneathictee@impoeru

et al, 2017). This can cause local deformation and rupture of the vehicle hull, as well as global
acceleration of the vehicle. If the vehicle is displaced vertically, a secondary impact with the
ground ensues. The nature of the loadingvehnicle occupants during UBB is influenced by a
number of factors. These include the characteristics of the explosive, suarges shape, charge

size, casing material, burial depth, and standtifé surrounding environment, namely soil
conditions anahearby structures; and the shape and material properties of the vehicle interior and

exterior.

Blast injuries are categorizedto five groups. Primary blast injuries are caused by direct

interaction between the high pressure blast wave and tissubs bbdy. Common examples

include tympanic membrane rupture, blast lung, eyerieg, and concussion (Champion et al.,
1



2009). Isolated injuries to the extremities froragdtlwavesre rargBieleret al, 2011). Secondary
blast injuries are inflicted byirborne fragments and can include penetrating injuries, traumatic
amputations, lacerations, ftaces, and concussionserfiary blast injuries result from interaction
between the occupants and the vehicle intefibesecaninclude blunt injuries, crussyndrome,

and compartment syndrome (Champairal.,2009). Quaternary blast injuries include burns and
inhalation injuries thatesult from heat or chemicals, whileigary blast injuries include toxic

reactions caused by infectious, chemioalradioadtre substances (Bielet al, 2011).

Primary blast injuries are not usually seen in usimety blast scenarios, since much of the energy
from the initial pressure wave lisflectedat the inerface between the soil and airdiminished

by the vehicle sucture (Ramasamst al, 2009). However, primary blast injuries are more likely

to occur when there is a breach in the vehicle hull. The associated ingress of blast pressure,
detonation products, soil ejecta, and/or debris from the rupture may intetladheioccupants

and cause both primary and secondary blast injuries. Given its complexity, floor rupture is

considered out of scope for the research presented in this dissertation.

Tertiary blast injuries of the lower extremities are sustained in a number of ways durind tBB.
encroaching floor caapply an axialoadto the lower extremities. In addition, floor deflection and
global vehicle displacement can lead to subsequentisipatween inadequately restrained lower
extremities and the vehicle interidir seatbelt@re not used, the occupants may incur injuries from
secondary impacts within the vehicle or ejection from the vehicle. In addition, loose cargo or

equipment withirthe vehicle may strike and injure occupants.

The injuries under investigation in the current study include those induced by direct interaction
between the vehicle interior (floor and seat) and the occupants, whichtagerized atertiary
injuries. This study does not explore additional tertiary injuries caused by improper use of
restraints, interaction with vehicle cargo and equipment, or secondary impacts with the ground.

All other blast injury types are out of scope for the current study.



In-Theater Data

Data from the Joint Theater Trauma Registry (JTTR) show that between October 2001 and January
2005, 1,566 combatants sustained 6,609 wounds as a result of enemy action during Operation Iraqi
Freedom (OIF) and Operation Enduring Freedom (QBERenset al, 2008).Lower extremity
fractures comprised 50% (454) of the 915 extremity fractures reporteddatds={Owens et a.

2007) The distribution of fractures to the lower extremity included 123 to the femur, 218 to the
leg, and 113 to théeet. Open fractures comprised 80% (366) of the lower extremity fractures.
Within this dataset, 1,146 wounded combatants sustained injuries due to explosions (i.e. IED,
landmine, mortar, bomb, or grenade). IEDs were the most common injury mechanism in this

category, injuring 558 combatants.

Dougherty et al. (2009¢ported thaB7.1% of the patients treated at NaMarine Corps facilities
in Iraq between September 2004 and February 2005 sustained extrenniiys/due to IEDs. This
dataset, which was prowad bythe United States Nawylarine Corps Combat Trauma Registry
(CTR), included 938ombatcasualties, 3,218 injurie$66 lower extremity fractureand 22 lower
extremity amputations. With respect to extremity injuries in general, including both teeanub
lower extremities, the distribution of injuries to the lower extremity included 5.1% topiber
leg andthigh, 12.2% to the leg and ankle, and 11.4% to theafs@dtoes

Vagyuez et al. (2018) examinégjury data from mounted UBB eventsat occurredn OIF and
OEF between 2007 and 2016 adataset of 555 service members with a total of 3,844 injuries,
the fracture/dislocation category was the most frequent injury type invbmihded in action
(WIA) and killed in actionKIA) casualtis. Foot/ankle injuries were the most prevalent in the

WIA casualties with 33% of individuals sustaining injuries to this region.

A more recent analysis of combat explosion episatded 5,091 episodes involving 4,774 male
service personnel (Eskridge al., 2012). IEDs were the predominant explosion mechanism,
causing 78% of the episodes recorded in the Expeditionary Medical Encounter Database (EMED)
between March 2004 and December 2007. The most frequently injured body region was the
extremities (41.%). In addition, 488 lower leg/ankle fractures and 275 foot/toe fraciuees

reported.



The severe and multilevel injuries to the lower extrerindgn blast have led to a greater incidence

of lowerextremity amputatiorBetween October 2001 and June 2G88re were over 1,100 major

limb amputation®f U.S. Soldiers (Tintle et al., 20L0n a study of JTTR records of UK Service
Personnel who sustained calcaneal fractures from vehicle explosions between January 2006 and
December 200818 of 40 calcaneusacturesrequiredamputations (Ramasamy, 2011). Eleven

were performed immediately, three occurred aftether surgical debridement, and four were

performed due to chronic pain.

To inform efforts to mitigat€&)BB injuries, Alvarez (2011) presented a catady of 608 casualties
reported in the JTAPIC database. Within tthégaset, 456 casualtieere WIA, with 1,637 total
coded injuries, while 152asualtiesvereKIA, with 2,912 coded injuriesFractures comprised
53% of the WIA injuries and 53%f the KIA injuries. In the WIAcategory 7% of the casualties
sustained fractures to the femur, 18%he tibiaand fibula, and 26% tthe foot and ankle. In the
KIA injury category 33% ofthe casualties sustained fractures to the femur, 32%ettibia and
fibula, and 2% to the foot and ankleWhile this epidemiological study provided a crucial
overview of injuries sustained durindJBB events at the timeit did not provide detailed

information regarding injury mechanisms

A recentstudy by Danelson et al. (2018)ovided a thoroughdescription ofthe frequency,
severity and mechanisms ofjuries sustained by moted Warfighters in UBB attack3.he
dataset was compiled by screenaages reported in tli®int Trauma Analysis and €rention of
Injuries in Combat (JTAPIC)atabasdy vehicle type, event charge weight, and injury severity
level. Events that were characterized by damage levels greater than those prodheddBB
testingenvironmentwere excludedln contrast to the iarez study, which included both WIA
and KIA occupants, the selection criteria for Danelson et al. rdsnlsedataset of WIA occupants
only. While the Alvarez study reported that 18% of the Wliécupants sustainedjuries of the
tibia and fibula, an@6% of the foot and ankld)anelson et al. reported that fractures of the foot,
ankle, or leg were sustained by 79% of occupamisddition, the lower extremities were identified
as the most severely injured body region for 53% of the occup2amelsoret al. also reported
the proportion of occupanteho sustainedractures to various locations of the lower extremity:
46%to thetibia diaphysis40%to thecalcaneus, 37% theforefoot, 25%to thedistal tibia, 21%



to thefibula diaphysis, 21%0 themidfoot, 19%to thetalus, 13%o thedistal fibula,and8% to

theproximal fibula.

In addition to reporting the incidence of injury, Danelson et al. provided crucial information
regarding injury mechanism£ompression alone, or compression in combimatwith a
secondary injury mechanism, wassociated witt64% of fractures to the distal portions of the
tibia and fibula.Compression wagdentified asthe injury mechanism for the majority of the
calcaneus (73%) and talus (55%) injurieguries of the midfoot were most commonly associated
with a combination of compressi@nd differential loading (53%). Compression alone caused
54% of forefoot fractures. The findings of this study are vital in the effgtddictandprevent
injuries n UBB scenariosThe damage produced in the current stisdepresentative of the-n
theater injuries described in Danelson etwhich validates the use of thecelerative Loading
Fixture ALF) for UBB testing.

While the occupants describedDanel®n et al.(2018) were mostly mal@®6%), additionatata
reportingthe incidence and mechanism of injuries to female Warfiglaterimperativefor the
protection ofa full range of service members. This is of utmost importas@omen in the armed
services arédeingintegrated into additional #itary occupational specialtidhat were previously
closed to women. As of August 2014, women comprised 16% of the total DoD force and accounted
for 2.4% (113) of those killed in Irag and Afghanistan since thlgnbeng of OIF and OEF
(Powers, 2016)During this period, 32,799 U.S. servioeembers were wounded in comi&d6

of whichwerewomen.

Dye et al. (201pexamineccombat injuriesn a dataset @44 episodes involving 835 U.S. service
womenin OIF and OEF Blast events were responsible for over 90% of the injury episodes
recorded inthe EMED, between January 2003 and May 20Additionally, dmost 65% of the
injury episodes involved more than one injury and there was an average of 2% ipgrrepisode.
Lower extremity injuries comprised 29.6% of the injuries in OIF and 25.5% of injuries in OEF.



Female Injury Risk

Epidemiological evidence suggests that in gentzalalesare at greater riséf injury, are injured
more frequently, anglustain injuries with higher severity levels than men. Evans (2001) compared
the fatality risk offemales and males over 200,00Qraffic fatalitiesand discovered that between
the ages of 20 and 3fgmaleshaveabouta 28% greater risk of death thasalesin similar impacts.
ForetBrunoet al.(1990) surveyeaver 1,200 seatbelted casualties between the ages of 15 and
45 years old, and found that fatal accident risk $a2P5% higher fofemales Furthermore, there
are notable disparities in lowextremity injury frequency betweesexes Welsh and Lenard
(2001) examined four UK crash databases and found that a greater propofeamalgfsthan
malessustain leg injuries. Dischinget al.(2016) compared injury risk of the foot/ankle between
sexesn the National Automotive Sampling Systé@rashworthinesPataSystem NASS-CDS)

for drivers in frontal crashes and found tifienaleswere 1.2 times more likely to sustain foot
injuries and 1.6 times more likely to sustain ankle injuries thalesn MY 2005 t02014 vehicles.

Ye et al (2014) also determined thi@imaleshave a higher likelihood of sustaining injuries of the

lower extremity thammalesin a sample selected from tNASSbetween 1998 and 2010.

Evidence from cadaveric studies also sutgésatfemalesare at greater risk of fracture than
males Rib strength was investigated in 245 cadavers in the fBowgto et al. study, and it was
determined that female fracture resistance was 18% lower than males of the same age. Kemper et
al. (2005) conducted dynamic thrpeint bending tests of female and male humerus bones and
found that females have lower peak moments anll piains than males. Hardy et al. (2001)
found that bone mineral content, whiflects both the quantity and quality of bone agldtes
directly to forearm fracture tolerance, was 41% lower in female specimens than male specimens.
In addition, the avexge mass of femalgostmortem human surrogatéBMHS) arms was 32%

lower than that of the male arnBone mineral conterwas linearly releed to arm mass in this
study. In the ForetBruno study, injury tolerance ifemaleswas lower than expected when
considering body mass alone. Although feenalesweighed less and the loads onithehess

were lowertheyreached maximum thoracic resistance sooner in the evenntidasof the same

age.



Axial Loading of the Lower Extremity

Traumatic injury of théower extremities has been an area of concern in the automotive realm for
many years. As impk@ments were made to vehicles thmtreasd the survivability of crashes,
casesnvolving occupants survivingiith severanjuries ofthe lower extremitiescreasedKuppa

et al.(2001) determined that the lower extremities are the most frequently injured body region
with anAbbreviated Injury ScalAlS) score of 2+ reporteith the NASS/CD3etween 1993 and

1999. In this dataset, 33% AfS 2+ injuriesof the lower limboccurred to the foot and ankle.

The high incidence and severity of lower extremity injuries observed in automotive crashes incited
numerous research efforts to understand, predict, and prevent these iBpmesotthese studies

offer valuable insight into injurynechanisms observed in UBB scenamasswell For example,
Morris et al. (1997) cited axial loadingdirectedperpendicular to the foot as the mechanism of
injury for pilon, talus, and calcanetfisictures sustained in frontal cslions in England between
1983 and 1996The most severe and disabling ings were caused by axial loading rather than

indirectrotatioral loading

In aneffort to characterizéower extremity injury tolerance and mechanignosn axial loading,

many reearchershavereproducd these injuries in a laboratory settirfgchueleret al. (1995)

imparted plantar impacts the feet ofwhole-body cadavers withelocities that ranged from 6.67

m/s to 12.5m/s. Damageoccurred primarily to the calcaneusThreshold that indicated a
significant dArel ati va9.72nm/sokgreatdimphcespeednd §1A06g e s 0 |
or greateraccekration of the sole of the faoln a similar study, Klopget al. (1997) used a
pendulumdriven plate to axially load PMIS lower extremities. Damage was produced throughout

the disal tibia, talus, and calcaneus, anfifty-percentprobability of injury was associated with

a peak heel acceleration of 286While both of these studieme in the automotive realnthe

resuling damage is comparalie that seen in UBB

The calcaneus highly susceptible to fractures from plantar impacts. Teesgralstudieshave
examined injury tolerance levels of the calcaneus alSegelet al.(2001) produced calcaneus
fractures with associated peak forces rangiranir3.6 to 11.4&N. A fifty-percentprobability of
calcaneus fracture was associated veith.5kN load. Comparable results were obtained by

7



Yoganandaret al. (1999) in which fourteen calcaneus fracturegere produce. Five of the
fractures wereomminutedA fifty -percentprobability ofcalcaneus fracture was associated with
a6.2-kN force.

The aforementioned studiessted specimens mneutral foot postureith the angle of the ankle
set to 90 degree¥Vhile thispostures implemented in the current study as well, other stuitiigts
have examinethe effects of plantdtexion, dorsiflexion, inversion, and eversion may be relevant
for more complex interactions between the feet and the vehicle interior duringeM&gs.
Begeman and Prasad (199@plied loads tthe plantar surface of PMHS leg specimtra were
slightly anterior to the ankle joinThis produce@ combination of axial loading and dorsiflexion
with impactspeedsanging from 3.0 to 8-in/s. Similarly, Petitet al. (1996) perfomed quasi
static compression ¢MHS leg specimens in inversion, eversion, and dorsiflexion. Both studies
produced malleolus fractures and soft tissue damage in the dorsiflexion corrhtienteau et al.
(1998) mnducted similar tests toegeman and Prasad (1990). Howetbke specimens were
loaded to failure quastatically in dorsiflexion, plantar flexion, inversion, and eversidie
failure moments were 33.1 + 16N\&n in dorsiflexion, 40l £ 9.2Nm in plantarflexion, 34.1 +
14.5Nm in inversion, and 48.1 +212-Nm in eversionOther studies havdemonstrated that
severe ankle and hindfoocawthage can occur without muahkle rotation (McMaster et ak00Q
Klopp et al.,1997).

Damageype andocationmay be related tthe level of loadinghrough the foot/ankle complex.
Kitagawa (1998) applied damagelucingplantar loadsanterior to the Ing axis of the tibia of
PMHS legs The calcaneus fractures occurred at higher loads than pilon fractiir&sSN8vs.
7,293N). Tension in the Achilles tendon may also play a role in damage out¢amket al.
(2002) applied 5m/s plantar impacts toeutrally positionedMHS legsboth with and without
tensionapplied to the Achilles tendofrracture of the distalltia was associated with Achilles
tension, while fractures of the calcaneus wereaatsdl with no Achilles tensiont is unknown

whetherthe influence of Achilles tension msaintained athe higher energy levelseen in UBB

Yoganandaret al.(1996) canbined the results of Robesdsal.(1993) and Begemaand Aekbote

(1996) with an additional test series to determine prolpgblistributions of fractures tilne lower



extremity due to axial loading. Roberts used a consfa#ctompression device tmpact PMHS

leg specimenat 4.6-m/s while maintaining 20 degrees of dorsiflexion throughout the event.
Begeman used a pneumatic piston to load PMHS leg specimens that were restrained from
inversion/eversion and plantiexion/dorsiflexion. Yoganandan used a pendulum impactor to
load PMHS leg specimenisat werenounted on a mirsledat velocities ranging from 2-&/s to

7.6-m/s. The results of the combined dataset indicttatdia50% risk of injury for a 65 year old

was associated witdin axial load of 6.:kN.

In addition to studies in the civilian automotive realrasearch on the higdnergyinjuries
impartedby landminegnayalsoinform the studyof UBB. Griffin et al.(2001) suspended PMHS
lower extremities withthe heel positioned directly ovebaried land mineThe resultinglamage
includedpilon fractures of the tibia armbmminuted fractures of the calcaseauboid, navicular,
and talusA fifty-percentrisk of apilon fracturewasassociated with an axifdrce of 800-N for

a 50"-percentile male.

Dosquetet al.( 2 00 4) used the Test Rig for Occupant
deformable floorplate towards lower extremity surrogates. This test apparatus used scaled
detonations to replicate the conditions of a-fdale mine blast test. Barbir (2005) iegted the
performance of the TROSSE using a pneumatic
load PMHS leg specimens. One fracture of the tibial plateau resulteddstenwithan average

force of 4.5kN for 10 to 15ms.

McKay and Bir (2009ronducted fulscale blast tests on PMHS lower extremjjga@mens in a
neutral posture with impact speeds of 7, 10, anthA2 Damage was sustained by the calcaneus,
talus, tibia, fibula, and cuboid. More severe fractures with higher levels of comoninas well
as fractures of the tibia and fibula, were associated with the highest impact valdigtyy-percent

risk of incapacitating injury was associated vath0.8-m/simpactorspeedand6,429N tibia load.

The introduction of undelbody bast tactics in military combaincitednumerous research efforts
to replicateUBB conditionsin a laboratory setting. The goalf these studies was to produce

damage commensurate with injuries seetheater and to develop updated injury thresholds for



higherenergy conditions. Quennevillet al. (2010) used a pneumatically driven projectile to
generate fractures of the lower extremity with sttation and highmpulse loading. Exit
speedof the projectile ranged from 2t8 13.9m/s. The authors reported that the dewioald
produce fdcl i ni c al8l majorinitationiofthiscstady tvashatrthe maghitade

of the axial forces measured was influenced by the properties of the specimens.

Masouroset al. (2013) deaibed the development of the Anfehicle Underbelly Bast Injury
Simulator (AnUBIS), which consists @fheavy plate that is launchedsggecimes. Newellet al.

(2012) compared the response of three lower extremity specimens to two ATD surrogatedegs usi
the AnUBIS Although the loads measured in the ATDs were higher than injury tolerance levels
recommended by NATO, only one PMHS specimen sustained damage, which was minor. The
authors suggested that the tolerance levels of current injikeyizraretoo conservative. These

countemtuitive results warrant caimued research efforts in UBB.

Gallenbergeet al.(2013) examinedthe influence of modulating energy input during simulated
vehicle floor intrusions. This was accomplished by impartmgtiple impacts to PMHS lower
extremity specimengith three different pendulum mass@émost all of thespecimens sustained
damage to the calcaneus and tibia. Fracture patterns were similar between neutral and dorsiflexed
initial positions, which lead thauthors to suggest that significant rotatwf the ankle does not

occur prior to damageA fifty-percentprobability of calcaneus fracture was associated with
6,800N force. Interestingly, he response of the specimens was more sensitive to isypeed

than impact energy.

Pintar et al. (2016) examined the response of twesity foot and ankle complexes to ron
damaging vertical loading on the Vert@¢oganandan et al., 201%nd produced biofidelity
response curves (BRCs). The specimens were testedawit withoutcombatboots in three
different initial positions at the ankle (neutral, dorsiflexed, and pléletead). In the neutral initial
position, the average axial foscat the proimal tibia were approximately 2, 4, anekBl, for the
4, 6, and 8n/s tests, respectivelyhe timeto-peak values for the forces ranged frono %-ms

and the rise times for calcaneus acceleration ranged ftoi®-@s. A delay in angular movement
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of the tibiawas observedn the dorsiflexed position. In contrast, thiararflexed position

all owed i mmediate fAangular motiono upon i mpac

In a study using a similar dataset and methods, Yoganaetden2016) developed pedirce

based fracture probability curves for foot and ankle injuries due to lodigr blast. Two test
fixtures, a pendulum and the Vertac, were used to apply incrementally larger axial loads to
seventeen PMHS leg specimens until dgenaas detected. For the age of 50 yess§-kN peak
forcewas associated with10% risk for theiall fracture® group, whilea 7.8-kN peak forcevas
associated witla 10% risk of injuryto the tibia A shortcoming of thisnd other studies the use

of multiple successiveémpactsto cadaveric specimenwhich may lower fracture thresholds by

damaginghe bone in undetectable ways.

Danelson et al. (2015) provided a comparison of the impact and damage response-bbasnole
male PMHS to the Hybrid 1150"-percentile male ATD. Like the current study, this work was
conducted on the Acterative Loading Fixture (ALF)This important study explored the influence

of charge level (mild or enhanced), occupant position (nominal 90 degree or obtuse 120 degree
knee angle), the use of personal protective equipment (PPE), and floor properties (stiffer vs.
softer). This study revealed that the Hybrida@"-percentile male dummy is not wellited for

injury prediction in the UBB environment, since it cannot asstime upright initial position on

the ALF and it exhibits a stiffer respor®eerall Notably, the damage producadhe PMHSwvas
commensurate with injuries seen-tireater, including numerous lower extremity fractures.
Damage to the ankle (tibia, talus, and calcaneus) was frequently observed in thiSstudy
calcaneus fractures involved gross disruption. The talus remaitetvely intact, with the
exception of a single case of full transectidhiswasobserved in the nominal positicat a mild

energy leveland with asofter floor. Onepilon fracture was produced the obtuse posture with
enhanced floor energy. Damagethebones of the footvas produced in one test with a softer
floor material and enhanced floor energy. This damage was attributed to longiendafreontact

with the floor. Ingeneral lower extremity fractures appeartabe related to higher accedéibn

and speed of the tibiand a shorter tim¢o-peak. The results of thigudy contributed to the body

of knowledge pertaining to UBB in numerous ways, including the validation of the ALF for UBB
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testing, characterization of the nature and timing afalge sustained by PMHS during UBB, and

correlation ofdamage outcome with floor behavior and kinematics of the body.

An additional study byailey et al. (2017pooledthe results of twatherstudies to determine the
influence of loathg rate aml duration on the axial force associated with fracturd>®HS legs.

The first dataset used a drop tower test fixture to apply an axial load to male PMHS leg specimens
with two impactor velocitiesHendersoret al, 2013) The second datasgbpliedpneumatic linea

impacts to male PMHS leg specimetshree impactospeedsThe authors statighat tibia force

alone is not an appropriate predictor of injufjineyrecommendd the incorporation of loading
duration in developing injury criteria for axial ldad of the leg andet forth the hypothesis that

the duration of the load may influence the force measurin aime offracture

The underrepresentation of female specimens in matched conditions with male specimens is a
major shortcoming in the currefody of knowledge pertaining to lower extremity injuries,
particularly those sustained at higher energy le¥@male specimens were included in several of
the aforementioned studies (Begeman and Aekbote, 1996; Begeman and Prasad, 1@9@jl Funk
2002 Gallenbergeet al, 2013; Griffinet al, 2001; Kitagawaet al, 1998;Parenteau et al., 1998;
Robertset al, 1993; Schueleet al, 1995; Seipekt al, 2001; Yoganandaet al, 1996; and
Yoganandaret al, 1999) However the number of female spenens was typically too low for
statistical significanceBegeman and Prasadtedthat five out of six female specimens in the
study sustained damage, while only one of the twelvie sRecimens sustained damagjbe
authors suggested that sleeesults refécted potential differences in tolerance due to sex, however
this finding was not statistically significaiarenteau et al. (1998) showed that female PMHS had
significantly lower failure moments than male PMHS in inversion and evefioiket al.(2002)
reported thatherisk of injury due to axial loadinggasdependent on sex, with a 50% risk of injury
due to blunt axial loading of the foot and ankle of a 45 year old being associateoh®ifkN

tibia load for50"-percentile males, aral5-kN load for 5"-percentile femalesAlthough there is
sufficient evidence to suggestat there are differences in injury risk and injury mechanisms
betweenfemales and maleshere is no known study of higlate axial loading of female lower

extremities.
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Lower Extremity Anatomy

This section describdsones of the lower extremityncluding the femur,patella,tibia, fibula,
tarsals {alus, calcaneusavicular, cuboidand cuneiformg metdarsals,and phalangesseveral
joints are also describedncludingthe hip (acetabulofemoral) joint, the knee (tibiofemoral and
patellofemoral) joint, the proximalnd distaltibiofibular joints, the ankle (talocrural) joint, the
subtalar (talocalcaneal) joint Ch o p a r t thedisfrang joint The infarmatiorpresented in
this overview was drawn largely fro@ilroy et al. (2012)Hamill et al. (2015)and Sarrafian
(2011).
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Hip Joint

The proximalend of the femur, or headrticulates with thacetabulunof the pelvisto formthe
acetabulofemorajoint, or hip joint (Figure 1). The hipjoint is a baHandsockettype, which
facilitates triaxialrotation The acetabulunof the pelvisis oriented anteriorly, laterally, and
inferiorly. This cuplike featureencloses nearly half of theead of the femuand is extended by

the acetabular labrum (Hamill et al., 2015). The hip joint is relatively stable due to the geometry
of the bonesthe acetabular labrum, and the surrounding ligaméfdgor ligaments of the hip

joint include the iliofenoral, pubofemoidaand ischiofemoral ligaments.

Pelvis(half)

Acetabulum
of Pelvis

Acetabulofemoral
Joint

Figurel: Right hip (acetabulofemoral) joint.
Femur
The femursupportghe proximal portion of the lower extremity, or thighiqure2). In an upright,
standing posture, the femur is not oriented perpendicular to the ground, but rather it slopes
medially, bringing the knee closer to the centerline of the body. The body)(sh#tie femur has
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an approximately cylindrical crossection, with a slight curvature making it concave posteriorly.

The proximal portion of the femur includes the greater and lesser trochanters, head, and neck. The
greater trochanter is a large eminerlat protrudes laterally and slightly posteriorly at the
proximal portion of the femur. The lesser trochanter is a bony protuberance on the posterior aspect
of the femur that is oriented inferiorly and mediaBpth of these landmarks serve as muscular
attachment pointsThe head of the femur is oriented superiorly, medially, and anteriorly to the
shaft of the femur. The distal end of the femur widens to form the medial and lateral epicondyles.
The distal surface is comprised of the medial and lateralytes, which articulate with the knee.

Head \ Greater

f \ Neck/ Trochanter
\ Lesser / '

Trochanter

ANTERIOR B POSTERIOHR
VIEW

Lateral Medial
Epicondyle Epicondyle

‘ Lateral
Trochlear ! . dvl
Groove/ Sendyle

Figure2: Right femur.

Knee Joint

Distally, the femur articulates with the tibia (shin) and patella (knee cap) to form theFkae (

3). The knee is a hingeint that is modified to provide a piwike motion in addition to flexion

and extension. It is comprised of the tibiofemoral joint, which is a double condyloid joint formed

15



by the articulations between the medial and lateral condyles of the femur anchatibidhe
patellofemoral joint, which is formed by the articulation between the patella and the trochlear
groove of the femurThe patella is a sesamoid bone that is embedded in the patellar ligament,
which originates at the common tendon of the quadricepsofis and inserts at the tibial
tuberosity.The proximal tibiofibular joint is formed by the articulation between the head of the
fibula and the lateral tibial condyl€he knee joint is relatively mobile, with its stability depending
almost exclusively o the associated ligaments and muscles. The major ligaments of the knee
include the medial and lateral collateral ligaments, as well as the anterior and posterior cruciate
ligaments.The joint is cushioned by tHérocartilaginousmedial and lateral meras which are
located between the tibial plateau and the femoral condieskneejoint is surrounded by the

capsular ligamerdand the inner synovium.

ANTERIOR
VIEW
Lateral
Medial Patella = _Tibiofemoral
Tibiofemoral / Joint

Joint

Superior
Tibiofibular
Joint

Fibula

Figure3: Left knee joint.
Tibia and Fibula

The distal portion of the lower extremjtyhich extendsrom the knee to the ankles called the

leg (Figure4). The tibia is the@rimary weight bearing bone of the leg. Its cresstion is triangular

and it has a medial, lateral, and postesorface. The proximal tibiaidens to form the medial

and lateral condyles. The proximal surfélegtens to fornthe tibial plateau. Disthj, the medial

border of the tibia forms the medial malleolus. The inferior surface, called the tibial plafond, is
concave anteroposteriorly and articulates with the superior surface of the talus. The fibula is

positioned lateral to the tibia and suppafpgproximately 16% of body weight during standing
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(VanDenBogart et al., 1999). The proximal end of the filboitens the neck and headhe distal

end of the fibula extends beyond the tibia forming the lateral malleolus, which articulates with the
talus. Digally, the tibia and fibula are joined by a slightly mobile fibrous joint called the distal
tibiofibular joint, which is supported by thenterior inferior tibiofibular ligament and posterior
inferior tibiofibular ligamenof the lateral malleolus, and th@erosseous membrane.

Head of — Tibial
Fibula\ A Plateau

Tibial

Neck of Tuberosity

Fibula

POSTERIOR g MEDIAL
VIEW  § VIEW

Medial
Lateral 4 Malleolus
Malleolus |

Figure4: Left leg (tibia and fibula).
Talus

The talus is positioned between the tibia, superiorly, and the calcaneus, infé&iguneb). It is
comprised of a body, neck, and head. Articular surfaces of the talus include the head anteriorly
(facies articularis navicularis), which articulateghwihe navicular and calcaneus; the trochlear
surface superiorly, which articulates with the tibia and presents the articular facets for the medial
and lateral malleoli (facies malleolus medialis and facies malleolus lateralis, respectively); and the

anteror, middle, and posterior facets on the inferior aspect, which articulate with the calcaneus.
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Other landmarks of the talus include the medial, lateral, and posterior processes, as well as the
sulcus tali. The head of the talus, which articulates wittctimeave surface of the navicular, is
supported by the anterior | ip and sustentacul
is formed by the plantar calcaneonavicular (spring) ligament (Perry, 1983).

SUPEROMEDIAL

Trochlea Neck of VIEW
of Talus Talus

Body of
Talus

Figure5: Left talus.
Talocrural (Ankle) Joint

The talocrural (ankle) joint is a hinge joint formed by the talus and the distal portions of the tibia
and fibula Figure 6). This joint provides dorsiflexion and plantar flexion, as well as some
inversion and eversion. The superior portion of the talus (trochlea) forms a tenon that fits into a
mortise formed by the inferior surface of the tibia and the malleoli of the tildidibula. The
connective tissues that support this joint include the deltoid, anterior talofibular, posterior
talofibular, and calcaneofibular ligaments, as well as the articular capsule. The axis of rotation is

oblique, running slightly distal to the §f the medial and lateral malleoli (Sarrafian, 2011).

Talocalcaneal (Subtalar) Joint

The subtalar joint is a condyl@ype joint formed by three articulations (anterior, middle, and
posterior) between concave facets of the talus and convex surfaites aaficaneusH{gure 6).

This joint is supported by an articular capsule and the anterior, posterior, lateral, medial, and
interosseous talocalcaneal ligaments. The oblique axis of rotation of this joint, which runs from

the posterolateral plantar surfacethe anterior medial dorsal surface of the talus, produees tri
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planar movements (Hamill et al., 2015). The subtalar joint works in combination with the
talonavicular and calcaneocuboid joints to fo
2006), which facilitates pronation (eversion, abduction, and dorsiflexion) and supination

(inversion, adduction, and plantar flexion) of the calcaneus.

y Vil MEDIAL
Tibia ' VIEW
Ankle Joint , {

Talus

SubtalarJoint

Calcaneus

Figure6: Left hindfoot.
Foot

The foot consists ofhe hindfoot, which includes thealcaneusand talus the midfoot, which
includes thenavcular, cuboid, and the thremineiforms(medial, intermediate, and lateradnd

the forefoot, which includes thitve metatarsal bones and the proximal, middle, and distal
phalangesKigure 7). The articulation betweethe hindfoot and midfoot is known as Chopart's
(midtarsal)joint, and consists of the talonavicular joint anttaaeocuboid jointThearticulation
between themidfoot and the forefootis known as thd.isfranc (tarsometatarsal) joint, which
includes the first, second, and third metatacsaleiform joints, as well as the fourth and fifth
metatarsatuboid joints. he metatarsals interface with the phalanges at the metatarsophalangeal
joints. The joints among the phalanges include the proximal and distal interphalangeal joints. Some
joints of the foot are shown Higure8. The metatarsals and phalanges are numizeredhrogh

five from medial to lateral.

Calcaneus

The calcaneus is an irregular bone that provides structure for the heel of tHfeadact ). It is

inclined anteriorly and serves as a lever arm for the attachment of several soft tissue structures,
including the Achilles tendon and plantar aponeurosis (fibrous band of connective tissue). The
base of the calcaneus is triangular and formed by the anterior tuberosity, and the medial and lateral

tuberosities. The medial tuberosity, which is broader thareteral tuberosity, is the main weight
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bearing bony structure of the calcaneus. Notably, the point of contact between the floor and the
plantar surface of the calcaneus is located lateral to the ankle joint, so upward force on the
calcaneus creates algas force on the subtalar joint (Perry, 1983), meaning the joint is pushed
medially. The anteromedial portion of the calcaneus supports digkgfojection of bone called

the sustentaculum tali, which provides the middle articular surface for the thicaneal
morphology is highly variable among the population (Laidlaw, 1904). Beneath the calcaneus is a
thick fat pad that serves as a shock absorber. The dermis fat cells in this thick layer of cushion are
separated into individual sacs by an orgashigteucture of fibrous tissue (septa). The fibrous septa

are attached to one another in a spiral pattern that resists torsional forces (Perry, 1983). Transverse

and diagonal layers of fibrous connections provide additional reinforcement to the fat pocket.

Midfoot

The midfoot includes the navicular; cuboid; and the medial, intermediate, and lateral cuneiforms
(Figure7). The navicular is a pemhaped bone with four surfaces. The posterior aspect provides

a concave surface for the head of the talus, whéeanterior surface provides three convex facets

for the cuneiforms. Major landmarks of the navicular include the tuberosity, which is a bony
prominence on the medial surface, and the beak, which is a bony projection on the plantar surface
(Sarrafian, 2@1). The cuboid is a cukshaped bone with five surfaces. The posterior surface
articulates with the calcaneus, while the anterior surface articulates with the proximal surfaces of
the fourth and fifth metatarsals. The medial cuneiform articulates withatvieular, posteriorly;

the intermediate cuneiform, laterally; and the base of the fourth and fifth metatarsals, anteriorly.
The intermediate cuneiform articulates with the navicular, posteriorly; the second metatarsal,
anteriorly; and the cuneiforms mefly and laterally. The lateral cuneiform articulates with the
navicular, posteriorly; the third metatarsal, anteriorly; the intermediate cuneiform, medially; and

the cuboid, laterally.

Forefoot

The forefoot is comprised of the metatarsal bones andrtxépal, middle, and distal phalanges
(Figure7). Each metatarsal bone consists of a base, shaft, and head. Distally, they articulate with
the proximal row of phalanges to form the metatarsophalangeal joints. Joints between the

phalanges are called intérgdangeal joints.
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Figure7: Bones oftheleft foot.
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Problem Statement

In an effort to enhance ground vehicle protection measures against unconventional UBB attacks,
the Live Fire Test and Evaluation (LFT&E) Program requires that military ground vehicles
undergo UBB testing. This necessitates the development of validated, teath as
anthropomorphidest devices (ATDs), to assess the probability of injuries to occupants in UBB
conditions. These tools were developed for the civilian automotive domain, however they are not

designed to assess injuries from higkevertical lcading Panelson et al2015)

The US Army initiated the Warrior Injury Assessmentriikin (WIAMan) Project in 2011with

the goal of developing an appropriate ATD and associated injury assessment tools that are specific
to UBB. A prototype of this techimgy was the WIAMan Technology Demonstrator (TD) ATD,
which is representative of the'S@ercentile mal&Varfighter(Pietsch et a]2016).The production

version ofthe WIAMan is now being fieldedThis ATD will aid in predicting injuies sustained

by Warfighters intheater and enable the development and implementation of improved vehicle

systems and personal protective equipment.

At this time,WIAMan technology continues tevolve and additional supporting data are being
generated. It is anticipatédat the WIAMan ATD will become part of th2epartment of Defense
Standard, Occupaii@entric Protection for Military Ground Vehicles (MIRTD 3058). However,
there is still a gap in the protectioh service members whose demographics fall outside of the

range represented by the'Spercentile maléVarfighter Currently, injury assessment tools for

the female Warfighter are not available

To address this needhe Office of the Assistant Secretary of Defense for Health Affairs approved

a project to be managed by WdAMan Engineering Office. Thignalysis of Alternatives (AoA)
addresssknowledge gaps regarding potential differences between the responsesles fenta

males during UBB events. The alternatives under consideration include the potential need for a
new, separate female ATD for use in the UBB environment, or the potewitedtion of female
biomechanics datéo implementscaling/transformation metds to map thegerformance and

injury predictioncapabilitiesof the existing male ATD to that of female PMH®e currenstudy

was conducted in support of this AoA.
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Research Hypothes

Theoverarching objectivef the researcpresented in this dissertation is to conduct a comparison
of female and male PMH&inematicsand damageresponseunder UBB conditions.This was
accomplished by conductinghele-body PMHS tests in both sudamaging and damaging test
conditions and draivg comparisons to existing data. The following hypsikés made Female

and male®PMHS will demonstrate notably differergsponses ithe UBB environment in terms of

kinematicsresponsgtransducer and videlmased measuremehtand cimageresponse type,

incidence, and extent

The results of this work form the first detailed biomechanical account of UBB effects on female
PMHS. Further, this work assesses potetti@nechanicatensitivities that can be attributed to
sex differences. These findings wilform future decisions regarding the requirements for a valid

injury assessment capability for fema&l&arfightersin the UBB environment.
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CHAPTER 2
METHODOLOGY

The research objectives of this study are accomplished, in part, by exposinghathplBMHSto

UBB conditions at both sudamaging and damaging input levels. The PMHS in this portion of
the study included eight Sepercentile males, six Yepercentile females, and siX%percentile
females. The data collected in this study include generafimennatics of the distal femur and
distal tibia, vertical acceleration of the calcaneus, axial strain of the proximal and distal femur,
axial strain of the proximal and distal tibia, supetmwinferior strain of the calcaneus, video
kinematics of the tlgh and leg, and damage to the skeletal system. The impact and damage
response of the PMHS in this studgompared across all specimens. Additional comparisons are
drawn from existing data collected from"5percentile male PMHS during a study titled K42
(Danelson et al., 2015).

Specimen Selection

The PMHS in this studgretested in accordance with USMRMC ORP Award Number W911NF
14-2-0023 Log Number AL8968.2a. Thewreprocured through the Body Donor Program at The
Ohio State UniversityMedcure,Lonetree Medical Donation, and Science @dfe Legacy

Foundation

The body mass index (BMI) @lll PMHStypesin the study must fall within 18 and 35, while the

age must fall within 18 to 80 years olche PMHS are selected within a specified ranggatiire
andmassfor a given sex and percentile (Taldle Since it is difficult to obtain specimens falling

within both the mass and stature ranges for a given category, selection within the defined mass
range is prioritized over selection within the defined height range. Mass is considered to be the
more important of the two measures and is used to categorize specimens having stature that fall
slightly within a different rangeThe upper and lower bound$ the statureand masswere
determined by a detailed anthroponegiirvey of U.S. Army Soldiers, titled ANSUR that was
performed by the Natick Soldier Research, Development and Engineering Center (Gordon et al

2014).1n this report, the average stegs for the B-percentile fematg 75"-percentile female
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and 50-percentile malewere 152.5 cm, 167.2 cm, and 175.5 cm, respectively. The average body
weights for the B-percentile female, ?5percentile female, and B@ercentile male were 51.3

kg, 74.6 kg, and 84.6 kgespectively The ranges of stature and mass are one standard deviation
away from the average&Comprehensive anthropomorphic measurements are obtained for all
PMHS inthe currenstudy (Appendix A).

Tablel: Acceptance criteria for PMHS stature and mass

PMHS Stature (cm) Mass (kg)
50" Male 165- 186 64- 106
75" Female 160.9-173.7 64- 89
5" Female 145.6-158.4  39-63

To control for bone quality, detailed examinations of computed tomogr@physcans of the
entire skeleton are performed, with special attention paid to cortical thickness. In addi&bn, d
energy Xxray absorptiometry (DeXA3cansf the second, thirdand fourth lumbar vertebrae are
used to determine-3core, which is requiceto fall within-1.0 and +2.5 standard deviations from

the population average.

Further screening of the specimens includes a review of medical history and cause of death, a
radiological examination, and serologic testing for HIV, hepatitis B haqhtitis C. Exclusion

criteria include communicable diseases;-exésting skeletal injuriegxisting damage or trauma

to any important anatomical region (i.e. spine, pelerslower extremities); appreciable bone
metastase®r some advanced or aggressorms of cancer (e.g. neloma)some surgeriesuch

as lower extremity amputations, unhealed oréedjc procedures, spinal fixationttaroplasty, or

joint replacementsome disease stafesich as sepsis or extreme cases of: disc degeneration,
scoliosis, stenosis or osteophytic growths, rheumaddidritis, or osteomyelitiscongenital joint
malformations or developmental anomalies (e.g. talgmpiinovarus, dysplasia, etc.); spina bifida;
amyotrophic lateral sclerosis (ALShuscular dystrophy (MDandpolio as the primary cause of

death andaseverely limited range of motion of theints.

UBB Test Conditions

To ensure that UBB injuries are studied within an operationally relevant environment that

accurately reproduces reabrld (in-theater) lading conditions, a predetermined set of initial
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conditions and dynamic parameters are used in the current study. These conditions describe the
structural behavior at the interface between the vehicle interior and the occupant. They were
determined from Dgartment of Defense (DoD) ground system tests, as well as tests performed at
the Aberdeen Test Center (ATC) of the Army Test and Evaluation Com(Rejute 9)

Figure5: Generic Hull test.

Accelerative Loading Fixture

Whole-body PMHS testings conducted on the Accelerative Loading Fixture (ALF), which is
designed to generate floor and seat loading conditions at the level, rate, location, daection,
extent seen in UBBRigure 10). The ALF was employeg@reviously by Danelson et aR@15,
however modifications were made to stiffen the fixture and reinforce the seats for the desired
loading in the current studhile there exists a number of vehicle hull designs that deflect blast
energy and redudeading on the vehicle structuréhe primary direction of loading during UBB

is vertical. Accordingly, the blast rig used in the current study does not include any blast
attenuating featuremnd is designed to reprodube vertical input conditionsithin the predefined

test conditions

The ALF consists of an occupant platform that is driven upwards by the detonation of an explosive
charge buried beneath prepared soil having properties held to tight toleran€es platform

travels within a surroundinguperstructure and is captured by a rope and cleat braking system after
it passes through the apex of its travel. The floor plate, which is made of rolled homogeneous
armor (RHA), undergoes plastic deformation and is replaced between each test. Thetoccupan

platform supports two rigid sedfisr surrogatesKigurell). The seats havieve-point harnesses.
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The seat pans are 46 cm wide and 46 cm deep. The seats are incrementally adjustable in height
and foreaft position to accommodate a range of PMHS sizks dllows the angle dhe knees

to be positioned &0 degrees and the feet to be placed in a similar locatiahe floorwith

respect to the charge location beneath the deck.

P vl

Figure6: Accelerative Loading Fixture (ALF)_éft: Pﬁb_togréph cabfijfed during a test from
Danelson et al2015. Right: Préest photograph frorthe current study.

g

Figure PIVIH oitioned on théLF.

The explosive threat that drives the ALF is buried in the soil beltws. soil is held at a specific
temperature and moisture content, since mechanical properties of the ground are known to affect
the explosive forces on a target (Cimpoeru, 2017). Charhiagcteristics of the charge, such as

the size and standoff disamdetermineshe performance of the ALF. An array of accelerometers

and angular rate sensors is fixed to the seats and floor of the ALF to characterize the structural
response. The performance of the ALF is defined by target peak speeds and the tireresdah
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the specified peak speeds (titoepeak or TTP) at both the seats and the floor. The behavior of

the seat and floor can be modulated independently and is symmetric, predictable, and repeatable.

This study was performed in cooperation with ArRgsearch Laboratory (ARL) personnel at the
Aberdeen Proving Ground (APG) in Aberdeen, Marylahkde Aberdeen Test Center (ATC)
provided some equipment, including ATDs, higjeed video cameras, structure transdueeis,

a Spectral Dynamics data acquisitisystem. The ALF is operated and maintaineithéyVeapons
andMaterials Research Directorate (WMR@am.

Test Matrix

Twenty urembalmed PMHS were tested during eleven uhaely blast tests (Tablg). The
average age of the PMHS tested was 54 y#agsnedian was 55 years, and the range was 26 to
75 years. The PMHS in this study included'§@rcentile males, ¥5percentile females, and's
percentile females. The #percentile females were selected because they are sinmitasiand
statureto 50"-percentilemales, thus potential differences in response between thed&MWS
types are likely a result of differences in sex. THepBrcentile females represent the smallest
females in the population and provide insight into the female nespbone end of the spectrum.
Table3 shows the PMHS grouped by type, with average mass, stature, and BMI listed.

Each test event is referred to as a fiShoto anct
Crew 1 always being the heavier surrogdteere are two test series: Series A (SA) and Series B

(SB). Series A includes two shots with two B@ercentile male PMHS each (SA1 and SA2), with

an additional four shots that introducétldnd 74-percentile female PMHS (SA3 through SAG).

Shots SA4 ath SA6 included the Hybrid Il &-percentile female ATD, which is natcluded in

the subsequemtnalysesTest Series B consisted of figskots that includedBand 7%-percentile

females, as well as Bepercentile males (SB$B5).

During Test Series A, a low@nergy floor condition was implemented to collect kinematics data

in the absence of substantive damage to the lower extremities. Test Series B introduced a higher
energy floor condition to produce damaging test conditionghioitower extremities. The target

test conditions arshownin Table 4
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Table2: PMHS characteristics

Tibia VBMD Mass Stature BMI

Shot Crew PMHS Size Sex Age (mg/cn?) T-Score (kg) (cm) (kg/n?
Left  Right g g/n)

SAl 1 SM117 50" M 58 379.19 380.14 1.6 95.10 182.9 28.4
2 SM118 50" M 54  350.64 334.96 0.1 82.50 1745 27.1

SA2 1 SM120 50" M 69  323.27 329.99 0.8 81.80 188.0 23.1
2 SM119 50" M 73  340.19 342.44 -0.7 65.00 181.8 19.7

SA3 1 SF127 75" F 57 401.71 393.25 -0.9 69.25 170.9 23.7
2 SF126 5" F 54  385.65 380.98 -0.5 47.10 159.2 18.6

SA4 1 SF128 75" F 45  406.26 447.98 0.3 66.06 161.5 25.3
2 ATD 5t - - - - - 48.90 150.1 21.7

SA5 1 SF131 75" F 55 391.49 392.59 1.0 68.49 165.1 25.1
2 SF132 5N F 66  387.13 383.45 1.0 66.36  165.1 24.3

SA6 1 SF133 5" F 57 32433 327.75 -0.7 57.42 162.6 21.7
2 ATD 5th - - - - - 48.90 150.1 21.7

SB1 1 SF138 75" F 50 328.08 321.01 1 74.74 166.6 26.9
2 SF134 5th F 53 441.07 438.26 0.5 60.57 171.6 20.6

SB2 1 SM140 50" M 50 432.02 427.37 0.2 68.72 186.9 19.7
2 SF135 5" F 36 326.59 320.37 2.1 56.88 160.3 22.1

SB3 1 SM141 50" M 55  359.18 361.07 0.7 93.85 168.5 33.1
2 SF142 75" F 75 27299 316.69 0.1 88.13 164.3 32.6

SB4 1 SM145 50" M 68 366.39 379.92 2.4 75.30 178.0 23.8
2 SF148 75" F 56  367.27 398.79 1.4 69.35 162.9 26.1

SB5 1 SM150 50" M 26 369.65 381.50 0.3 78.02 181.6 23.7
2 SF151 5" F 28 334.69 336.90 -0.6 36.51 159.0 14.4
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Table3: PMHS mass anstature by sex and percentile

. Mass Stature BMI

Shot Crew PMHS Size Sex (kg) (cm) (kg/md)

SA1 1 SM117 50" M 95.10 182.9 28.4

SA1 2 SM118 50" M 82.50 174.5 27.1

SA2 1 SM120 50" M 81.8 1880 23.1

SA2 2 SM119 50" M 65.00 181.8 19.7

SB2 1 SM140 50" M 68.72 186.9 19.7

SB3 1 SM141 50" M 93.85 168. 5 33.1

SB4 1 SM145 50" M 75.90 1780 23.8

SB5 1 SM150 50" M 78.02 181.6 23.7
80.0+10.7 182.0+4.7 248+45

SA3 1 SF127 75" F 69.25 170.9 23.7

SA4 1 SF128 75" F 66.06 161.5 25.3

SA5 1 SF131 75" F 68.49 165.1 25.1

SB1 1 SF138 75" F 74.74 166.6 26.9

SB3 2 SF142 75" F 88.13 164.3 32.6

SB4 2  SF148 75" F 69.35 162.9 26.1
727+81 165.2+33 26.6+3.1

SA3 2 SF126 5" F 47.10 159.2 18.6

SA5 2 SF132 5" F 66.36 165.1 24.3

SA6 1 SF133 5" F 57.42 162.6 21.7

SB1 2 SF134 5" F 60.57 171.6 20.6

SB2 2 SF135 5" F 56.88 160.3 22.1

SB5 2 SF151 5" F 36.51 1590 14.4
54.1+10.7 163.0+4.8 20.3+3.4

Table4: Test matrix
Test Series Target Peak T_arget Floor Target Peak '_I'arget Seat
Floor Speed Time-to Peak Seat Speed Time-to-Peak
A 8 m/s 2ms 5m/s 4 ms
B 20 m/s 2 ms 4 mls 7 ms

Instrumentation

The instrumentatiotocationsthat are pertinent to thstudyinclude the femora, tibiae, and the
calcanei. To collect generalized kinematics of body segments in all three planes of motion, six
degreeof-freedom (6(Do F) fAmoti on bl ockso are rigihadl y at't
bilaterally Figure 12). Each motion block is comprised of an aluminum blo€kg(rre 13), to

which three orthogonal linear accelerometers (Endevco 7264, 7264B, or 7264C) and three
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mutuallyorthogonal angular rate sensors (DTS ARS Pro or HG) are fixed. The motion blocks are
attachedo Delrin® blocks that interface between the aluminum and the Bogerel14). Delrin®

does not create stress points that would oadtlr a metal interface. The Delf@nsurface that is

in contact with the bone has a serrated texture to improve conformatthe bone. In addition,

the motion blockshat aremounted to the long bones of the lower extremity have piecesgrit80
sandpaper adhered to the bone beneath the Beloirfurther prevent potential slippage of the

motion block during the test.

Distal tibia
Motion block

Calcaneus
Acceler

Figure8: Left photo:left lateral view ofeft distal leg andoot showing distal tibia motion block
andcalcaneus accelerometdock Right photo: location afiistal tibiamotion block.

T

Figure9: Left: aluminum instrmentation block. Middlenstrumentatiomlock with transducers.
Right: assembled motion block, including Del@rinterface for tibia.
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Figurel0: Delrin® interface component of motion blocks. Left column: femur interface. Right
column: tibia interface.

The motion blocks ar@ositioned at the center of incisions made at specified distances from
anatomical landmarks of the lower extremig described inhe documentt i t 1| ed A Si gt
Conversion Tiger Team [ ScoTT] Recommfumueati ons
15). The distal strain gages are positiopedximal to the motion blocks, whilaé proximal strain
gages are centered within the proximal incisions. Metal hose clamps secure the motion blocks to
the femur and tibia. A single metal hose clamp is used foetharf while both a metal hose clamp
(proximally) and a 30(pound strength wire tie (distallgre used for the tibialhese are passed
through the motion blocks and around the shaft of the bone.

Medial * L Medial

(../ Condyle ?‘2"1‘ 0.25xLnalleolus

0.2xT

:ﬂ.‘gﬂ": Lateral

Greater |, T | Epicondyle
Trochanter |

Figurell: Instrumentation locains on the lower extremity.
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Individual accelerometers (Endevco 7264D) are mounted to both calcanei with the sensing axes
aligned perpendicular to the plantar surface of the (feigurel12). The calcaneus is accessed by
making a small window incision othe medial or lateral aspect of the hebBhe calcaneus
accelerometers are fixed to aluminum blocks with cyanoacrylate. The aluminum blocks are

attached to the surface of the calcaneus using cyanoacrylate.

A tilt sensor is rigidly attached to the rightim of the pelvis and used to position the pelvis at the
desired angle on the ALF without the need for external palpation. During pretest preparations, the
voltage output of the tilt sensor that corresponds to a pelvis angle of 40 dedheesspect to
verticalis determined using the following procedure: With the PMHS in a prone position, the plane
of the pelvis is defined by firmly pressing a rigid Plexiglas triangle directly against the pubic
symphysis and the right and left ASIS within the abdomimasion. The angle of the pelvis with
respect to the coronal plane is determined by placing digital angle finder on the triangle. The cart
on which the PMHS idaying is tilted until the pelvis reaches 40 degree angle and the
corresponding voltage outpat the tilt sensor is recorded. Tmsmberis laterused to position

the PMHS on the ALF.

Single axis strain gage@Vicro-Measurements ce26-250uw350) are adhered to the lower
extremities on the anterior aspect of the proximal and dstabra and tibiae, bilaterally.h&
sensing axearealigned with the long axes of the bones. Strain gages are also applied to the medial
or lateral aspect of the calcaneus (Midfeasurements ceE3-062uw350), with thesensingaxes

oriented perpendiculdo the plantar surface of the foot.

Severa steps are followed to adhere eagthain gageto the bone surfacd-irst, soft tissue is
carefully removed from the bone with a scalpel. Next, the bone is sanded vgth 88ndpaper.

Fatty residue and mdige is removed with acetone. The bone is then cleaned and dried with
isopropy! alcohol before applying a thin layer of cyanoacrylate. After the glue layer cures, it is
lightly sanded with 12@rit sandpaper and cleaned again with alcohol to preparedtrarayer

of glue. These steps are repeated until a smooth layer of glue has sealed off any moisture from the
bone. The strain gages are prepared for application by attaching lead wires to the solder tabs and
cleaning with isopropyl alcohol. A small amdwf glue is applied to the back of the strain gage
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and the strain gage is gently pressed in place to fix the entire surface to the bone. The strain gage
is cleaned and dried with isopropyl alcohol and at least two layers of a protective acrylic coating
are applied to seal out moisture. The lead wires are soldered to the extension wire. The strain gages
are connected to the signal conditioning using a tivie® configuration, with one bridge

completion resistor being external to the data acquisitionrayatel two being internal.

Wires exiting all transducers are straglieved to nearby tissue structures within the incisions.
Eachmotion block is covered with a thin piece of latex thasécured with a rubber band. All
incisions are stitched closed. &feet, distal tibiae, and distal femora are wrapped iresilérent

elastic wrap to protect protruding instrumentation blocks. All instrumentation cables are passed
through tunnels made dhe lateral aspect of the body. Thexit the bodynearthe acronon
process, bilaterally. The wire bundles are straireved to tissuenear the scapulaeThe
transducers are connected to the data acquisition system and it is verified that they are functional
before transporting the PMHS to the test site. The PMH8@reedin SpandeXodysuits. The

only PPE used in this study are Belleville boots, which are fitted to each specimen based on the
anthropometry of the feet. The boots are laced and tightened consistently for all tests.

Imaging

Full body CTs with 0.628%1m thickness slicearecollected upon procurement and prior to storing
thePMHSIn the freezerCTs are also collectedter instrumentatiois installedand after the test

is conducted. Xays of all body rgions are collectethefore instrumentation installed. An
additionallateralx-ray of the lower extremities is taken on the ALF after final positioning of the
PMHS. Photos of the PMHS on the ALF are taken before and after the test is conducted. Video is
recorded using four Vision Research Phantom @M OS video cameras operating at 1 kfps, with

50 mm lenses. There are four bagk Photron FASTCAM SAl.1 cameras operating at 10 kfps.
The cameras are positioned within protected enclosures. The camera views inatoderthlend

lateral plane views ahe PMHS. Platforms are positioned along the edges of the AdEl&y

soil ejecta from blocking the camera view of the occupant platform.

Targets are applied to various anatomical landmarks and to the harness, seat, and test apparatus
following the praedure defined in the document titl@&/IAMan Bio PT PMHS Positioning
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Procedure guidelines. Rev. 0.TVhite sport tape is wrapped around the kb either side of
eachjoint and crossairs are drawn onto the anterior, medial, and lateral aspiettte tape with

black paint pens. Target stickers are also placed on palpable bony landmarks of the limbs and head.

Test Procedure

Pretest preparations are performed at the Virginia Tech Center for Injury Biomechanics Crash Sled
Laboratory. After speanen preparation, a four day procedure is followed to conduct each test. On
day one, specimens are transported from Virginia Tech to APG in a temperature controlled morgue
within a secure trailer. Policies and guidelines of federal, state and local laaddlition to
university SOPs, are followed. Upon arrival at APG, the PMHS are transported from the trailer
into a morgue in a locked building at an-gite preparation facility. On day two, after final
specimen preparation, the PMHS are transported tdetftesite and seated on the ALF. An
environmental chamber is placed over the PMHS, which are supervised overnight. Final specimen
positioning and instrumentation verification is performed on the morning of day three. After the
test is conducted, the PMH$earansported back to the preparation site and secured overnight.
Decontamination of the ALF is performed. On day four, the PMHS are transported back to Virginia
Tech for postest procedures, including polarity checks and autopsies. The PMHS are then
had| ed per the donorsodé wishes, culminating in
safely perform the test, the testing schedule may be extended by one day.

Positioning

The specimen positioning procedure follows the guidelines presented in the document titled
AWIAMan Bio PT PMHS Positioning Procedure guidelines. Revo.0To provide specimen
dimensions for the adjustable seat on the ALF, relevant measurements aresctafiette
laboratory with the specimen seated in the approximate position for testing on the ALF. The height
of the shoulder belts is adjusted by feeding them through the appropriate slot in the seatback at the

level of the top of the shoulder or slightigher. The fivepoint harnesses areused

A series of steps are followdo position each specimehhe specimen is seated on the ALF in an
approximately correct position with the torso upright against the seatback and the pelvis centered

between thedft and right edges of the seat. The {pant harness is used to loosely secure the
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torso in place. The pelvis is shifted until the tilt sensor indicates the desired pelvis angle of 40 + 5
degrees with respect to vertic@ince the pelvis is in place gttharness is fully tightenexhd the

angle of the pelvis is checked agafnominal posture of the lower extremities is implemented

for all PMHS, meaning the foot is placed flat on the floor,ghank is oriented perpendicutar

the floor, and the thigts oriented parallel to the floor. This sets the angle of the larekankles

to 90 degrees. The orientation of the leg is indicated by the position of the lateral malleolus of the
fibula and the lateral epicondyle of the femur, while the orientatidmeathigh is indicated by the

lateral epicondyle of the femand the Hpoint of the pelvisThe heels and toes are aligned in the
sagittal plane and the lower extremities are positioned 10.5 inches apart, equidistant from the mid
sagittal plane. String isoped around the thighs to keep the knees from splaying open. The hands
are loosely secured onto the tops of the thighs with the palms down and the fingers in line with the
thighs using brealway tape. The arms rest at the sides of the chest. Theshgasitioned using

a frangible hanging system that is fashioned to remain undisturbed until the test event. A coordinate
measurement machine (FARO) is used to verify that various anatomical landmarks are positioned

at specified distances relative to onetter within specified tolerances.

The data acquisition hardware for each specimen is housed wittgimforced enclosure that
provides internal damping for the DAS to protect from shock. Each enclsssezured t@a
pedestal behind the seat. A thayér of rubber is placed between the case and the pedestal. The
wire bundle running from the PMHS tthe DAS enclosures aggrain relieved to the structures

that reinforce the seat.

Data Processing

There are two data acquisition systems for each PMR&(ifst is a 3Zzhannel DTS G5 sampling

using 100 kHz, with a 3&Hz cutoff frequency, Border Butterworth profile, lowpass filter. The

second is a 64hannel DTS TDAS Pro sampling using 20 kHz with a 4,300 Hz cutbfbr8er

Butterworth profile, antaliasing filter. The data from the TDAS Pro are interpolated to 100,000

sps using a cubic spline algorithm. Large spikes that are unrelated to the test are removed. The
data are corrected for polarity then zeroed, truncatadlfiltered. Linear accelerati@md angular

speed ardfiltered following SAE J2111 recommended practice (SAR014) for Channel
Frequency Class 1 kHZhe acceleratiodlataar e i nt egrated using Si mps
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speed. The strain gage data adjusted to a baseline of zero and filtered wittB&GHz cutoff
frequency using a4™" order Butterworth profile. The data are not normaligiedethe differences
betweengroups ardeing examinedNormalization minimizes these differencdsiggerirg and
synchronization between the separate data acquisition systems is accomygisigecolid state
sequencer to send signals through fiber optic cabkbe three DAQ systems at the time of charge
detonationThe signals are converted to TTL levelghin the DAS enclosures and are digitized
by each DAS. Triggering is accomplished via a custom interface that providesunight though
BNC cables to an optocoupled resistive switch plugged into each DAS unit.

The SAEJ211 coordinate system describedhe document Instrumentation for Impact Test is
used for all occupant measurements and calculations (3&H). Positive X is posterior to
anterior, positive Y is left to right, and positive Z is superior to inferior. This coordinate system is
based o a standing occupant, so repositioning to the seated posture on the ALF causes a
correspondinghange in alignmentdf the axis(e.g. the X direction for the thigh is aligned with

vertical during specimen positioning)

Coordinate system transformatiorfstiee transducer data are performed to align the signals with
the anatomical axes (Hardy et aRP01). Local motion block coordinate systems and bone
coordinate systems are defined within the global CT spluwe.transducer signals from each
motion blockare rotated from the local motion block coordinate system to the global CT space.
These signals are then rotated from the CT space to the local bone Syiséemotion block
coordinate system is defined by choosing an origin point, a point defining-#ies direction

and a third point defining the XZ plane. TheaXis follows from the X and Z axis definitions. A
fourth point in the opposite corner of the origin is recorded to provide spatial canteig used

to check the measurements and calculatidihg femur coordinate system is defined by the medial

and lateral epicondyles of the femur, the midpoint between the epicondyles, and the center of a
sphere that is fitted to the femoral heading using a least squares sphere fit. The tibia coordinate
system is defined by the medial and lateral malleolus, the midpoint between the malleoli, the center

of the intercondylar eminence, and the tibial tuberosity.
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Data Analysis

Damage Assessment

All PMHS are surveyed for damage to the joints and bones througkaamination of postest

CT scans and autopsiddamage is categorized using the Abbreviated Injury Scale (208%
Update 2008, as well ase AO/OTA Classification. The DanWeber Classification is used for
fibula fractures. The Hawkins Classificatimnused for talus fractures. The Sanders Classification

is used for calcaneus fracturédl. damage coding was performed by Kerry Danelson.

Fracture Timing Estimation

The approximate time of fracture is determined with respect to the onset of mdahercafcaneus

on the right and left side&ll non-fracture cases provide rigbénsored timing data, while the
fracture cases are letensoredFor each limb that sustainedfracture othe calcaneus, tibia, or
both, a probable time of fracture is det@red by examining the strain gage traces and associated
kinematics collected from the motion blocks. The time at which there is an initial sharp transition
in strain is assumed to indicate the onsed &acture In general, the first initiation of fraate is
characterized by an inflection point in the distal tibia vertical speed (local minimum in
acceleration), while complete failure manifests as a noticeable drop in speed, since a considerable
amount of energy contributes to the fracture rather tharotong the limb. These two points were
used to provide a range of time withimish fracture likely occurred. Fractures of the calcaneus

and tibia occur at approximately the same time.

ResponseEnvelopes

To illustratethe natural variancen the response of each PMHS typesponse envelopes are
generated for the distal tibia and distal femur. The envelopes are defined by the minimum and
maximum value of vertical speed or acceleration at each time point. The envelopes arearreated f
a given surrogate type (%epercentile male, ?5percentile female, or'%percentile female), side

(right or left), and floor energy level (Series A or Series B). No scaling or shifting is applied.
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Peak and TimeTo-Peak (TTP)

The peak values ofertical acceleration and speed are determinedilbea Z, femur X, and the

floor. The timeto-peakfor the tibia and femur idetermined by taking the difference between the
time associated with the peak valaled the time of onset of motiaf the tibia ofemur. Thetime

at whichthe signal departs zers the signal start timelf there are small oscillations at the
beginning of the signal, the time point at which the signal crosses zero prior to the first rise is
selected as the start timea local peakvalue within the first &ns iscommensurate witthe peak
valuefor the entire event, then the fitetal peak is usedtherwise, the overall peak is used. This

reduces the effect of slow drift. Withthedata, the distinction was unambiguous.

Bone Mineral Densityand Mass Estimation
Volumetric bone mineral densifyBMD), which is the bone mineral content per volume of bone,
was calculated from the ptest CT scans at the distal tiblal segmentation was used to estimate

the mass of the thigh, shHarand foot, bilaterally, for each specimen.

Parametric and Non-Parametric Analyses
In the current study, nedamage cases are right censored, meaning the stimulus value (i.e. peak
acceleration) is below the level that will cause damage. Converselgathage cases are left
censored, meaning the level of input has surpassed the actual threshold of injury. Because the
dataset in the current study is doubly censored (mix of right and left censored data points) the
consistent threshold (CT) survival anafysiethods implementedNusholtz and Mosier1999)
Parametric curve fitare performed to estimatiee probability of fracture of the calcaneus or tibia
for a given kinematic variable (i.e. peak tibia vertical sm@gion). The sigmoid function
employedby Hardy et al., 2001si used (Equation 1), where Y represents values along the
continuous curve fit to the dichotomous damage outcorhe. results of both methods are
comparedn one casecalcaneus fracture with respect to peak timatical accelerabn. Point
biserial correlation isalso conductedto examinepotential relationshipsbetweenthe peak
accelerations and speeds of the femutibia with corresponding damage to the tibia, talus, or
calcaneus; vBMD; and mass below the krid®s correlatim method is appropriate for examining
relationships between binary variables and continuous variables.

Y=1/(1+exp@ b* X)) Eqg. 1
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CHAPTER 3
RESULTS

Damage Response

The damage resulfer the lower extremityare described hereiAppendix Bprovides aletailed
summary of the damage results for the lower extremities of all PN Svell as a listing of
damage codind>amage is grouped by individual PMHS and presented in the order that the PMHS

were tested.

Table5 andTable6 present the &quency of fractures for each bone in the lower extremity from

the current study and the Task 4.2/Matrix Shot dataset, respectively. Damage is distinguished
bet ween the right and | eft siRbe doof fntnhde chad cys.
dammge to this region was major (higher in sev
the damage was minor (lower in severity). Damage is characterized as major when it compromises

the structural integrity ahe bone.

The current study resutian fractures of fortysevenindividual bones in the lower extremities of
twelve PMHS. Damage was sustained by PMHS in all three catedbtfépercentile male, 75

and ¥'-percentile females)n both the right and left side of the body. The only instanpertihent

lower extremity damage that occurred with the lcemergy floor condition was a case of minor
damage to the talus of §percentile femaleOne proximal femur fracture was obsed on the

left side of SA3C2 (SF126) in the lowenergy floor condition, however this fracture passed
through a local region of cancerous bofeis femur fracture was not included in the subsequent
analysisThe higherenergy floor condition resulted numerous fictures of the lower extremity.

The previous Task 4.2/Matrix Shot test series resulted in fractures of fifteen individual bones in
the lower extremities of five PMHS. Damage in this test series was not observed in the tibia nor
the fibula. Thanajority of the damage occurred to the talus and calcaNeuspen fractures were

observed in either study.
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Table5: PMHS lower extremity damage summary for the current study

Test PMHS Type Femur Tibia Fibula Talus Calcaneus Midfoot Forefoot
SA1C1 SM117 m50h
SA1C2 SM118 M 50N
SA2C1 SM120 M 50"
SA2C2 SM119 M 50h
SA3C1 SF127 F 78"
SA3C2 SF126 F35" L
SA4C1 SF128 F 758"
SA5C1 SF131 F 758"
SA5C2 SF132 Fgh
SA6C1 SF133 F3gh |
SB1C1 SF138 F 758" r/L r R r/l |
SB1C2 SF134 F5" L | R R/L | |
SB2C1 SM140 M50" L R/L |
SB2C2 SF135 Fgh | R/L r
SB3C1 SM141 Mm50h L
SB3C2 SF142 F 758" L r/l R/L r
SB4C1 SM145 M 50" r r L
SB4C2 SF148 F 75" r/L | R/L |
SB5C1 SM150 M50" L
SB5C2 SF151 F5h r R/L
Table6: PMHS lower extremity damage summary for Task 4.2/Matrix Shot
Test PMHS Type Femur Tibia Fibula Talus Calcaneus Midfoot Forefoot
MS1C1 SM91 M 50h
MS4C1 6541 M50h R/L
MS5C1 SM85 M 50" R
MS5C2 SM90 M 50"
MS7C1 6504 M50" | R/L r r
MS11C1 SM94 M 50" L R/L
MS14C1 6601 M 50" r R
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Femur

In addition to the femur fracture that occurred through cancerous bone of a small Pémkite

during Series A, three femur fractures were sustained by three PMHS on the left side during Series
B (higherenergy floor condition). Two were sustained 3§/-percentile males, while one was
sustained by a"5percentile female. All femur fractures observed in this study are classified as
major damage. The three noancer cases occurred at the didphysis and involved complete
transection of the shaft tfie femur with associated fragments. Examples are shoxigune16
andFigurel?. The fracturen Figurel6resulted from combined bending and torsion. This fracture

fits within the Muler AO 32-B1.2 classification.

Figure12: Fracture of the left femur of SB2C1 (B@ercentile maleMiiller AO 32-B1.2 Right
lateral view; right side of photo is distal.

89cl :
LeFt Femur .

Figure13: Fracture of the left femur of SB5C1 (&percentile male). Left lateral view; right
side of photo is proximal.
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Tibia and Fibula

Series Bhigherenergy floor conditionproducedseven cases of damatgethe distal tibia in four
female PMHSand one male. Two ¥Spercentile females sustained bilateral damage to the tibia.
There werdour cases of minor tibia damage that occurred across all sexes and percentiles. Three
of these were pilon fractures that were observed in femilgsré18). The fourth case of minor
tibia damage, which involved trivial damage to the anterior and postaargins of the tibial
plafond, was sustained by a@Bpercentile male (SB4C1, SM145). There were three cases of major
damage to the distal tibia that involved considerable bone heightFigssg19). All three cases
occurred on the left side of #&ercentile females and had associated ipsilateral fibula fractures
(Figure 20). Two of the fibula fractures involved complete transection of the distal third of the
diaphysis, one of which also sustained a fracture of the head of the fibula. A thircsiibtaaed

a fracture of the lateral malleolus.

SFIYL LLi-1e53
STl

L. TiBIA

Figure15: Shattered left distal tibia of SB3C2 {Hercentile female). Anterior view; right side
of photo is proximal.

44



Figure16: Oblique fracture of the left distal fibula of SB3C2 {#gercentile female). Anterior
view; right side of photo is proximal.

Talus

In Series A (lowesenergy floor condition) there was a single case of minor damage to the talus of

a 3"-percentile female that involvedpartial fracture ofhe neck of théalus. In Series B (higher

energy floor condition) there were eight talus fractures sustained by seven PMHS."®ne 75
percentile female sustained bilateral talus fractures. All but one of the seven cases occurred to
females. Minor damage was observed ssrallfive surfaces of the talus and in all sexes and
percentilesFigure21). Thae was asingle case of majatamage to the talus that occurrech i
percentile femaleRigure22). This fracture involved a nearly complete transection of the neck of

the talus that separated the anterior and posterior portions of the bone. This fracture initiated at the

sulcus tali, which is an oblique groove on the underside of the talus.

Figurel7: Fracture to the posterior calcanagticular surface of the right talus of SB3C2'{75
percentile female). Inferior view; right side of photo is medial.
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Figure18: Fractureof theright talus of SB1C2 (5-percentile female). Medial view; right side of
photo isposterior.

Calcaneus

Crushed calcanei were the most frequently obseraetlres, with fifteen cases observedtfoe
twenty lower extremities in Series B (highamergy floor condition). All PMHS in this test
condition sustained damage to either onieath calcanei with the exception of oné'gfercentile
male. Six PMHS incurred bilateral calcaneus damaggire 23 shows an example of a typical
calcaneus fracture. The calcaneus fractures weralisptaced, but fragmentation was revealed
during autopsy. All calcaneus damage was intraarticular.

Figure19: Crushed left calcaneus of SB1E&percentile female). Superior view; right side of
photo is medialTibia and talus are removed.
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Midfoot
In Series B (higheenergy floor condition), there were five cases of damage to the navicular. All

navicul ar damage o0 c cavigulareTte tveotobsérted cubivid feaatlres waref t h
both associated with navicular fractures. All navicular and cuboid fractures were sustained by

females. A typical example of fractures of the navicular and cuboid is shdviguire24.

HHTHH]
7 11§
. it S EFEARE
S TR i

Figure20: Fractures of the beak of the right navicular and the lateral portion of the posterior
surface of the right cuboid of SB1C1 {Zpercentile female). Posterior view; right side of photo
is lateral;hindfoot isremoved.

Forefoot
There were four cases of forefoot damage in Series B (hegiergy floor condition). Damage

was limited to the third, fourth, and fifth metatarsals and was observed across all sexes and
percentiles. An example is shown kigure 25. Damage to the fifth piximal phalange was

observed in a ?5percentile female. All forefoot damage occurred to the proximal portion of the

bones andn the lefiower extremity

EEEEL TR LR TEAT IS
e B ik
L S G

Figure21: Fracture of the left proximal4metatarsal of SB2C1 (Yepercentile male). Superior
view; right side of photo is proximal).
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Fracture Timing

Table 7 provides the approximate times of fracture in Series B. For each lower extremity that
sustained a fracture of the tibia and/or calcaneus, a window of time between the initiation of the
fracture and complete failure is provided. In the current studyufecbf the calcaneus and tibia
occurred within three milliseconds of the onset of motion of the calcahabke8 provides the
fracture timing for Task 4.2/Matrix Shot test series. Femur fracture timing estimations are provided
in Table9.

Table7: Fracture timing with respect to onset of calcaneus motion for the current study

PUHS s FRCue  Frace Time
——— e
SBIC2 ' g calaneus 103196
ey [ G 1ri
N
SB3C1 E Calc-aneus 0.66:0.94
sesc2 | Tibigg(égli:ieus 084092
SB4Cl1 E _.Ca-tlllt;r?eus éggégg
SBC2 | Tias Cakanas 066111
SB5C1 E ] :

esco B Clewe s
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Table8: Fracture timing with respect tmset of calcaneus motion for Task 4.2/Matrix Shot

PMHS  Side Fracture Fracture Time
Location (ms)

msict : :

L - -

R Calcaneus 8.5
MSEEL L Calcaneus 6.8-7.5
MS5C1 5 Calcaneus 74
MS5C2 | : :

R Calcaneus 2.6
MSTEL Calcaneus 1.6

R Calcaneus 8.8
MSHEL | Calcaneus 8.3
MS14C1 f Ca@émuﬁ ?9

Table9: Femur fracture timing with respect to onset of calcaneus motion for the current study
PMHS Side Fracture Time (ms)

SA3C2 f 6}7*
SB1C2 f 8%0
SB2C1 f 756
SB5C1 f 6;2

*This fractureoccurred througleancerous bone.
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Kinematics Response

Video

Still framesfrom high-speedvideo are presented from 0, 2.5, 8,5, 10, 15, 20, 25, and 30
milliseconds.Figure 26 shows the 78- and %'-percentile femi@s from Series B Shot 1, while
Figure27 showsthe 50™-percentile male andSpercentile female from Series B ShoAppendix

C provides still frames of video captured duradbtests for qualitative comparison.

A visual comparison does not reveal gross differences between female and male PMHS movement.
There is very little movement of the lower extremities within the first few milliseconds. The lateral
view of the lower extremities shows progressive flexiorhefhips, knees, and ankles throughout

the duration of the event, with the vertical orientation of the shank being maintained throughout
the first thirty milliseconds. The deformation profile of the floor is visible within the first several
milliseconds.

Still frames showing the booted foot at timero and the time of calcaneus failure are shown in

Figure28for the right lower extremity of SB1 Crew 2. At the time of fracture, the lower extremity
has not begun to move and the boot/heel are being compressed
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Figure22: Series B Shot 1. #5percentile female (left) and"Spercentile female (right)
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Figure23: Series B Shot 2. 3Bpercentile male (left) and"Spercentile female (right).
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Figure24: SB1 Crew 2 (yellowyight calcaneus fracture. Left photo: tirmero. Right photn3.5
ms from timezero.

Transducer Data

The transducer data collected by the motion blocks on the distal femur and tibia are presented
herein. Plots of global vertical speed and acceleration for both the ém&egy and higheenergy

floor conditions are shown for the first twenty millisecorafsthe event. Each plot contains
individual traces for the left lower extremitppendixD providesa comprehensive catalog of

individual traces.

Series A Tibi&Response

In Series Allower-energy floor conditiondhe general shape and duration of thataxial (global

vertical) speeds were similar between females and males. However, the tibiae of the female PMHS
generallyhad higher vertical speeds and they reached those speeds earlier in the event than the
male PMHS Figure 29). The tibiae of the femes also reached higher peak accelerations than
those of the malesMoreover, the tibiae of the'Spercentilefemales readtd higher peak
accelerations than those of thé"#&ercentilefemales in the lower energy floor conditidfigure

30).
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Figure25: Series A left tibia vertical (zAxis) speed.
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Figure26: Series A left tibia vertical (zAxis) acceleration.

Series B Tibia Response

In Series B, the tibia vertical speeds were approxipdteice those in Series AF{gure 31).

Again, the shape and durations of the tibia vertical speed responses were similar between females
and males, but the differences in response between females and males were not observed in Series
B. The left tibiavertical acceleration responses of th&-percentile females in Series B show

large peaks thatorrespond tdhe three cases of major tibia damage sustained by these lower

extremities Figure32).
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Figure28: Series B left tibia vertical (Axis) acceleration.

Series A Femur Response

In Series A, the general shape of the posteroanterior (global vertical) femur speeds are similar
betweerfemale and male PMHS. However, the femora of the females attain greater peak speeds,
earlier in the eventHigure33). In addition, the heavier extremities exhiait oscillatory square
unimodal response in the femur vertical acceleration respBiger¢34). The femora of the'
percentile female PMHS in particular undergo larger vertical accelerations earlier in the event and

the acceleration response is shorter.
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Figure29: Series A left femur vertical (3axis) speed.
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Figure30: Series A left femur vertical (>axis) acceleration.

Series B Femur Response

In Series B, the three traces wiibticeable drop in speed between seven andni#iseconds

from time-zero correspond tdhe previously reprted femur fracturegFigure 35). In addition,
heavier lower extremities exhibit a seceordler effect in the vertical speed response of the femur
that is evident irFigure 35. The associated acceleration responses are triangular and bimodal in
nature Figure36). The duration of posteroanterior femur acceleration is shorter for mosefemal
PMHS thamale PMHS.
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Figure32: Series B leffemur vertical (Xaxis) acceleration.

ResponseEnvelopes

Several exemplar response envelope plots are preseXpeendix E provides all respase
envelopesFigure37 andFigure38 show the left distal tibia global vertical speed in Series A, with
the 50"-percentile male envelofgEingcommon taboth plots. It is evident that th&ercentile
female envelope overlaps with that of thé"§@rcentile male to a lesser extent than th& 75

percentile female envelope.
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Figure39 andFigure40 show the lefdistal femur global vertical speed in Series B, with the 5
percentile female envelope being common to both plots. TheeBentile females maintain
greater global vertical femur speeds throughout the duration of the event than bottf-the 50

percentilemales and the 5percentile females.
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Figure33: Series A left tibia Zaxis speed5-
percentile females and B(ercentile males.
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Figure34: Series A left tibia Zaxis speed
75"-percentilefemales and 3Bpercentile
males.
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Figure35: Series B left femur axis speed
5th-percentile females and 50g®rcentile
males.
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Figure36: Series B left femur axis speed
5 and 7%-percentile fenales.
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Peak Accelerationand Seed

The following figures present the damage level of the tibia, talus, or calcaneus plotted as a function
of the peak acceleration or speed of the tibia or femur. Damage level is specified by the color of
the marker, with light grey, dark grey, and black aading no damage, minor damage, and major
damage, respectively. The shape of the markers indicates the sex and percentile, with circles,
squares, andriangles representing Bercentile males, 5percentile females, and™"5

percentile females, respaaly.

Tibia Damage Level

Figure41landFigure42 present damage level of thiia as a function of peak-&xis acceleration
and speedf the distal tibiarespectivelyTibia damage is associated with higher peak axial (global
vertical) accelerationsplivever the large number of nolamage cases at lower peak accelerations
makes this trend insignificanfAs peak axial (global vertical) acceleratioh the distal tibia
increases, the incidence of tibia fracture increases. No trend is seen for pedibidistalal speed

and tibia fracture.
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Figure37: Tibia damage vs. peak distal tibi Figure38: Tibia damage vs. peak distal tibi
Z-axis acceleration. Z-axis speed

Q75" female AS5" female (50" male No Damage ¥ Minor Damage BMajor Damage

Figure43andFigure44 presentiamage level of the tibia as a function of pead¥s acceleration
and speed of the distal femur, respectivao relationship between peak distal femur
posteroanterior (global vertical) acceleration and tibia fracture is evident. Tibia fracture tloes no

appear to be related to peak distal femur posteroanterior speed either.
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Figure39: Tibia damage vs. peak distal fem Figure40O: Tibia damage vs. peak distal fem
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Talus Damage Level

Figure45andFigure46 present damage level of the talus as a function of peadisZacceleration

and speedf the distal tibiarespectively. A limited trend between increasing peak axial (global
vertical) accelerationf the distal tibiaand increasedhcidence ottalus fracture is demonstrated.
However, the more severe talus damage is observed at lower peak accelerations, and there is only
a single damageaseat an acceleration higher than the highest measured fefracinre. No
relationships observedetweermpeak axial speedf the distal tibizand talus fracture.
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Figure4l: Talus damage vs. peak distal tib Figure42: Talus damage vs. peak distal tib
Z-axis accelertzon. Z-axis speed.

75" female As5%female Q350%male  NoDamage HMinor Damage BMajor Damage
Figure47 andFigure48present damage level dfd talus as a function of peakaxis acceleration
and speed of the distal femur, respectively. Ifrtbafracture point at the highest acceleration is
excluded, there is a slight trend towards talus fractures being associated with greater peak
posteroanterior (global vertical) acceleration of the distal femur. Talus fracture is not related to
peak posteranterior speed of the distal femur.
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Figure43: Talus damage vs. peak distal Figure44: Talus damage vs. peak distal
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Calcaneus Damage Level

Figure49 andFigure50 present damage level of the calcaneus as a function of tibia peeak Z
acceleration and speed, respectively. As peak axial (global vertical) accelefatierdistal tibia
increases, the incidence of calcaneus fracture increasdsernd is seen for peakxial speef

the distal tibiaand calcaneus fracture. However, if the Hfi@cture case having the largest speed
(> 18 m/s) is ignoreda limited trend showing an increasecaicaneus fractusawith increased

peak speedf the distatibia emerges.
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Figure45: Calcaneus damage vs. peak dis Figure46. Calcaneus damage vs. peak dis
tibia Z-axis acceleration. tibia Z-axis speed.
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Figure 51 and Figure 52 present damage level of the calcaneus as a function of peaisX
acceleration and speed of the distal femur, respectively. As peak posteroanterior (global vertical)
acceleration of the distal femur increases, the incidence of calcaneus fracture sn€eksmeus
fracture does not correlate with peak posteroanterior speed of the distal femur.
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Figure47. Calcaneus damage vs. peak dis Figure48: Calcaneus damage vs. pehtal
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Peak and Timeto-PeakAcceleration and $eed

Severalcl bpdiontpl ots are generated to illustra
extremity kinematics and damage levihe damage under investigation in this analysis includes

that of the tibia, talus, and calcaneus, since these are the primary weight bearing bones of the foot
and ankleA single peak value of acceleration or a single peak value of speed measured by the
accelerometers othedistal tibia or distal femur is plotted on the vertical axis, while the time taken

to reach that peak value (tinb@peak, or TTP) is plotted on the horizontal aXisese vhies are

tabulated in Appendix.H he damage locations in ghanalysis include the tibia and fibula, which

are grouped together and are concomitant for severe damage cases; the talus; and the calcaneus.
The damage to these regions is divided into three categories: no damage, minor damage, and major
damageDamageével is specified by the color of the marker, with light grey, dark grey, and black
indicating no damage, minor damage, and major damage, respectively. The shape of the markers
indicates the sex and percentile, with circles, squares, and triangles répgeSéhpercentile

males, 7%-percentile females, and"®ercentile females, respectively. Markers from the Task
4.2/Matrix Shot test series are distinguished by a plus (+) or mipggribol. The markers for

the PMHS outfitted with PPE contain a p&ynbol, while all other PMHS in the Task 4.2/Matrix

Shot test series are marked by a minus symbol. Lower extremities with ipsilateral damage to

specified bones are indicated by a black border on the marker.
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Peak Tibia Vertical Acceleration and TTP

Ovenall, greater peakxial acceleratiorof the distal tibias required to fracture the calcaneus for

a shorter timeto-peakfor acceleration of the distal tibi@&igure53). For alonger timeto-peak,
ostensibly reflecting longer contact time between the boot and floor, l@wvels of peak
acceleratiorof the distal tibiacan result in calcaneus fracture. For acceleration-tirpeak less

than 3 ms, calcaneus fracture does noupbelow 400 g. For acceleration tistepeak greater

than 3 ms, calcaneus fracture occurs belowglB8ughly 56percent dthe time within hese tests.

In addition, for less tha3-ms acceleration timto-peak the average axial acceleratithe disal

tibia for which cal@neus fracture occurs is 5254 g for #'-percentile female PMHS, 882272

g for the 78-percentile female PMHS, and 680145 g for the 50-percentile male PMHS. For

the 8"-percentile female PMHS, the lowest distal tibia aiateleration for which calcaneus
fracture occurs is 625 g, while the highest distal tibia axial acceleration for which calcaneus
fracture does not occur is 640 g (irrespective of fimpeak acceleration). For the"2Hercentile
female PMHS, the loweslistal tibia axial acceleration for which calcaneus fracture occurs is also
640 g. The highest distal tibia axial acceleration for which calcaneus fractureotoesur is 766

g. For the 50-percentile male PMHS, the lowest distal tibia axial acceleration for which calcaneus
fracture occurs is 195 g. The highest distal tibia axial acceleration for which calcaneus fracture
does not occur is 807 g. When the analysis is limited to-tiapeak aceleration less than 3 ms,
asdescribegreviously, the incidence of calcaneus fracture increases as peak axial accedération

the distal tibiancreases. However, the transition fromfrecture to fracture casesmore distinct.
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Figure49: Peak distal tibia Zaxis acceleration vs. tirie-peak for calcaneus damage level.
Markers with black borders indicate ipsilateral talus or tibia/fibula damage.
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With the exception of onéSfemale PMHS caséhe relationship between peaxial acceleration

of the distal tibiaand timeto-peak acceleration follows the same trends for talus fracture as for
calcaneus fractureFigure 54). That is, for shorter tim&-peak acceleration, greateaxial
acceleratiorof the distal tibias required to produce fracture. For tHegercentile femalg the
lowest distal tibia axial acceleration for which talus fracture occurs is 210 g. The highest distal
tibia axial acceleration for which talus fracture does not occur is 640 g. For fheeitentile
females, the lowest distal tibia axial acceleration for which talus fracture occurs is 904 g. The
highest distal tibia axial acceleration for which talus fracture does not occur is 766 g. Fdi-the 50
percentile male PMHS, the lowest distalidi axial acceleration for wti talus fracture occurs is

195g. The highest distal tibia axial acceleration for which talastérre does not occur is 8§4
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Figure50: Peak distal tibia Zaxis acceleration vs. tirie-peak fortalus damage. Markers with
black borders indicate ipsilateral calcaneus or tibia/fibula damage.
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Few combined tibia and fibufsacturesare seen overalF{gure55). Unlike the calcaneus and
taluscasesno combined distal tibia and fibula fractuoesurred at the lower levels of peak axial
acceleratiorof the distal tibiaThere is one such fracture in &percentile female PMHS at 625

g, which is the lowest peak distal tibia axial acceleration for which a combined distal tibia and
fibula fractureis seen. For the'Bpercentile female, the highest distal tibia axial acceleration for
whichatibia/fibula fracture does not occur is 640 g. One tibia/fibula fracture is observed'in a 50
percentile male PMHS at 807 g. For thé"g@rcentile male, théiighest distal tibia axial

acceleration for which tibiaffibula fracture does not occur is 864 g. For thpétentile female
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PMHS, the lowest distal tibia axial acceleration for which tibia/fibula fracture occurs is 652 g. The

highest distal tibia axiacceleration for which tibia/fibula fracture does not occur is 766 g.
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Figure51: Peak distal tibia-axis acceleration vs. tiri®-peak for tibia and fibula damage.
Markers with black borders indicate ipsilateral talusalcaneus damage.
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Peak Tibia Vertical Speed and TTP
Figures 56, 57, and58 show peak Zaxis speed of the tibia and TTRIl calcaneus, talus and

combined tibia and fibula fractures, except one calcaneus and one tatusefraccur above-7

m/s Calcaneus and talus fractures in thé"f%ercentile femalegenerally occur at the shortest

TTP distal tibia axial speed, whilbdse observed in the B@percentile male occur at the longest

TTP distal tibia axial speed, with the fractures in the small fessadattered in between.
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Figure52: Peak distal tibia Zaxis speed vs. tim-peak for calcaneus damage. Markers with
black borders indicate ipsilateral talus damage.
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Figure53: Peak distal tibia-axis speed vs. tim®-peak for talus damage. Markers with black
borders indicate ipsilateral calcaneus damage.
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Figure54: Peak distal tibia zZ&xis speed vs. timm-peak for tibia and fibula damage. Markers
with black borers indicate ipsilateral talus and calcaneus damage.
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Peak Femur Vertical Acceleration and TTP

In general, pealosteroanterior acceleratiaif the distal femurdoes not follow any particular
pattern other than all but two calcaneus fractocEsirring above 200 ¢rigure59). For the §-
percentilefemale PMHS, the lowegiosteroanterior acceleratiar the distal femurfor which
calcaneus fracture occurs is 239 g. The average peak posteroanterior accalétatodistal
femur that is asso@ted wih calcaneus fracture is 3748 103 g. The highest distal femur
posteroanterior acceleration for which calcaneus fracture does not occur is 197 g. F8Fk the 75

percentile female PMHS, the lowest distal femur posteroanterior acceleration for wbateca
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fracture occurs is 376 g. The average peak distal femur posteroanterior acceleration associated
with calcaneus fracture is 44154 g. The highest distal femur posteroanterior acceleration for
which calcaneus fracture does not occur is 429 g.HeoB@-percentile male PMHS, the lowest

distal femur posteroanterior acceleration for which calcaneus fracture occurs is 146 g. The average
peak distal femur posteroanterior acceleration associated with calcaneus fie&@0+ 149 g.

The highest distdemur posteroanterior acceleration for which calcaneaure does not occur

is 439 g.
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Figure55: Peak distal femur >axis acceleration vs. tirte-peak for calcaneus damage. Markers
with black borders indicate ipsilatetalus or tibia/fibula damage.
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Similarly, peakposteroanterior acceleratiaf the distal femuidoes not follow any particular
pattern other than all but two talus fractures occurring above 2biygré 60). However, there

are far fewer talus fractusghan calcaneus fractures occurring at the higher accelerations within
these data. For thefercentile female PMHS, the lowest distal femur posteroanterior
acceleration for which talus fracture occurs is 176 g. The highest distal femur posteroanterior
acceleration for which talus fracture does not occur is 471 g. For ‘theergentile female PMHS,

the lowest distal femur posteroanterior acceleration for which talus fracture occurs is 376 g (same
as for the calcaneus). The highest distal femur postemoar acceleration for which talus fracture

does not occur is 429 g (same as for the calcaneus). For'tpeatentile male PMHS, the lowest
distal femur posteroanterior acceleration for which talus fracture occurs is 142 g. The highest distal

femur peteroanterior acceleration for which talusctiure does not occur is 648 g.
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Figure56: Peak distal femur >axis acceleration vs. tiri®-peak for talus damage. Markers with
black borders indicate ipsilateral calcaneus or titnalh damage.
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One combined distal tibia and fibula fracture occurred ii-péicentile female PMHS at 239 g,
which is the lowest peajgosteroanterior acceleratiah the distal femufor which a combined

distal tibia and fibula is seeffFigure61). For the ¥-percentile female, the highest distal femur
posteroanterior acceleration for which tibia/fibula fracture does not occur is 486 g. One fracture is
observed in a 8Bpercentile male PMHS at 415 g. For thé'§@rcentile malethe highest distal

femur posteroanterior acceleration for which tibia/fibula fracture does not occur is 648 g. For the
75"-percentile female, the lowest distal femur posteroanterior acceleration for which tibia/fibula
fracture occurs is 376 g. The highest distal femurgroanterior acceleration for which tibia/fibula

fracture does not occur is 420 g.
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Figure57: Peak distal femur Yaxis acceleration vs. tirde-peak for tibia and fibula damage.
Markers with black borders indicate ipsilatei@ls and calcaneus damage.
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Peak Femur Vertical Speed and TTP

Figure 62, Figure 63, andFigure 64 show peak vertical speed of the femur and TTP with the
markers indicating damage level of the calcaneus, talus, and tibia/fibula, respectively. No readily
distinguishable fationships between pealxial speeaf the distal femuand timeto-peak speed

are observed for the calcaneus, tadusl combined tibia and fibula fractures.
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Figure58: Peak distal femur >axis speed vdime-to-peak for calcaneus damage. Markers with
black borders indicate ipsilateral talus or tibia/fibula damage.
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Figure59: Peak distal femur Yaxis speed vs. timm-peak for talus damage. Markers with black
borders indicat ipsilateral calcaneus or tibia/fibula damage.
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Figure60: Peak distal femur >axisspeedvs. timeto-peak for tibia and fibula damage. Markers
with black borders indicate ipsilateral talus and calcaneus damage.
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Floor Kinematics

The potential relationships between floor kinematics and damage lev@strated using point
cloudplots as well. A single peak value of acceleration or a single peak value of speed measured
by the accelerometers on the floor near the ragHeft heel is plotted on the vertical axis, while

the time taken to reach that peak value (ttoypeak or TTP) is plotted on the horizontal aXisP

values are measured with respect to the initiation of floor acceleration, which is nearly coincident
with charge detonatiorAs for the PMHS signal analyses, the damage locations used for this
analysis include the tibia and tila, which are grouped together; the talrg] the calcaneus. The
damage to these regions is divided into three categories: nagdaminor damage, and major
damageDamage level is specified by the color of the marker, with light grey, dark grey, and black
indicating no damage, minor damage, and major damage, respectively. The shape of the markers
indicates the sex and percentifth circles, squares, and triangles representinggcentile

males, 7%-percentile females, and"fercentile females, respectively. Markers from the Task
4.2/Matrix Shot test series are distinguished by a plus (+) or mipggribol. The markerof

the PMHS donned in PPE contain a plus symbol, while all other PMHS in the Task 4.2/Matrix
Shot test series are marked by a minus symbol. Lower extremities with ipsilateral damage to

specified bones are indicated by a black border on the marker.
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Peak Floor Acceleration

A number of calcaneus fractures occur betwa&®00 and 00-g peak floor acceleratioand
within 1 to 3ms TTP. However, calcaneus fractgrgenerallyoccur at a lower range of
acceleréion with a longefT TP or higher acelerationswith shorter TTRFigure65). There is not

a distinct pattern fotalus fracture (Figure 66), but similarity to the calcaneus distribution is
evident given the strong associatioetween talus and calcaneus fractu@smbined tibidibula
fracturesalsogenerally occur dower rangsof peak floor accelation with longefT TP, orhigher
acceleration with sirter TTP (Figure67). This trend is limited to casémvingTTP less than 3
ms, as none of the Task 4.2/Matrix Shot tests (longertitrpeak) produed tibia/fibula fracture.
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Figure61: Peak floor vertical acceleration vs. tittepeak Marker color indicatesalcaneus
damagdevel. Borders indicate ipsilateral talus or tibia/fibula damage.
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Figure62 Peak floor vertical acceleration \tsne-to-peak Marker color indicatetalus damage
level. Borders indicate ipsilateral calcaneus or tibia/fibula damage.
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Figure63. Peak floor vertical acceldran vs. timeto-peak. Marker color indicates tibia/fibula
damagdevel. Borders indicate ipsilateral calcaneugalus damage.
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Peak Floor Speed

Nearly all calcaneus fractures occur abavE}-m/s peak floor speed, regigss of the timeo-
peak(Figure68). However, exceeding 10 m/s does not guarantee calcaneus frabiemeis no
trend observed fahe incidence ofalus fracture when examining peak vertical spafettie floor
vs. timeto-peakspeed Figure69), other than the association withlcaneus fracture. Similarly,

there is no trend fahe incidence o€ombinel tibia and fibula fracturérigure70).
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Figure64: Peak floor vertical speed vs. ti@peak. Marker color indicates calcaneus damage
level. Borders mdicate ipsilateral talus damage.
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Figure65: Peak floor vertical speed vs. ti@peak. Marker color indicates talus damage level.
Borders indicate ipsilateral calcaneus damage.
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Figure66: Peak floor vertical speed vs. tih@peak. Marker coloindicates tibia/fibula damage
level. Borders indicate ipsilateral calcaneus and talus damage.
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MassBelowK nee

The results of the CT segmentation belowee mass estimations are show @&ble 10. These

data were not obtained for the Task 4.2/Matrix Shot tests.

Tablel10: Lower Extremity Mass Estimations
Mass Below Knee (kg)

Test ID PMHS

Left Right
SA1C1 SM117 6.805 6.782
SA1C2 SM118 5.277 5.126
SA2C1 SM120 5.724 5.880
SA2C2 SM119 4.451 4.215
SA3C1 SF127 3.779 3.771
SA3C2 SF126 3.502 3.685
SA4C1 SF128 3.143 3.263
SA5C1 SF131 3.063 3.055
SA5C2  SF132 4.165 4.176
SA6C1  SF133 3.847 3.947
SB1C1 SF138 3.063 3.055
SB1C2 SF134 3.537 3.527
SB2C1 SM140 4.374 4.502
SB2C2 SF135 5.048 4.906
SB3C1 SM141 3.630 4.033
SB3C2 SF142 4.452 4.564
SB4C1 SM145 5.404 5.302
SB4C2 SF148 2.323 2.546
SB5C1 SM150 5.779 5.683
SB5C2 SF151 3.060 3.008

Figure71 presents the mass below the knee as a function of sex and percentile. Damage level of
the tibia is indicated by the color of the marker, with light grey, dark grey, and black indicating no
damage, minor damage, and major damage, respectively. TheeB@ntile males are in the
higher range of mass below the knee, whil&-gércentile females are in the lower range. The
range of mass below the knee fdt-fercentile females falls within the lowend of the 50-

percentile male range and the higeedof the 7%-percentile female range.
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Figure67: Mass belowtheknee by sex and percentile. Marker color indicates tibia damage level.
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Figure72 presents these data in a different way, with the horizortsisaowing thanass of the

legand the vertical axis showing nolamage cases at a level of zero and damage cases at a level

of one. There is a weak trend toward low@ass legs being more susceptible to tibia damage. This

is influenced the most by the'percentile fenale responses. This plot does actountor other

factors such as BMD or peak acceleration.
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Figure68: Tibia damage level vs. mass of the lower extremity below the knee. Marker color
indicates tibia damage level.
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Pointcloud plots were generated with mass plotted on the horizontal axis and peak vertical
acceleration or speed of the tibia or femur on the vertical axis. Damage level of the tibia is specified
by the color of the marker, with light grey, dark grey, and blackcating no damage, minor
damage, and major damage, respectively. The shape of the markers indicates the sex and
percentile, with circles, squares, and triangles representifigé&@entile males, Spercentile

females, and'Bpercentile females, respectively.
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In geneal, no trend is seen fqreak axial global vertical) acceleratiomf the distal tibiawith
respect to leg masg&igure 73). However, if only 7%-percentile female tibia fracture cases are
considered, anoderate relationship @R 0.310) is seen for peak axial acceleratibthe distal
tibia increasing as leg mass increasedsis Telationship strengthens whenly the more severe
fractures are considered4R 0.588).In general, no trend between peakahxglobal vertical)
speed of the distal tibia and leg mass is evideiguge 74). However, if only tibia fracture cases
are considered, a weak trend €R0.082) showing an increaisepeak axial speed of the tibia with
decreasing leg mass exists.
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Figure69: Peak tibia vertical acceleration vs. mass bealuknee. Marker color indicates tibia
damage level.
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Figure70: Peak tibia vertical speed vs. mass belbaknee. Marker color indicates tibia
damage level.
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Overall, no trend is seen for peak posteroantegimbg@lvertical) acceleratioof the distal femur

with respect to leg mas§&igure 75). When only 78-percentile female tibia fracture cases are
considered, a moderate relationshi? €R0.687) is seen for peak distal femur acceleration
decreasing as leg mass increases. fdlaionship becomes strong whenly the more severe
fractures are considered 4R 0.996).No trend between peak posteraaidr (global vertical)

speed of the distal femur and leg mass is evident. However, tibia fracture tends to occur toward

the lower end of the speed range (Figure 76).
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Figure71. Peak femur vertical acceleration vs. mass beleknee. Marker color indicates tibia
damagdevel.
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Figure72: Peak femur vertical speed vs. mass bdlusknee. Marker color indicates tibia
damage level.
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Tibia Volumetric Bone Mineral Density
The results of the volumetric bone mineral density estimations are preseifiaoled 1l These

data were not obtained for the Task 4.2/Matrix Shot tests.

Table11: Volumetric bone mineral densiti?o total (mg/crd)
Test Crew PMHS Left Right  Mean

SAl 1 SM117 379.19 380.14 379.66
2 SM118 350.64 334.96 342.8
SA2 1 SM120 323.27 329.99 326.63
2 SM119 340.19 342.44 341.31
SA3 1 SF127 401.71 393.25 397.48
2 SF126 385.65 380.98 383.31
SA4 1 SF128 406.26 447.98 427.12
SA5 1 SF131 391.49 392.59 392.04
2 SF132 387.13 383.45 385.29
SA6 1 SF133 324.33 327.75 326.04
SB1 1 SF138 328.08 321.01 324.54
2 SF134 441.07 438.26 439.66
SB2 1 SM140 432.02 427.37 429.7
2 SF135 326.59 320.37 323.48
SB3 1 SM141 359.18 361.07 360.13
2 SF142 27299 316.69 294.84
SB4 1 SM145 366.39 379.92 373.16
2 SF148 367.27 398.79 383.03
SB5 1 SM150 369.65 381.5 375.58
2 SF151 334.69 3369 3358

In the following three plots, tibia damage level is indicated by color, with light grey, dark grey,
and black indicating no damage, minor damage, and major damage, respectively. The shape of the
markers indicates the sex and percentile, with circles, squares, and triangles repres&nting 50

percentile males, T5percentile females, and"®ercentilefemales, respectively.

Figure77 shows the volumetric bone mineral density (vBMD) of the tibia as a function of sex and
percentile. Although fracture risk is related to quality and quantity of bone, which can help explain
why the 50"-percentile male an8"-percentile femia fractures occur in tibiakaving relatively
higher vBMD, the 78-percentile female data demonstrate a trend toward increased propensity to

tibia fracture as vBMD decreasé&sgure78 presents the damage level of the tibia as a fonaf
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tibia vBMD. Thee is a weak trend toward tibiagith lower volumetric BMD being more

susceptible to damage. This is influenced the most by th@&sentile female responses.
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Figure73: Tibia vBMD by sex and percentil®arker color indicates tibia damage level.
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Figure74: Tibia damage level vs. tibia vBMD. Marker color indicates tibia damage level.
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Figure79 showstibia vBMD as a function of mass below the knee. There is no tretvd (F005)
betweernvBMD and leg mass for §8percentile males. There is a weak tren8i£R.094) toward
decreasingBMD for increasing leg mass fol"fercentile females. There is a moderate tredd (R
= 0.325) toward decreasin®@MD for increasing legnass for 78-percentile females. If only
damaged tibia for 75"-percetile females are considered, there is a strong treAd: (R896)
toward decreasingBMD for increasing leg mass. These results presemnfounding factor for
the interpretation ofhis study. The trends for all three anthropometries are opposite those found
for the upper extremity by Hardy et al., 20@dhereBMD (determined via Osteogram®) and

mineral content (ash mass per unit length) both increased with increasing extremity mass.
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Figure75: Tibia vBMD vs. mass belowheknee. Marker color indicates tibia damage level.
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Parametric and Non-Parametric Analyses

Logistical regressionare performed to assess the probability of calcaneus fracture as a function
of peak vertical acceleratiarf the distaltibia. Thisis conducted with all PMHS types grouped
together for all TTPRigure80), as well as for TTP below 3 mBigure81). The R value increases
from 0.327 for all cases to 0.461 when cases before 3 ms are consideregeifediyt probability
(p50) of calcaneus fracture is associated with a pes&ltibia vertical acceleration 6#62.5 ¢

for all cases aneb22.5 g for cases Wi a TTP less than 3 ms.

For comparison, survival analysis using the Catlmd of Nusholtz et al., 1999 performed to
determine the cumulative probability of cateas fracture with respect tpeak vertical
acceleratiomf thedistaltibia for all PMHStypes in one groug-{gure82). This method is valuable
because it accommodateight-cersored norevent data points (netiamagecase$y and left
censored event data points (damegse$ Thismethod is unique in the literature in this regard.
However, gven the few data points overglarticularlythe few data pointr damage casethe

analysis does not reach a p50 value. Therefore, additional CT survival asagrsstgperformed.
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Figure76: Logistic regression showingobability of calcaneus damea as a function of peak
tibia Z-axis acceleration for all PMHS types at all TTP =R0.327.
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Figure77: Logistic regression showing probability of calcaneus damage as a function of peak
tibia Z-axisacceleration for TTP below 3 ms? R0.461.
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Figure78: Survival analysis showing the probability of calcangéamageas a function of peak
tibia Z-axis acceleration for all PMHS types. p50 is never reached.

Logistic regressins to examine the probability of calcanelasnagewith respect tgeak vertical
acceleratiorof the distal tibiaare also conducted for cases grouped by PMHS ilpe.50™
percentile males do not show a relationship betwaemeasedpeak distal tibia vertical
acceleration and higher likelihood of calcaneus fractufe=(R.098). This relationship is strong
for 75"-percentile females @R 0.816), and maximal fofBpercentile females @= 1.000), given
the separation between n@macture andfracture cases. Fiftpercent probability of calcaneus
fracture is associated witts68-g, -650-g, and-396-g peak tibia vertical acceleration for's0
percentile malesHijgure 83), 75"-percentile femalesF{gure 84), and %-percentile females

(Figure85), respectively.
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Figure79: Logistic regression showing probability of calcaneus damage as a function of peak
tibia Z-axis acceleration for 38percentile males. = 0.098.
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Figure80: Logisticregression showing probability of calcaneus damage as a function of peak
tibia Z-axis acceleration for Bpercentile females.R= 0.816.
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Figure81: Logistic regression showing probability of calcaneus damage as a functiealof
tibia Z-axis acceleration for'Spercentile females.R= 1.000

Linear regression is conducted to assess the probability ofd#ineageas a function of peak
vertical accelerationof the distal tibiafor all PMHS types grouped togethéfigure 86). A
moderate relationship between increased peak tibia vertical acceleration and increased risk of tibia
fracture is seen (R= 0.376). However this is mostly driven by a single damage case having high
peak tibia vertical acceleratiamompared to other d@age casesas well asa collection of low
acceleration cases that did not produce damage.-géfisent probability of tibia fracture is

associated witla-814-g peak tibia verticahcceleration
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Figure82: Logistic regressioshowing probability of tibia damage as a function of peak tibia Z
axis acceleration for all PMHS types and all TTP=R.376.

-1500

Logistic regression ialsoperformed to assess the probability of calcamEusageas a function
of peakverticalacceleratia of the distal femurThis is conducted with all PMHS types grouped
together for all TTP, as well as by PMHS type'ti@rcentile male, 75and %'-percentile female).
The analysis that grouped all PMHS types shows a moderate relationship betweaednpesk
vertical acceleratiorof the femurand increased probability of calcaneus fractureXR.426)
(Figure87). Fifty-percent probability of calcaneus frare was associated wiét820-g peak femur
vertical acceleratiofor all PMHS. Similar to the peak tibia vertical acceleration regressions, the
50"-percentile males show moderate relationship strength=(R.301), while 78-percentile
females demonstrate a better fi£ (R0.694), and thepercentile femaleprovide a maximal fit
(R?= 1.000), given the separation between -franture and fracture cases. A fifpercent
probability of calcaneus fracture was associated with a peak fesriizal acceleration of 368 g,
332 g, and 218 g for $0percentile malesHigure 88), 75"-percentile females{gure89), and %

percentile femaledqgure90), respectively.
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Figure83: Logistic regression showing probability of calcaneus damage as a function of peak
femur X-axis acceleration for aRMHS types and TTP.3R: 0.426.
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Figure84: Logistic regression showing probability of calcaneus damage as a function of peak
femur X-axis acceleration for 98percentile male R? = 0.301.
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Figure85: Logistic regression showing probability of calcaneus damage as a function of peak
femur X-axis acceleration for 5percentile femate R? = 0.694.
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Figure86: Logistical regression showing probability of calcaneus damagéuastzon of peak
femur x-axis acceleration for'spercentile femate R? = 1.000.

The resultof the analyses of peacceleratiorof the distal tibiaand distal femuare cataloged in
Table12 andTable 13, respectively For calcaneus damage, tineerage tibia acceleration trend
follows that of the p50 values {R: 0.861), with the5™-percentilefemales having the lowest
values, followed by th&0d"-percentilemales, then the 75"-percentilefemales. For calcaneus
damagewith respect to femur aclegation, neither the average nor p50 values follow the tibia
trend, nor do they follow the same trend. For the average femur accelefatigercentildemale

> 5M-percentilefemale >50"-percentilemale. For the femur acceleration p50"-percentie male

> 75"-percentilefemale >5"-percentilefemale.
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Table12 Summary statistics for peak tibia acceleration

Damage 'I?i(i)?: AD)'(iS;?l 5h-percentile  75"-Percentile  50"-Percentile overall
Location A Female PMHS Female PMHS Male PMHS
Acceleration (g)
Lowest w Fx 625 640 195 195
Highest w/o Fx 640 766 807 807
< 3ms Avg, £Std. 575 £74 882 £272 680 £145 NA
Calcaneus Logist p50 396 650 568 463
R2 1.000 0.816 0.098 0.327
< 3ms Logist p50 396 650 781 523
R2 1.000 0.816 0.223 0.461
Lowest w Fx 210 904 195 195
Talus Highest w/o Fx 640 766 864 864
Logist p50 NA 658 NA 944.2
R2 0.035 0.454 0.002 0.102
Lowest w Fx 625 652 807 625
- Highest w/o Fx 640 766 864 864
Tibia/Fibula Logist p50 NA 523 NA 813
R2 NA 0.670 NA 0.376
Table13: Summary statistics for peak femur acceleration
Damage szlth:iertZErzir:rur 5h-percentile  75"-Percentile  50"-Percentile overall
Location . Female PMHS Female PMHS Male PMHS
Acceleration (g)
Lowest w FXx 239 376 146 146
Highest w/o Fx 197 429 439 439
Calcaneus Avg, + Std. 373 £103 441 +54 339 £149 NA
Logist p50 218 332 368 320
R? 1.000 0.694 0.301 0.426
Talus Ifowest w Fx 176 376 142 142
Highest w/o Fx 471 429 648 648
- Lowest w Fx 239 376 415 239
Tibia/Fibula\ yohost wio Fx 486 420 648 648

Table 14 presents the results of the point biserial correlation tests. Both vBMD and mass below
the knee had marginallysignificant relationship with tibia fracture. Peadrticalacceleratiorof

the distal tibiashowed a marginally significant relationship with talus fracture and a greatly
significant relationship with calcaneus fracture. Peaktical speedof the distal tibiahad a
moderatéy significant relationshipvith calcaneus fracture. Peasrticalacceleratiorof the distal

femur showed amarginaly significant relationshipwith talus fracture and a greatly significant

relationship with calcaneus fracture.
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Tablel14: Point BiserialCorrelations

Dama_tge Parameter VBMD Below Knee  Tibia _ Tibia Femur_ Femur
Location Mass  Acceleration Speed Acceleratior Speed
Point Biserial r -0.1505 -0.2623 -0.5595 -0.5031 0.6615 0.2134
i . ,-0.4044 -0.5304 -0.7208 -0.6808 0.4785 -0.0577
cal (95% confidence iNterve 5 1549 00536 -0.3408 -0.2695 0.7894  0.4551
alcanet R? 0.0227 0.0688  0.3131 02531 0.4376 0.0455
P (two-tailed) 0.2820 0.1021 <0.0001 0.0001 <0.0001 0.1214

P value summary ns ns ok i Frkk ns
Point Biserial r -0.0673 -0.1519 -0.3189 -0.2537 0.2869  0.0672
95% confidence interv: -0.3315 -0.4425 -0.5424 -0.4904 0.0207 -0.2042
Talus 0.2068 0.1675 -0.0532 0.0178 0.5151 0.3291
R2 0.0045 0.0231 0.1017 0.0644 0.0823 0.0045
P (twortailed) 0.6323 0.3494 0.0199 0.0668 0.0354 0.6290

P value summary ns ns * ns * ns
Point Biserial r 0.3258 -0.3771 0.0548 0.0810 -0.0702 0.1043
95% confidence interv: 0.0609 -0.6162 -0.2187 -0.1935 -0.3317 -0.1681
Tibia 0.5479 0.0744 0.3203 0.3438 0.2014 0.3620
R? 0.1062 0.1422 0.0030 0.0066 0.0049 0.0109
P (two-tailed) 0.0173 0.0164 0.6968 0.5642 0.6140 0.4527

P value summary * * ns ns ns ns
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CHAPTER 4
DISCUSSION

Damage Response

Both the immediate and long term effects of lower extremity injuries are a major cont3B.
Thetibia, talus, and calcanease of particular concern, since these bones comprise the primary
loading path through tHeg. Injuriesto these regionare prevalent in UBBVasquez et al. (2018)
reported that injuries to the thigh, lower leg (knee), antfdnkle were sustained by 8, 28, and 33
percent of individuals who were WIA and 44, 43, and 36 percent of individuals who were KIA,
respectivelyThe devastating lonterm effects otalcaneus injuriem particularweredescribed

by Ramasamy et a{2011), who examirtea set of forty calcaneus fractures sustained by military
persanel during vehicle explosions. At the mean folap time of 33.2 monthsonly two
casualtiesvithin this datasetvere able to return to full military duty, while twerityree were fit

to perform sedentary work or were not able to perform any military duty.

Calcaneus

The calcaneusvasthe most frequefht damaged region of the lower extremitiesthe current

study, affecting fifteen out of twenty lower extremities in SeBéhigherenergy floor condition)

All calcaneudractureswere classified as AIS 857371.2, meaning the fractures extended into two
joint surfaces. Thewerealsoclassified as Sanders Type IV, meaning there ez or more
primary fracture lines witlyreater thatwo millimetersof articular disphcement, as well as severe
comminution Compression was the primary injury mechanism for calcaneus fractures in this
study. This supports the -theater findings of Danelson et al. (2018), who determined that
compression caused 73% of calcaneus fractures in a dataset consisting of mounted UBB attacks.

The comminutionof the calcaneus fractures in this studgde itdifficult to distinguish potential
differences in injury patterns between the three PMHS types in the study. Nevertheless, there were
notable differences in the frequency of calcaneus fractures between females an®enaie®s
resulted in just one inth calcaneus out of twelve female calcanei. In contrast, four out of eight

malecalcanei were intadh Series B Furthermore, thsingleintact calcaneus of the female was
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associated with severe damagehe psilateral tibia and fibulan contrast, theingle case of a
malewith damage to the ipsilateral ankdemplex in the absence of a calcaneus frastaseminor

in nature These findinggouldbe indicative opotential dff erences in fracture toleranbetween
females andnalesfor the foot and arlk. Thishas beemeportedpreviouslyby Funket al.(2002)

who foundthata 50% risk of injury due to blunt axial loading of the foot and ankle of a 45 year
old was associated wittan 8.3-kN tibia load for 58-percentile malesnd just 5 kN for %-

percentile females.

Severe calcaneus fractures, such as those observed in the current study, are a sigmefdyigh
trauma andypically have associated injuries to the ipsilateral lower extrerbignelson et al.
(2018)reported that 71% afasualteswho sustained an injury to the leg or foot sustained multiple
fractures to that lower extremity. Similarly, Ramasamy et al. (2011) reported that 85% of calcaneus
fractures sustained by thirty casualties in vehicle explosions involved injuries toildteipkfoot

and ankle complex. Associated injury regions includedtithia (67.5%), talus (20%)mnidfoot
(52.5%), and forefoot (27.5%$imilar to theseeports, the calcaneus fractures in Series B of the
current study were frequently associated withtiple fracturesto the ipsilateral lower extremity.

The fifteencalcaneudractureswere accompanied byractures offive tibiae, seven talifour

midfoot bones and three forefodiones

Talus

In general, the tali in the current study remained relstiveact, with almost all of the damage
being minor.Eight out of nine talus damage cases were coded as AIS 857261.2, meaning the
fracture extended into one joint surface of the talar banlytwo cases, the talus remained
completely intact and wasssociated with damage to thaaiand calcaneus. Similarly, there were

two casesn which the talus sustained minor damabatwas associated with major damage of

the tibia and calcaneughese results are corroborated by Chirvi et al. (2017) who peddilma

and calcaneus fractures in cadaver leg specimens in UBB conditiorise VertAc device
(Yoganandan et al2015) In that studymost of the talus and tibial plafond damage occurred in

association with additional hindfoot injuries.
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In the currehstudy, there was only one instance of severe talus damage. This case was associated
with a crushed calcaneus and no damageddligtal leg. Iwas classified as a Hawkins Type |,

which is a nordisplaced fracture of the talar neck. Talar neck fractuel as this one are usually
associated with higknergy input and are particularly at risk for avascular necrosis (Stiegelmar et
al., 2001).

Interestingly, ive talus fractures occurred in the absence of damage to the distal tibia, suggesting
that sustined loading of the talus without fracture of the distal tibia is possible. This also suggests
that an intact talus is needed for distal tibia fractures to o@ry. one talus fracture occurred in

the absence of a calcaneus or tibia fracture, howegatdimage was minor. Isolated fractures of

the talus with significant bone loss are ratgpically talus injuries are associated with nearby
fractures and soft tissue damage (Tietlal, 2010).

Differences in the frequency tdlus damagéetween fenales and males were identified in the
current study. During Series B, all females sustained some form of damage to one or both tali,
while only one male sustained damage to the talus. The one case ofdarapyge to the talus
occurred ina 8"-percentilefemale. These results are nmexpectedin a characterization of talus
morphology from CT images, Gorman et al. (2016) reported that sex is a significant predictor of
talusdepth, width, crossectional area and radius. A supplementary investigatiomeodNASS

CDS database for frontal crashes between 2004 and 2013 revealed that sex is a significant predictor
of talus injury The authors proposdtat theincreased ris of talus fractures fofemalescan be

attributed the tali ofemalesgenerally being smaller than thosenoén

Tibia and Fibula

Four lower extremies sustained minor damage of the distal tibia that was coded as AIS 854361.2
meaning the fractures were partial articuleine AO/OTA classificatiorfor these fracturesas

OTA 43-B1, designating a pure splithree lower extremities incurred severe crushing of the distal
portion of the tibia with substantial loss of height. These cases were coded as AIS 854371.2, since
they involved complete articular fractures of the diiskga. The AO/OTA classification fathese
fractureswas OTA type 433, indicatingthatthey werearticularand multifragmentaryBone

loss and tibial fracture patterns have been cited as two of the most influential factors in the decision
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to salvage namputate a limb according to an investigation of Lower Extremity Assessment
Project (LEAP) data by Swiontkowski (2002), and are therefore of utmost concern in UBB

scenarios.

All fibula factures were coded as AIS 854471.2, meanihgy occurred above the joint
(suprasyndesmotic) and were isolated to the head, shaft, or neck. Theglseemtegorized as
DanisWeber classification C, meaning they were proximal to the syndesmosis. Two of the fibula
fractures were also classified @3 A 44-C1, which are simple diaphyseal fractures of the fibula.
All three fibula fractures were associated with the three cases of major damage to thhisibia.
type of fracture could have involved an eversion component, with the fibula being driven up

through the tibiofibular syndesmosis, or general instability after distal tibia fracture.

The resultof the current study illustratdifferences in the frequency and severitytibfa and
fibula fracturesbetween females and males. Six female PMHS induph major and minor
damage to the tibia, while just one male sustained minor damage to the tibia. ©plgr@éntile
females sustained major damage of the distal tibisaasdciatedamage to the fibula.

Differences in damage outcorhetween females and males in the current stualy be attributed

to dfferences in bone quantitynd quality Jepsen et al. (2011) examined the robustness and
mechanical strength of tibiae using a dataset of pQCT imagesdnoates and maleRobustness,

which is the total surface area divided by bone length, provides a quantitative description of
transverse bone growth with respect to bone length. From a geometrical standpoint, bones that are
slender (i.e. narrow relative to length) have a higher ridkacture in a loading scenario. In the

study, it was found that the tibiae of males are 40.9% stiffer than those of females, females have
about 10% less cortical area relative to body size, and the tibiae of males are more robust,

regardless of body size.

Midfoot
In the current study, midfoot fractures occurred to the navicular and citididot fractures are
of concern, since these bones play an essential role in maintaining the structural integrity of the

arches of the foot.
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All five navicular damage ases involved nodisplaced fractures of the beakhree of the
navicular fracturesvere coded as AIS 857461 4ncethe fracture line &ended into one joint
surface while the remaining two navicular fractures weoeled as AlS 857451,.8incethey were
extraarticular.Fractures of the navicular body have been identified as indicators eéheygy

traumaticinjury mechanisms (Eichenholtz and Levine, 1964).

Two cuboid fracturesvere producedn the current studyThese fractures wellecated on the
lateral portion of the bone angereassociatedavith navicular damage. The cuboid fractures were

coded as AIS 857661.2, meanthg fracture linex@ended into one joint surface

Danelson et al. (2018) determined that damage to the midiommg UBB events is likely due to
a primary injury mechanism of compression, with a secondary mechanism of differential loading
of the foot (i.e. higher vertical displacement of the forefoot relative to the hindfoot due to the

deformation of the floor).

Fractures similar to those observed during the current study were produicedTchsk 4.2esting

on the ALF (Danelson et al., 2019)he conditions ofest MS7produced damage that was not
previously seen during that test seridamely, tarsalbones vere damaged, includinthe
navicuar, cuboid, and cuneiform3he tarsal fractures were not displaced, but the bones were
fragmented (looking intact upon first examination, but separated into pieces upon further
dissection). This outcome was attributedhe implementation of aleformable floor platéhat

was constructed of softermaterial than wat was used in previous testhisresulted in greater

floor deformation, and presumably greater duration ofdfloot contact, and greater rate of floor
defamation.

Forefoot

In the current studyforefoot damage occurred to the metatarsals and phalangesgde to the
metatarsals consistently occurred to the proximal portion of the third, fourth, and fifth metatarsals.
Some metatars#filactureswere coded as AIS 858163.2, indicating that they were partial articular,

while others were coded as AIS 858173.2, meaning they were complete atiaitagle case of
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damage to the phalanges occurred to the proximal portion éftth@halanx and wasoded as
AIS 858163.2 (partial articular).

The nature of the forefoot damage in the current study is consistemresbusly reported cases

of high energy impacts to the plantar surface of the fdahelson et al. (2015) produced damage

to the forefot on the ALF, which included midiaphysis fractures of the second through fourth
metatarsals in one foot, and proximal fractures of the fifth metatarsal in two feet. This is in contrast
to the current study, in which all forefoot damage only occurratiégroximal portion of the
metatarsalsHarris et al. (2000) observed damage throughout all five metatarsal borEmted

PMHS lower extremity specimens whamnes wereletonatedirectly beneath the hkeand in

line with the tibia Similar to the curnet study, these fractes occurred at the base of the
metatarsalsTo produce damage at the base of the metatarsals in PMHSteis, et al. (2005)

found it necessary to implement higher floor speeds (16far/akial impacts applied posterior to

the bdl of the foot.It was postulated that the nominal posit{earo degrees of dorsiflexioa)lows

the structures of the foot, namely the arches and soft tissues, to better absorb the impact. It follows
that UBB scenarios are capable of producing injumethe nominal position, since the energy

levels in this realm are much greater than those seen in automotive crashes.

Metatarsal fractures are commonly the result of direct trauma, such as crushing injuries
(Stiegelmar et al., 2001panelson et al. (2@) reported that 54% of fractures of the metatarsals
and phalanges occurred due to compression @loaenely an upward load on the plantar surface

of the forefootDanelson et al. (2018)soreported that injuries of the forefolmbom UBB attacks

did nottrend towards a particular floor input category (Extended Time with Destlddagnitude

vs. standard)interestingly, the forefoot fractures in the current study occurred exclusively on the
left lower extremity, which is positioned closer to the centsahtion of thecharge beneath the

test fixture. By design, the interaction between the foot and the floor is different between the right

and left lower extremity, which may have influenced the damage outcome.

Femur
In the current study, the left femurstained a complete fracture in four cases. One case was related

to a region of cancer in ¢hproximal aspect of the bon&he remaining fractures were not
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associated with a particular damage pattern to the distal portion of the lower extremity. One male
suwstained a spiral wedge fracture of the left femur due to a combination of bending and torsion.
The torsional component potentiated this damage, which resulted fromliloadiag on the thigh

by the lower extremity. A second B@ercentile male sustaidea fragmented wedge fracture of

the femur from a mechanism similar to that of the first male"Aé&rcentile female sustained a
segmented bending fracture of the left femur that resulted from bending, with torsion being a
possible contributor. This ferteahad relatively lower mass lower extremities and relatively higher
peak vertical acceleration of the femur. This, in combination with potentially lower bone strength,
could have made an inertial fracture more likely for the female, even in the absappesaiable

torsion.

Kinematics Response

Video Data

Inspection of higkspeed video reveals that as the floor deforms upwards, the plantar surface of
the boot is compressed, followed by the ankle. Once the foot and ankle compliance is exhausted,
the knee begins to translate vertically and the ankle decosegsted/hen the booted foot leaves

the floor, the ankle dorsiflexes. The shank remains approximately vertical initially, while the knee
and hipjoints flex. Eventually, the knee begins to extend and the ankle plantar flexes, as the hip

continues to flex. Thhip occasionally externally rotates later in the event.

During the test event, the floor plate on the ALF does not translate upwards as a level surface, but
rather, it undergoes greater displacement centrally. This is due to the central locatiamafdbe

As a result, the floor surface is slightly slanted in the coronal plane, sometimes resulting in
marginal eversion and inversion of the inboard and outboard subtalar joints, respectively. In
addition, the maximum displacement of the left lower ewitg is higher than the right lower
extremity. Thigs more noticeable in Series B with the higkaergy floor condition, sinagreater

floor deformationoccurssooner in the event. Differences in floor input between the inboard and
outboard lower extrerties (e.g. variations in displacement, rate of displacement, and/or energy
level) may be responsible for the observed differences in injury paitergrossdifferences in

kinematicswereobserved between the PMHS groups in the video data.
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PeakAcceleration

There is a strong correlation between increased peak axial (global vertical) acceldratien

distal tibiaand increased incidence of calcaneus fracturesi{ge <0.0001)n the current study

There is alsoa strong correlatin between ioreased pealposteroanterior (global vertical)
acceleratiorof the distal femuand increased incidence of calcaneus fracturesl{e <0.0001).

When the energy input is great enough to cause the severe calcaneus fractures observed in this
study, it follons that these cases would be associated with greater peak vertical acceleration of the
lower extremity.In the automotive realm, greater acceleration of the toe pan has been shown to

result in injuries of the foot and ankle as well (Kallina et al., 1995).

Injury risk as a function of peak tibia acceleration is not typically discussed in the literature.
However, Klopp et al. (1997) reported that fiftgrcent probability of lower extremity injury is
associated with a calcaneus acceleration of@it6a stuly that subjected the plantar surface of
fifty male PMHS lower extremities to pendulum impactheTesults of thecurrent studyshow
thatafifty -percent probability of calcaneus damage is associated witg p68k distal tibia axial
(global vertica) aaeleration for a 50-percentile male. The differences in injury risk are likely
due to differences between the acceleration pulses used for comparison (calcaneus acceleration in
Klopp et al. vs. tibia a@eration in the current study), as welldiféerences in loding and time
to-peak loadingKlopp et al. (1997) included loads that ranged from roughly 36@06 almost
9500N, while timeto-peak ranged from roughlyfis to 22ms. In the current study, several data
points are associated with comparabiestio-peak for tibia peak vertical acceleration (3 {m8§).

At these durations, calcaneus fractures occur in the range of 200-¢p 400

The relationship between peak acceleration of the lower extremity and the incidence of fracture in
the current studys likely influenced by the timéaken to reach thpeakacceleration (timo-

peak) Greaterpeak distal tibia axial (global vertical) acceleration is associated with calcaneus
fracture for shorter acceleration tisteepeak, while lower peak tibia acceleration levels can result

in calcaneus fracture if there is a longer titogeak. This resultis also observed for floor
acceleration in the current studyrom this it is deduced thaiwer accelerations must be applied

for a longerperiodto provideenough energy to produce fracture. Danelson et al. (2015) observed

a similar trend for peak dist&mur global vertical acceleration. Lower extremity damage was
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associated with higher peak femur accelerations with shortertdhpeak. Additionally, one of
the lower peak acceleration damage cases had a longdptpeak, similar to damage associated

with lower acceleratiogin the currenstudy.

The significance of the relationship between increased peak global vertical acceleration of the
lower extremity and increased fracture incidence of the talus is weak for both tibia acceleration (p
value 0.99) and femur acceleration-¢alue 0.0354). Damage to the talus was typically much
less severe than damatgethe calcaneus. Furthermore, there are far fewer talus fractures than
calcaneus fractures occurring at the higher accelerations within thes€hdateould suggest that

the talus generally has higher fracture tolerance than the calcaneus. In aftdittare of the talus

may be sensitive to the direction of loading (orientation of the talus) as well. The severe talus
damage case that occurradaver peak tibia vertical acceleration may indicate reduced fracture
tolerance inthat 5"-percentile female. The incidence of tibia damage did not have a significant
relationship with any lower extremity kinematics. There was a very low number ofréibiares

within this study

Peak Speed

Peak tibia axial (global vertical) speed was strongly correlated to increased incidence of calcaneus
fracture (pvalue 0.0001) in the current study. Otherwise, peak tibia and femur global vertical
speed do not appeto have a relatisship with fracture incidenc&.oganadan et al. (2016) also
found that foot and ankle injuries occur in association with higher tibia speed in a study that
subjected seventeen PMHS leg specimens to UBB conditions. Peak axial spedds3vers for

fracture and 9.0 m/s for ndmacture. Timeto-peak force rangeddm 2.4 to 5.2nsfor thecases

with damage

In contrast to the current study, Schueler et al. (1995) did not find global vertical acceleration of

the distal tibia to be a sigitant predictor of lower extremity injury in twenfpur plantar foot

impacts to wholdody cadavers; however, speed was a significant predictorkab(9.72 m/s)

or greater I mpact speed was associatedAlwt i du @l
not statistically significant, the calcaneus fracture results of the current study are in agreement.

Nearly all calcaneus fractures occur aboveril® peak floor speed, regardless of the fimpeak
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floor speed. Danelson et al. (2015) repdepotential division of damage and raemage lower
extremity cases near 15 m/s peak floor speed, but this study evaluated male PMHS only, which

may have increased this threshold.

Peak speed typically occurs much later than the fractures obsertrad study (left censored).
Therefore, peak speed is not associated with fracture other than reflecting the amount of energy in
the segment/system. Uncensored speed data might produce a different result. Conversely, peak
acceleration typically occurs mucloser to the time of fracture, and is more closely related to the
force applied to the bones. Of course, the acceleration is influenced by the effective mass of the
portion of the lower extremity being accelerated, as well as mass coupling and recreftewtst

associated with the soft tissues.

Massbelowthe Kneeand Bone Mineral Density

Mass appears to be an important driver of kinemalicshe current study, lower extremities
having lower belowknee mass reached higher accelerations and spedas, iaghe event. The
50"-percentile males were in the higher range of lower extremity mass, while'tqeei®Entile
females and B-percentile females fell within a lower range than th8-pércentile males. The
mass of the females is comparablen®ssin sizes. Accordingly, females attain higher femur and
tibia global vertical speeds than theé"5ercenitle males in Series A, the results for which are not
confounded by the influence of damage. THepBrcentile females attain higher vertical femur
speed than the % percentilefemales in Series A. However, the'percentile females fall in a
lower range of mass below the knee than th@ércentile females. The phenomenon might be
related to the natur@ the engagement of the femaurd the massf the thigh.

Females have been shown to have significantly greater amounts of body fat than males for the
same BMI. In addition, with increasing BMhalesincrease visceral fat in the upper abdomen,
while femalesincrease subcutaneous fat in the hips and buttocks (Gallagher et al., 1996). The
amount of soft tissue mass in the lower extremities influences phenomena associated with
instantaneous effective mass and mass recruitthemighout the duration of the evdgne. the

degree of coupling between the bone and soft tissue of the leg
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Lower extremity mass also affects the interaction between the boot and the floor. The heavier
lower extremities exhibit a more pronounced bimodal acceleration and second feddr s
response of the femur at the higher energies in Series B. It is postulated that the heavier extremities
do not accelerate quickly enough to avoid a subsequent interaction with the rapidly approaching

floor.

Interestingly, 75-percentile femalébia fracture cases show a moderate relationsHig (R310)

for peak axial accelerationf the tibiaincreasing as leg mass increases. This relationship
strengthens if only the more severe fractures are considefed @&88). This result could be
relaed to decoupling between portions of the distal tibia due to fradarevell aghe trend of
decreasing vBMD for increasing leg mass seen in tHepgbcentile females. In other wordle
association betweefower vBMD and greater fracture incidee and extent mayincrease

compromise of the tibiagsulting in higher dital tibiaaxial acceleration

The 7%-percentile female tibia fracture cases show a moderate relationghi(687) for peak

distal femur acceleration decreasing as bediowe mas increases. Again, this relationship
becomes strong if only the more severe fractures are considéred(896). Sincehe fractures

occur near the tibia motion block and not the femur motion block, femur acceleration should be
expected to be less influced by th@resence of fracture hEse observations must be considered

carefully, as there are so few data points and so many factors contributing to fracture.

The influence of mass on damage outcomaastwell understoodsince it is confounded by
potential differences in the quality and quantity of bone present. Regardless, the tibia damage
observed in the current study was weakly associated with lower extremities with lower mass below
the knee (pvalue 0.0164). This result was influenced most byrifepercentile female responses,
which had a lower range of mass below the knee, and a much greater incidence of major tibia

damage compared to the other specimen categories.

Increased risk of fracture is not expected to coincide with decreased masstr&ima of the
| ower extremities i n gener al is more | HDkely

(Boulanger et al 1992). In addition, BMI has been shown to be associated with injury risk in the
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automotive realm (Arbabi et aR003) and obse drivers are more prevalent among those who
sustain lower extremyjtinjuries automotive crashesé¥t al, 2015. Mass of the lower extremities

alone does ndully explain the damage trends that were observed in the current study.

Some trends obserdén the current study may suggest that vBMD does not necessarily increase
with leg mass. This is in contrast to the reporting of Hardy et al., (2001), in which increased upper
extremity mass was shown to be associated with increased radius and ulrth,strehgeduced
likelihood of forearm fracture. In this study, the relationship between lo®®D and higher

mass below the knee is nemistent in 58-percentile males (}0.005), weak in B-percentile
females (R 0.094), and moderate in #Hercentile females @0.325). Thismight imply that
heavier individualsnaybe less activeluring their lifetime resulting in lower bone density. This
mayalso suggest #t greater bone quantity does netessarily follow from greater bone quality.
Both quantity and qualitpf bonecontribute to bone strength. Measures such as robustness (Jepsen
et al., 2011) and mineral content (Hardy et 2001) are more céely related to bone strength.

The rate of mineralization is not related to strength, asalkethas the same calcium composition,
resulting in the same percentage ash weight when burned (roughly 65%).

If only damaged tibiador 75"-percentile females are considered, there is a strong trémd (R
0.896) toward decreased vBMD for increased legandhis suggests that even heavier lower
extremities can be damaged when the vBMD is low, implying a greater importance of bone density
than lower extremity mass relative to injury occurrence. Yoganandan et al. (2017) reported that
gCT-based calcaneus BMBf male PMHS specimens was a significant covariate in a survival
model of calcaneus injury probability curves under UBB loading conditionikelnurrenstudy,

the 79-percentile female data demonstrate a trend toward increased likelihood of titnieefesc

vBMD decreases (palue 0.0173). McMaster et al. (2000) notedt PMHS specimens that did

not sustain fractures had relatively higher BMiCa studythat subjecte®MHS lower extremities

to injurious level axial loading taraulate injuries sustaed infrontal craslkes

Study Limitations
A potential limitation of this study is the use of peak values of acceleration and speed. Load on the

lower extremities, which is commonly used as an injury metric, could not be measured in this
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study. Implantinga load cell in the tibia, which is a current practice in the field, would interfere
with the damage outcome of the tibia. A metric that characterizes the overall response of the lower
extremity, rather than a single peak, may be more useful in this dmplickor example, the
average distal forearm speed (ADFS) injury criterion introduced by Hardy et al. (1997) is
calculated by finding the slope of the integrated distal forearm speed between 10pmnded®

of the peak forearm displacement at or befidens. This is similar in principal and execution to

the Average Spine Acceleration (ASA) presented by Cavanaugh(#988. In contrast to the
current study, which uses single axis measures, ADFS is determined by finding the resultant
magnitude of thentegrated acceleration traces measured by three accelerometers at the distal
radius. The current study uses vertical kinematics measures only because there is little rotation
compared to the oblique postures investigated as part of Danelson et alB@&bl&erage distal

speed and acceleration could be evaluated for either individual signals or resultants in this study.

The acceleration and speed values analyzed in this study are right censoreeffactnos cases

and left censored for fractureses. Uncensored data could be approximated for the fracture cases
in a future analysisThis would result in a reduction of available data points, as the timing of all
fracture events cannot be determined with absolute certainty. While fracture timing assessment for
the purpose of determining approximately how quickly damaged occurs anabdes, as little as

a 0.Xms shift can result in different values of acceleration and speed. However, once a robust
method ofdeterminingracture timing is established using strain, acceleration, and speed, some of
these analyses can be repeated. Thémear regressions cannot be conducted using uncensored
damage data, as the right censored-d@mmage peak values will be greater than the uncensored

damage values for acceleration and speed.

Another limitation of this study is the performance of the AWRjch was much heavier thain
was duringprevious testing (Danelson et al., 2015) after a redesign for the current study. The
current incarnation of the ALF prohibits testing at higher input ranges, particularly input to the

seat.

While twentyPMHS contibute to this study, there are three categories of sex/anthropometry and

two levels of input to the ALF. That equates to having only three or four specimens estin
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group It is difficult assess true sex and anthropometry difference using this fenmsps.
Additional data would be helpful to clarify remaining questionsgotdntiallyreinforce the trends

observed in this study.

Another limitationof this studyis the difficulty in determining the influence of specific specimen
characteristics on jary outcome due to their interrelatedness. In this study, increased mass below
the knee did not relate to increased vBMD, which is unexpected based on previous literature
(Hardy et al., 2001)Many of the 78-percentile female specimens had decreasingl@Bor
increasing belovknee massrhis inverse relationship is likely a result of selecting PMHS from a
population with a more sedentary lifestylle addition, nany of the male specimens had relatively

diminutive lower extremities.

While DeXA t-score was a controlled selection criterion, vBMD varied considenahigh calls
into question the relevance of DeXA. With the limited availability of PMHS falling within the
mass and height requirements of this study, an additional exclostenon based on body
composition (body fat percentage, body mass distribution, etc.) is not feasible.

An additional confounding factor included mass below the knee, which varied within each PMHS
group and overlapped between groups. Additional contgléxintroduced when variations in

bone quality and quantity are considered. While BMD had been shown to be correlated with
fracture tolerance, it does not necessarily characterize tissue quality (Jepsen et al., 2011). The
combined influence of lower exémity mass, vBMD, bone quality, and bone quantity may skew
potential differences in damage tolerance. Robustness and mineral content data could be valuable
additions to the analyses.
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CHAPTER 5
SUMMARY

This research forms the first biomechanical accafirdBB effects on the lower extremities of

matched pairs of female and male whbtely PMHS. This effort contributes to the body of

knowledge pertaining to higtate vertical loading of the lower extremities in a seated, nominal

posture. The outcomed this studyare summarized below.

1 The kinematics response in the global vertical direction varied between the two sexes and

three percentiles studied:

A

In Series Alower-energy floor condition)the tibiae of th&"- and 74-percentile
females readtd higher peakserticalaccelerations than those of thé'gercentile
males.

In Series A, the general shape and duration of the femur and tibia vertical speeds
were similar between femalaad males. However, the fematesl higher vertical
speeds and thagached those speeds earlier in the event than the. male

In Series A, both sexes exhiitan oscillatory square unimodal response in the
vertical acceleration responsethe femora

In Series Bhigherenergy floor condition)the global vertical spesdf the tibiae

were approximately twice those in Series A.

In Series B, the heavier lower extremities exleitba seconebrder effect in the
vertical speedaf the distal femur

In Series B, the vertical femur acceleration responses of the heavier lower

extremitiesweretriangular and bimodal in nature.

1 There were no gross differences between female and male PMHS movement observed in

the highspeed video.

1 The higherenergy floor condition resulted in damage to the femur; tibia; fibula; talus;

calcaneus; nawsular; cuboid; third, fourth, and fifth metatarsals; and fifth phalange.

Major damage occurred to the femur, tibia, fibula, talus, and calcaneus.

Lower extremity damage type, incidence, and extent varied between the two sexes and

three percentiles studied
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A All but one case of tibia damage occurred to females.

A All major tibia damage occurred to"¥percentile females.

A All fibula damage occurred to P5percentile females.

A All but one case of talus damage occurred to females.

A All midfoot damage occurred females.
All calcaneus and tibia fractures occurred within 3 ms of the onsetl@ineusnotion.
Calcaneus fracture is associated with higher peak vertical acceleshtiom tibiawith a
lower timeto-peak. For longer tim&o-peak, lower peak tibia aeleration levels can result
in calcaneus fracture.
Few fractures in the combined tibia and fibula category are seen overall. Unlike for the
calcaneus and talus, no combined distal tibia and fibula fractures occurred at the lower
levels of peak distal tibiaxial acceleration observed in this study.
Increased incidence of calcaneus damage has a strong relationship to both increased peak
tibia vertical acceleration and increased peak femur vertical acceleration.
Increased incidence of calcaneus damage hasdanate relationship with increased peak
tibia vertical speed.
Increased incidence of talus damage has a weak relationship with both increased peak tibia
vertical acceleration and increased peak femur vertical acceleration.
There is a weak relationshipetiveen decreased volumetric bone mineral density and
increased incidence of tibia damage.
There is a weak relationship between decreased mass below the knee and increased
incidence of tibia damage.
A fifty-percent probability of calcaneus fracture fosslethan dns timeto-peak is
associated witlh 781-g peak tibia vertical acceleration for'spercentile males, 65¢ for
75"-percentile females, and 396for SM-percentile females.
Fifty-percent probability of calcaneus fracture, regardless of-tiinpeak, is associated
with a 368-g peak femur vertical acceleration for'spercentile males, 33§ for 73"
percentile females, and 2-t8for 5"-percentile females.
Mass is an important driver of kinematics: Lighter extremities reach higher acceleratio

and speeslearlier in the event.
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1 The influence of mass on lower extremity damage is confounded by the quantity and
quality of bone present.

1 There are important differences betwdemales andnales interms of kinematics and
damageaesponses:

A The obsered differences in kinematics are ramnsideredo be a result of the
differences in anatomy/shape, but are more closely tied to specimen size and test
input conditions.

A The observed differences in fracture incidence and extent between the
sex/anthropometry categories examined in this study are largely related to quantity

and quality of bone (tolerance).

By expanding the knowledgebase of UBB injury data, the results of this study contribute to more
accurate assessment and prediction ofiegun the UBB environment. These findings will inform
future decisions regarding the requirements for test capabilities that incorporate the female
Warfighter Ultimately, advancements can be madelysical surrogates, injury assessment and
prediction criteria, modeling and simulan capabilities, and test methods, which will allow
further optimization of military ground vehicles, personal protective equipment, and injury
countermeasures. Improvements in these technologies will reduce and/or pregwésg and
deaths among the UWSarfighterpopulation, both male and female.
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Appendix A: Anthropometry

Table Al: 50"-percentile male anthropomorphic measurements (cm)

Measure SA1C1 SA1C2 SA2C1 SA2C2 SB2C1 SB3C1 SB4C1 SB5C1 Avg. Std.
Stature 182.9 1746 188.2 181.8 1869 1685 178.0 181.6 180.3 6.5
Shoulder Height 157.9 146.1 168.8 157.0 158.6 148.1 150.6 156.6 1555 7.2
Waist Height 106.3 96.3 110.7 103.3 1115 97.1 97.9 98.3 102.6 6.2
Crotch Height 88.3 78.8 99.3 81.5 86.0 73.3 78.7 824 835 79
Tibial Height 50.3 48.2 50.6 48.4 49.5 45.2 455 473 481 2.0
VertexSymphysion 83.4 88.3 89.0 89.8 98.8 86.8 93.1 878 896 46
HeadTrochanterion 85.7 80.5 87.9 88.4 91.9 79.3 86.5 844 856 4.2
ShouldefElbow 40.3 37.2 40.9 37.9 38.2 35.2 34.7 377 378 2.2
ForearmHand 51.2 47.7 52.6 49.8 53.2 43.0 45.5 47.1 48.7 3.6
Bi-acromial Breadth 37.9 354 325 29.1 42.0 33.6 38.2 34.8 354 4.0
Bi-deltoid Breadth 47.0 41.1 441 - 40.6 42.8 42.2 47.1 436 2.6
ChestBreadth 32.6 33.6 31.3 32.2 31.9 36.6 34.7 33.2 333 17
Hip Breadth 36.7 30.6 35.1 34.6 325 32.2 30.1 278 325 29
Waist Breadth 34.9 30.8 32.5 32.4 31.5 30.7 32.8 331 323 14
Trochanter Breadth 37.4 34.0 35.9 36.5 36.8 31.5 34.8 342 351 19
Chest Depth 25.4 21.3 18.5 18.9 17.8 24.3 19.2 179 204 29
Waist Depth 24.5 23.0 20.0 17.4 17.0 21.8 16.9 15.2 195 34
Buttock Depth 18.8 20.6 16.9 17.5 16.5 17.8 17.2 18.4 18.0 1.3
Head Height 24.1 21.8 23.4 20.7 22.8 23.1 229 236 228 11
HeadBreadth 15.0 14.7 16.2 15.9 16.6 15.3 14.5 15.7 155 0.7
Bi-zygomatic Breadth 12.0 14.6 14.2 14.0 11.5 13.2 12.6 14.0 133 1.1
Head Length 20.6 19.8 20.8 19.2 18.5 18.8 19.9 19.1 196 0.8
MentontSellion 12.0 12.0 12.6 12.8 13.2 12.7 12.4 11.8 124 0.5
Foot Breadth 9.3 9.2 8.7 10.1 8.3 7.9 8.4 8.9 88 0.7
Ankle Height 10.8 9.9 14.2 11.6 10.2 10.7 11.7 11.3 11.3 1.3
Foot Length 24.3 24.8 27.5 24.8 23.9 23.3 25.6 251 249 13
Neck Circumference 41.5 41.0 46.0 35.3 38.2 54.0 37.0 41.5 41.8 5.9
ScyeCircumference 57.3 45.5 435 38.5 41.8 425 43.3 450 447 55
Bicep Circumference 30.5 25.0 29.5 24.7 31.9 26.8 27.0 298 281 26
Elbow Circumference 28.7 255 29.5 26.0 29.7 26.3 25.9 26.7 273 1.7
Forearm Circumference 28.4 24.0 28.0 20.5 29.3 24.3 25.2 27.4 259 29
Wrist Circumference 17.5 17.5 17.0 15.7 19.1 17.2 17.2 16.4 172 1.0
Thigh Circumference 62.5 47.0 61.0 47.5 53.6 55.5 49.9 570 542 59
Distal Thigh Circumference 40.0 39.8 39.1 35.5 41.6 345 38.7 372 383 24
Knee Circumference 37.1 39.2 43.0 27.0 43.1 34.9 38.2 37.5 375 51
Calf Circumference 40.7 28.6 31.1 35.5 35.3 25.1 335 34.3 33.0 438
Ankle Circumference 22.3 20.6 21.4 18.5 25.9 18.3 22.2 19.9 21.1 25
Chest Circumference 104.4 100.8 96.3 90.8 93.9 110.8 90.6 923 975 7.3
Waist Circumference 100.0 94.5 92.0 87.0 83.3 94.2 88.5 89.8 91.2 52

Buttocks Circumference 110.5 93.6 100.9 92.8 100.0 93.5 91.5 96.8 975 6.3
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Table A2: 75"-percentile female anthropomorphic measurements (cm)

Measure SA3C1 SA4Cl SA5C1 SB1C1 SB3C2 SB4C2 Avg. Std.
Stature 170.9 161.4 164.1 166.6 164.3 1629 1650 34
Shoulder Height 147.5 137.1 144.9 146.0 140.1 139.9 1425 41
Waist Height 96.2 89.9 91.1 92.9 91.3 86.3 91.3 3.3
Crotch Height 81.2 71.7 74.2 75.2 78.7 93.7 79.1 7.9
Tibial Height 42.7 41.6 42.0 44.2 41.2 41.3 42.2 1.1
VertexSymphysion 84.4 80.9 82.1 82.9 83.7 85.8 83.3 1.7
HeadTrochanterion 81.6 78.2 85.3 83.1 80.7 80.3 81.5 2.4
ShouldefElbow 36.8 325 34.2 32.2 34.8 34.1 34.1 1.7
ForearmHand 45.3 42.1 447 43.4 43.6 42.1 435 1.3
Bi-acromial Breadth 31.4 - 26.6 35.0 36.6 31.8 32.3 3.9
Bi-deltoid Breadth 39.7 25.9 42.3 39.8 39.4 454 38.8 6.7
Chest Breadth 329 26.2 30.0 34.5 29.4 31.6 30.7 2.9
Hip Breadth 31.5 34.4 33.3 32.4 29.6 30.4 31.9 1.8
Waist Breadth 36.8 39.0 37.7 35.8 35.9 30.3 35.9 3.0
Trochanter Breadth 38.8 41.7 37.3 37.2 40.3 30.3 37.6 4.0
Chest Depth 20.3 16.6 17.6 18.1 16.1 195 18.0 1.6
Waist Depth 19.8 16.4 18.4 17.6 16.0 19.8 18.0 1.6
Buttock Depth 17.5 16.9 17.8 16.6 16.2 19.2 17.4 1.1
Head Height 22.6 21.3 19.1 21.4 22.5 20.5 21.2 1.3
Head Breadth 15.4 14.6 14.4 15.2 14.2 14.6 14.7 0.5
Bi-zygomatic Breadth 11.8 11.0 14.2 14.8 125 12.4 12.8 1.4
Head Length 18.5 18.6 18.2 18.6 17.7 17.8 18.2 0.4
MentonSellion 10.4 11.6 11.9 11.2 11.8 9.5 11.1 0.9
Foot Breadth 8.2 7.5 8.6 7.6 8.2 6.1 7.7 0.9
Ankle Height 9.8 7.7 10.4 9.2 8.6 10.1 9.3 1.0
Foot Length 24.2 22.1 24.0 21.9 21.7 21.0 22.5 1.3
Neck Circumference 34.9 29.6 35.0 35.2 35.4 46.2 36.1 54
ScyeCircumference 43.4 39.2 41.2 38.0 39.8 43.8 40.9 2.3
Bicep Circumference 25.2 28.7 33.2 24.8 29.2 26.9 28.0 3.1
Elbow Circumference 23.2 24.4 26.2 22.3 25.6 24.3 24.3 1.4
Forearm Circumference 20.3 23.1 26.5 21.4 20.1 22.7 22.3 2.4
Wrist Circumference 14.9 14.0 14.5 15.1 14.6 15.3 14.7 0.5
Thigh Circumference 56.8 62.6 58.4 56.0 60.9 49.7 57.4 4.5
Distal Thigh Circumference  37.8 38.5 40.6 39.5 40.3 37.8 39.1 1.2
Knee Circumference 35.6 38.0 42.7 34.6 40.9 375 38.2 3.1
Calf Circumference 28.1 33.2 31.3 30.7 31.3 30.1 30.8 1.7
Ankle Circumference 23.3 20.3 19.5 19.0 20.5 17.4 20.0 2.0

Chest Circumference 91.8 83.2 88.0 96.8 85.9 95.4 90.1 5.4
Waist Circumference 102.0 100.8 100.7 102.5 104.3 87.2 99.6 6.2
Buttocks Circumference 105.3 106.9 100.5 101.0 103.5 88.2 1009 6.7
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Table A3: 5"-percentile female anthropometric measurements (cm)

Measure SA3C2 SA5C2 SA6Cl1 SB1C2 SB2C2 SB5C2 Avg. Std.
Stature 159.2 162.3 163.1 171.6 160.3 159.1 1626 4.7
Shoulder Height 137.3 141.0 137.4 148.0 136.9 1341 139.1 4.9
Waist Height 87.7 88.2 89.8 103.8 93.9 85.4 91.4 6.7
Crotch Height 73.1 70.0 73.7 82.3 72.3 71.4 73.8 4.4
Tibial Height 39.7 41.7 41.7 43.0 42.9 41.6 41.7 1.2
VertexSymphysion 80.9 84.6 815 85.2 87.5 84.3 84.0 24
HeadTrochanterion 77.1 78.9 78.7 80.1 80.2 80.5 79.2 1.3
ShouldefElbow 33.6 33.5 34.1 36.7 31.0 32.0 33.5 2.0
ForearmHand 40.4 42.6 45.1 44.1 38.6 41.7 42.1 2.4
Bi-acromial Breadth 25.8 25.7 33.9 27.6 33.7 29.6 29.4 3.7
Bi-deltoid Breadth 35.7 42.6 42.1 38.6 31.8 35.9 37.8 4.2
Chest Breadth 27.3 31.9 30.2 28.4 26.8 24.9 28.2 25
Hip Breadth 23.6 31.5 29.6 24.9 26.1 23.4 26.5 3.3
Waist Breadth 26.5 34.2 32.7 27.4 29.8 25.5 29.4 3.5
Trochanter Breadth 31.2 35.3 33.9 334 38.1 26.8 33.1 3.8
ChestDepth 16.9 17.3 15.5 14.7 16.0 13.6 15.7 14
Waist Depth 17.3 18.4 145 17.0 15.7 13.4 16.1 1.9
Buttock Depth 16.9 16.5 15.2 17.2 15.6 12.7 15.7 1.6
Head Height 21.0 20.1 19.0 21.5 20.2 20.1 20.3 0.9
Head Breadth 14.0 14.3 14.3 14.8 13.7 13.8 14.2 0.4
Bi-zygomatic Breadth 10.6 11.7 12.9 14.4 11.8 12.9 12.4 1.3
Head Length 17.7 18.8 17.4 18.3 16.8 18.7 18.0 0.8
MentonSellion 10.8 11.0 10.3 10.7 9.9 10.2 10.5 0.4
Foot Breadth 8.3 8.2 7.7 8.0 7.5 8.5 8.0 0.4
Ankle Height 9.0 11.0 9.6 9.7 7.5 9.8 9.4 1.1
Foot Length 22.1 23.0 20.9 21.1 21.8 22.6 21.9 0.8
Neck Circumference 314 35.9 32.6 31.8 325 27.0 31.9 2.9
Scye Circumference 32.2 44.6 34.6 37.0 34.1 31.0 35.6 4.9
Bicep Circumference 23.3 27.0 25.5 23.6 28.6 18.6 24.4 3.5
Elbow Circumference 21.6 23.5 25.4 22.8 23.4 20.2 22.8 1.8
Forearm Circumference 18.8 21.8 24.5 21.3 22.6 18.9 21.3 2.2
Wrist Circumference 14.4 14.5 15.2 14.2 14.4 14.0 14.4 0.4
Thigh Circumference 45.9 55.4 49.1 52.7 57.3 42.5 50.5 5.7
Distal Thigh Circumference  31.7 36.9 38.1 34.1 42.5 27.5 35.1 5.2
Knee Circumference 324 35.2 36.9 334 38.7 29.9 34.4 3.2
Calf Circumference 275 31.2 29.9 28.2 355 22.7 29.2 4.3
Ankle Circumference 22.9 17.8 18.7 21.6 215 19.0 20.2 2.0
Chest Circumference 78.9 91.6 82.8 80.6 78.1 67.1 79.8 7.9
Waist Circumference 85.1 93.4 87.9 88.4 80.2 71.4 84.4 7.7
Buttocks Circumference 87.0 94.7 89.8 90.2 99.5 73.4 89.1 8.9
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Appendix B: Catalog of PMHS Damage Data

TableB1: MS1 autopsy summary

Crew 1: PMHSSM91 (50M)

None

TableB2: MS4 autopsy summary

Crew 1: PMHS6541 (50M)

Hindfoot: Calcaneus, crushed, bilateral

TableB3: MS5 autopsy summary

Crew 1: PMHSSM85 (50M)

Crew 2: PMHSSMO90 (50M)

Hindfoot: Calcaneus, crushed, RT

None

TableB4: MS7 autopsy summary

Crew 1: PMHS6504 (50M)

Hindfoot: Talus Fx, minor/focal neck
compression, LT
Calcaneus, crushed, bilateral
Midfoot:
Forefoot: Metatarsals B, Fx, RT

Metatarsal 4Fx, RT

Metatarsal 5Fx, LT

Navicular, Fx, bilateral

TableB5: MS11

autopsy summary

Crew 1: PMHSSM94 (50M)

Hindfoot: Talus Fx, complete, LT

Calcaneus, crushed, bilateral
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TableB6: MS14 autopsy summary

Crew 1: PMHS6601 (50M)

Hindfoot: Talus, 2 Fxminor postermedial
articular surface chip and
minor/focal neck
compression, RT

Calcaneuscrushed, RT

TableB7: SA1 autopsy summary

Crew 1: PMHSSM117 (50M)

Crew 2: PMHSSM118 (50M)

None

None

TableB8: SA2 autopsy summary

Crew 1: PMHSSM120 (50M)

Crew 2: PMHSSM119 (50M)

None

None

TableB9: SA3 autopsy summary

Crew 1: PMHSSF127 (75F)

Crew 2: PMHSSF126 (5F)

None

Thigh: Femur, Fxproximal,LT

TableB10: SA4

autopsy summary

Crew 1: PMHSSF128 (75F)

Crew 2: ATD-HIII 5"-female

None

NA

TableB11: SA5

autopsy summary

Crew 1: PMHSSF131 (75F)

Crew 2: PMHSSF132 (5F)

None

None

TableB12: SA6

autopsy summary

Crew 1. PMHSSF133 (5F)

Crew 2: ATD-HIII 5"-female

Hindfoot: Talus Fx, facies articularis

navicularis, partial, LT

NA




TableB13: SB1 autopsy summary

Crew 1: PMHSSF138 (75F) Crew 2: PMHSSF134 (5F)
Leg: Tibia, Fx,pilon, distal, RT Thigh: Femur, Fx, miediaphysis, LT
Tibia, crush Fxdistal, LT Leg: Tibia, Fx,pilon, distal, LT
Fibula, Fx, articular surface of [ Hindfoot: Talus Fx, partial transeé®n, RT
lateral malleolus, LT Calcaneus, crushed, bilateral
Hindfoot: Talus, 2 Fx, posterolateral Midfoot: Navicular, Fx, beak, LT
tubercleand facies Forefoot: Metatarsal 5Fx, proximal, LT

articularisnavicularis, RT
Calcaneus, crushed, RT
Midfoot: Navicular, Fx, beak, bilateral
Cuboid Fx, lateral portion of
posterior surface, RT
Cuboid Fx, posterior border of
dorsal surface, LT
Forefoot: Metatarsal 4Fx, base, LT
Metatarsal 5Fx, base, LT
Phalanx 5Fx, base, LT

TableB14: SB2 autopsy summary

Crew 1: PMHSSM140 (50M) Crew 2: PMHSSF135 (5F)
Thigh: Femur, Fx, miediaphysis, LT Hindfoot: Talus Fx, lateral aspect of
Hindfoot: Calcaneus, crushed, bilateral posterior calcaneal
Forefoot: Metatarsal 4Fx, base, LT articular surface, LT

Calcaneus, crushed, bilateral
Midfoot: Navicular Fx, beak, RT
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TableB15: SB3autopsy summary

Crew 1: PMHSSM141 (50M)

Crew 2: PMHSSF142 (75F)

Hindfoot: Calcaneus, crushed, LT

Leg: Tibia, crush Fx, distal, LT
Fibula, 2 Fxdistal diaphysisand
head, LT

Hindfoot: Talus, multiple Fx, posterior
calcaneal articulasurface
facies malleolusateralis
facies malleolaris
medialis,RT

Talus, cartilage damage, LT

Calcaneus, crushed, bilateral

Midfoot: Navicular Fx, beak, RT

TableB16: SB4

autopsy summary

Crew 1: PMHSSM145 (50M)

Crew 2: PMHSSF148(75F)

Leg: Tibia, Fx,plafond,RT
Hindfoot: Talus,cartilage damage trochlea|
surface Fx posterolateral

tubercle, RT

Calcaneus, crushed, LT

Leg: Tibia, Fx,pilon, RT
Tibia, crush Fx, LT
Fibula Fx, distal diaphysis, LT
Hindfoot: Talus,multiple Fx, anterolateral
aspect of trochlear surfac
lateralprocessfacies
malleolus lateralis, LT
Calcaneus, crushed, bilateral
Metatarsal 3Fx, base, LT
Metatarsal 4Fx, base, LT

Metatarsal 5Fx, base, LT

Forefoot:
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TableB17: SB5 autopsy summary

Crew 1; PMHSSM150 (50M) Crew 2: PMHSSF151 (5F)

Thigh: Femur, Fx, miediaphysis, LT Hindfoot: Talus Fx, posterolateral tubercle
RT

Calcaneus, crushed, bilateral
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Damage Coding

Series A: Shot 3 Crew 2 PMHS-SF126 (5F)
A Femur lefti proximal shaft fx
A AIS: 853251.%imple; spiral; oblique; transverse; Winquist |
A BIioPT Bin: Femur shaft fracture (simple; OTA Type&2Winquist 1)
A OTA 32-A2 oblique

Series A: Shot 6 Crew I PMHSSF133 (5F)
A Talus, left- partial neck fx(medial/dorsal aspect)
A AIS: 857261.2 fracture line into one joint surface; talus body
A BioPT Bin 2: talus fx nowdisplaced or simple displacement; Hawkins Typi)

A No Hawkins classification, not a neck fracture

Series B: Shot 1 Crew I PMHS-SF138 (75¥
A Distal tibia, right- pilon fx
A AIS: 854361.2 distal tibia partial articular
A BioPT Bin 6: distal tibia fracture (partial articular; simple pilon; OTA Type33
A OTA 43-B1 pure split
A Talus, righti 2 chip fx:posterolateral tubercle and facies articulagsicularis
A AIS: 857261.2 fracture line into one joint surface; talus body
A BioPT Bin 2: Talus fracture (fx nedisplaced or simple displacement; Hawkins
Typel, )
A No Hawkins classification, not a necledture
A Calcaneus, rightcrushed
A AIS:857371.% r act ur e2jdintsariaces nt o O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, SandersilType
Type-1V)
A Sanders Type IV, 3 or more fracture lines
A Navicular, righti fx of beak
A AIS: 857461.2 fracture line into two joint surfaces
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A BioPT Bin 1: Tarsal bone fracture (navicular, cuboid, and cuneiforms)
A Cuboid, right- fx of lateral portion of posterior surface

A AIS: 857661.2 fracture line into one joint surface

A BIioPT Bin 1: Tarsal bone fracture (navicular, cuboid, and cuneiforms)
A Distal tibia, left- compression fx

A AIS: 854371.2 distal tibia complete articular

A OTA type 43C3 articular multifragmentary

A BIioPT Bin 7: distal tibia fracture (complete articular; comminuted pilon; OTA Type

43-C)

A Distal fibula, left- oblique fx

A AIS: 854471.2 above joint (suprasyndesmotic); isolated shaft, beadck; Weber C

A BioPT Bin 10: Distal fibula fracture (simple, complex bimalleolar)

A Weber classification: C
A Navicular, left- fx of beak

A AIS: 857461.2 fracture line into two joint surfaces

A BioPT Bin 1: tarsal bone fracture (navicular, cuboid, and cuneiforms)
A Cuboid, lefti chip of posterior border of dorsal surface

A AIS: 857661.2 fracture line into one joint surface

A BioPT Bin 1: tarsal bone fracture (navicular, cuboid, and cuneiforms)
A 4" metatarsal, left chip on superior edge of articular surface f8mgetatarsal

A AIS: 858163.2 partial articular

A 5" metatarsal, left crushed proximal portion

A AIS: 858173.2 complete articular
A 5" proximal phalange, left fx of articular surface for'Smetatarsal

A AIS: 858163.2 partial articular

Series B: Shot 1 Crew 2 PMHS SF134 (5F)
A Talus, righti partial transection at neck
A AIS: 857261.2 fracture line into one joint surface; talus body

A BioPT Bin 2: talus fracture (fx nedisplaced or simple displacement; Hawkins Type

1,11
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A Hawkins type 4 non displaced fracture of talar neck

A Calcaneus, rightcrushed

A Al'S: 857371.2 2joirmsutfacese | i ne into O
A BIioPT Bin 5: calcaneus fracturegmminuted crush, comminuted, Sanders T\fhe
TypelV)

A Sanders Type IV, 3 or more fracture lines
A Femur, left- shaft fx
A AIS: 853271.3 complex; comminuted; segmental; Winquist IV
A BioPT Bin 3: femur shaft fracture (complex; OTA Type@2Winquist V)
A OTA 32-C2: complex segmental
A Winquist IV
A Tibia, left- pilon fx
A AIS: 854361.2 distal tibia, partial articular
A BioPT Bin 6: distal tibia fracture (partial articular; simple pilon; OTA Type33
A OTA 43B1 pure split
A Calcaneus, left crushed
A AIS:857371.2frac ur e | i2 joist surfacéeso O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
TypelV)
A Sanders Type IV, 3 or more fracture lines
A Navicular, lefti fx of beak
A AIS: 857461.2 navicular fracture, fracture line into feimt surfaces
A BIioPT bin 1: tarsal bone fracture (navicular, cuboid, and cuneiforms)
A 5"metatarsal, left fx of proximal articular surface
A AIS 858163.2 partial articular

Series B: Shot 2 Crew I PMHSSM140 (50M)
A Calcaneus, rightcrushed
A AIS:857371.% r act ur e2jdintsuréaces nt o O
A BioPT Bin 5: Calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
Type1V)
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A Sanders Type IV, 3 or more fracture lines
A Femur, left- shaft fx
A AIS: 853261.3 wedge; "butterfly"; Winquist Il or llI
A BioPT Bin2: femur shaft fracture (wedge; OTA Type-B2Winquist II/111)
A OTA Bin 32-B1 spiral wedge

A Calcaneus, left crushed

A Al'S: 857371.2 2joirisutfacese | i ne into O
A BIioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$iIType
TypelV)

A Sanders Type IV, 3 or more fracture lines
A 4" metatarsal, left fx of proximal articular surface
A AIS 858163.2 partial articular

Series B: Shot 2 Crew 2 PMHS SF135 (5F)

A Calcaneus, rightcrushed

A Al'S: 857371.2 2joirisutaces e | ine into O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
TypelV)

A Sanders Type IV, 3 or more fracture lines
A Navicular, righti fx of lateral border of dorsal surface
A AIS: 857451.2 extra articulac¢ronal body split, no joirihvolvemeny
A BioPT Bin 1: tarsal bone fracture (navicular, cuboid, and cuneiforms)
A Talus, lefti fx of lateral aspect of posterior calcaneal articular surface
A AIS: 857261.2 fracture line into one joint surface; talus body
A BioPT Bin 2: talus fracture (fx nedisplaced or simple displacement; Hawkins Type
1, 11)
A No Hawkins classification, not a neck fracture

A Calcaneus, leftcrushed

A Al'S: 857371.2 2joirasutfadzese | ine into O
A BioPT Bin 5: Calcaneus fracture (commi@d crush, comminuted, Sanders Type
TypelV)
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A Sanders Type IV, 3 or more fracture lines

Series B: Shot 3 Crew I PMHSSM141 (50M)
A Calcaneus, left crushed

A Al'S: 857371.2 2joirisutfacese | i ne into O

A BIioPT Bin 5: calcaneus fracture (commirgitrush, comminuted, Sanders Tylple
Type-1V)

A Sanders Type IV, 3 or more fracture lines

Series B: Shot 3 Crew 2 PMHS SF142 (75F)

A Talus, right- 3 fx: posterior calcaneal articular surface, facies malleolus lateralis, and

A

A

facies malleolaris medialis

A AIS: 857261.2 fracture line into one joint surface; talus body

A BioPT Bin 2: talus fracture (fx nedisplaced or simple displacement; Hawkins Type
1, 1)

A No Hawkins classification, not a neck fracture

Calcaneus, rightcrushed

A AIS: 857371.2 fracture line n t 20oinOsurfaces

A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
Type1V)

A Sanders Type IV, 3 or more fracture lines

Navicular, righti fx of beak

A AIS: 857461.2 fracture line into two joint surfaces

A BioPT Bin 1: taral bone fracture (navicular, cuboid, and cuneiforms)

Distal tibia, left- shattered

A AIS: 854371.2 distal tibia complete articular

A BioPT Bin 7: distal tibia fracture (complete articular; comminuted pilon; OTA Type
43-C)

A OTA Type 43C3 articular multifragmentary

Fibula, left- 2 fx: head and distal shaft

119



A AIS: 854471.2 fibula above joint (suprasyndesmotic); isolated shaft, head or neck;
Weber C
A BioPT Bin no bin
A OTA 44-C1 fibular diaphyseal fracture, simple
A Weber C
A Talus, left- cartilage damage
A AIS- nocode for cartilage damage

A Calcaneus, left crushed

A Al'S: 857371.2 2joirmsutfasese | i ne into O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
Type-1V)

A Sanders Type IV, 3 or more fracture lines

Series B: Shot Lrew 17 PMHSSM145 (50M)

A Tibia, righti minor damage to the anterior and posterior margins of plafond
A AIS: 854361.2 distal tibia, partial articular
A BioPT Bin 6: distal tibia fracture (partial articular; simple pilon; OTA Type33
A OTA 43-B1 pure split

A Tadus, right- cartilage damage to posterolateral portion of trochlear surface; fx of
posterior process
A AIS: 857261.2 fracture line into one joint surface; talus body
A BioPT Bin 2: talus fracture (fx nedisplaced or simple displacement; Hawkins Type

L, 1)

A No Hawkins classification, not a neck fracture

A Calcaneus, left crushed (separation of sustentaculum tali and general afpesterior

segmentation resulting in four large pieces and associated chips)

A AlS: 857371.2 2joirasutfadzese | ine into O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
TypelV)

A Sanders Type IV, 3 or more fracture lines
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Series B: Shot 4 Crew 2 PMHS SF148 (75F)
A Tibia, righti pilon fx (cartilage damage on posterior lateral aspect. Reaches lbut
there is negligible bone damage, 12 mm length)
A AIS: 854361.2 distal tibia, partial articular
A BIioPT Bin 6: distal tibia fracture (partial articular; simple pilon; OTA TypeB33
A OTA 43B1 pure split
A Calcaneus, right crushed (sectioning of theorsal half and crushing of the plantar half)
A Al'S: 857371.2 2joirisutfacese | i ne into O
A BIioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$iIType
Type1V)
A Sanders Type IV, 3 or more fracture lines
A Tibia, lefti crushed (stéate fx pattern beginning at tibia plafond propagating 6 cm with
general crushing of the distal tibia generating several fragments ranging from 15 mm to 4
cm in length with multiple small chips. Largest segments were both medial and lateral)
A AIS: 854371 .Xistal tibia complete articular
A BioPT Bin 7: distal tibia fracture (complete articular; comminuted pilon; OTA Type
43-C)
A OTA type 43C3 articular multifragmentary
A Fibula, left- transverse X9 cm from distal endslight angulation from medial disttd
lateral proximal)
A AIS: 854471.2 above joint (suprasyndesmotic); isolated shaft, head or neck; Weber C
A BioPT Bin 10: distal fibula fracture (simple, complex bimalleolar)
A Weber classification: C
A OTA 44-C1: fibular diaphyseal fracture, simple
A Talus, let - two lateral evul®ns oth triangular: one at anterior portion of superior
articular surface, 12 mm anside; one at thenction between laterand inferior
articular surfacesl5 mm on a sige
A AIS: 857261.2 fracture line into one joint surfataus body
A BioPT Bin 2: talus fracture (fx nedisplaced or simple displacement; Hawkins Type
1, 11)

A No Hawkins classification, not a neck fracture
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A Calcaneus, left Crushed (one primary anteriposterior fx through calcaneal sulcus, 4
cm; producing twanteriormedial chips, 2.5 cm and 1.5 cm; involving the middle
articular surface and separating the anterior articular surface. Posterior cortical chip on

dorsal surface located 1 cm from posterior aspect, 7 mm wide)

A Al'S: 857371.2 2jomsufacese | ine into O
A BioPT Bin 5: calcaneus fracture (comminuted crush, comminuted, Sander$iIType
TypelV)

A Sanders Type IV, 3 or more fracture lines

A 39metatarsal, left proximal articular surface crushed (dominant horizontal fracture, 18
mm; dorsal part sepated from ventral)
A AIS 858163.2 complete articular

A 4" metatarsal, left proximal articular surface crushehqfizontal fx propagating to mid
diaphysi$
A AIS: 858173.2 complete articular

A 5" metatarsal, left proximal lateral chip. Triangular with base being 5 mm and sides
being 3 mm

1 AIS 858163.2 partial articular

Series B: Shot 5 Crew I PMHS SM150 (50M)
A Femur, lefti shaft fx
A AIS: 853261.3 wedge; "butterfly"; Winquist 1l or llI
A BioPT Bin2: Femur shaft fracture (wedge; OTA TypeB2Winquist I/111)
A OTA Bin 32-B3 fragmentary wedge

Series B: Shot 5 Crew 2 PMHS-SF151 (5F)
A Talus, righti posterior chip on articular surface for calcaneus (4 pieces ~5 mm each)
A AIS: 857261.2 fracture linato one joint surface; talus body
A BioPT Bin 2: Talus fracture (fx nedisplaced or simple displacement; Hawkins
Typel, I)
A No Hawkins classification, not a neck fracture
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A Calcaneus, right crushed (general crushing of plantar half and sectioning ofl[daka
large posterior chip, 5 x 2 x 3 cm; several smaller chips ranging fréron2 in length

from superolateral and superomedial aspect)

A Al'S: 857371.2 2joirmsutfacese | i ne into O
A BIioPT Bin 5: Calcaneus fracture (comminuted crush, comminutetje3s Typél|,
TypelV)

A Sanders Type IV, 3 or more fracture lines

A Calcaneus, left crushed (general crushing of plantar half and sectioning of dorsal half;
large posterior chip, 5 x 3 x 3 cm; sealesmaller chips ranging from3 cm in length
from supeolateral and superomedial aspect; splitting of the articular surface for the
cuboid)

A Al'S: 857371.2 2joimsutfacese | i ne into O
A BioPT Bin 5: Calcaneus fracture (comminuted crush, comminuted, Sander$l[Type
TypelV)

A Sanders Type IV, 3 or morestture lines
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Appendix C: Video Frame Sequences
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Figure C.: SA1 lateral view. Crew 1 PMHSM117 (50M)left; Crew 2: PMHSSM118 (50M)right.
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Figure @: SA1 coronal viewCrew I PMHS-SM117 (50M)left; Crew 2: PMHSSM118 (50M)right.
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Figure G: SA1 midevent and latevent. Crew 1IPMHS SM117 (50M)left; Crew 2: PMHSSM118 (50M)right.
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Figure Gk SA2 lateral viewCrew 1: PMHSSM120 (50M)left; Crew 2: PMHSSM119 (50M)right.
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(50M)right.
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Figure B: SA2 midevent and latevent. Crewl: PMHSSM120 (50M)left; Crew 2: PMHSSM119 (50M)right.
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FigureC7: SA3 lateral view. Crew 1: PMHSF127 (75F)eft; Crew 2: PMHSSF126 (5FYight.
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FigureC8: SA3 coronal viewCrew 1: PMHSSF127 (75F)eft; Crew 2: PMHSSF126 (5F)ight.
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Figure ®: SA3 midevent and latevent. Crew 1: PMHSF127 (75F)eft; Crew 2: PMHSSF126 (5FYight.
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FigureC10: SA4 lateral view. Crewt: PMHSSF128 (75F)eft; Crew 2: ATDHIII 5™ femaleright.
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FigureC11: SA4 coronal view. Crew 1: PMHSFiZS (75F)eft; Crew 2: ATDHIII 5 femaleright.
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FigureC12 SA4 midevent and lat@vent.Crew 1: PMHSSF128 (75F)eft; Crew 2: ATDHIII 5 femaleright.
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FigureC13: SAS5 lateral view. Crew 1: PMHSF131 (75F)eft; Crew 2: PMHSSF132 (5FYight.
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FigureC14: SA5coronal view. Crew 1: PMHSF131 (75F)eft; Crew 2: PMHSSF132 (5F)ight.
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Figure C15: SA5 miegvent and latevent. Crew 1: PMHSF131 (75F) left; Crew 2: PMHSF132 (5F) right.
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Figure C16: SAG6 lateral view. Crew 1: PMHSF133 (5F)eft; Crew 2: ATDHIII 5™ femaleright.
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FigureC17: SA6 coronal view. Crew 1: PMHSF133 (5F)eft; Crew 2: ATDHIII 5™ femaleright.
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