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ABSTRACT 

 

 Warfighters in Operations Iraqi and Enduring Freedom (OIF and OEF) were 

frequently exposed to improvised explosive devices (IEDs). These munitions present a 

substantial risk to both mounted and dismounted Warfighters. 

 This thesis created a military specific case review system based on the established 

Crash Injury Research and Engineering Network (CIREN). The modified review system 

was used to analyze foot-ankle-leg fractures of mounted Warfighters in OIF and OEF. 

Finally, the in-theater injuries were compared to experimental results from post-mortem 

human surrogate (PMHS) blast testing.  

Lower extremity injuries made up the majority of the injuries sustained by 

mounted Warfighters wounded in an under body blast event. Mitigating this subset of 

injuries through design improvements to vehicles and personal protective equipment 

(PPE) would have substantial preventative and mitigating effects that would benefit 

Warfighters and would reduce societal and military costs.  
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CHAPTER I: INTRODUCTION 

LITERATURE REVIEW 

Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) have 

different military tactics compared to World War II and the Korean War. Enemy 

insurgents have employed asymmetric warfare strategies which is defined as the use of 

unconventional weapons between opposing sides of disparate military power.
1
  The 

insurgent’s most common weapon has become improvised explosive devices (IEDs).
2
  

IEDs have proven to be effective instruments of destruction against military personnel 

and civilians. These weapons are inexpensive to manufacture and inflict extensive 

damage to surrounding areas.  

Technological advances in warfare change weaponry and the field of medicine. 

The IED is not a recent technological advancement because it was used in earlier 

conflicts. These crude but effective bombs and mines were used in the United States Civil 

War and as boat-born attacks in World War II (WWII).
3
 However, OIF and OEF are the 

first conflicts where these weapons have caused the majority of injuries. One-half to two-

thirds of all Americans killed or wounded in these two theaters have been caused by IEDs 

planted in the ground, in vehicles, in buildings, or used as suicide devices according to 

data from the Pentagon’s Joint IED Defeat Organization.
2
 As a result of this changing 

attack method that resulted in a shift in injury distributions, advanced medical techniques 

and safety systems were developed to treat soldiers and prevent injury. Coalition forces 

currently have the highest survivability rate of any previous conflict at approximately 

90%.
4,5

 This is a testament to improved personal protective equipment, vehicle design, 

and organized forward combat care.
4,6
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Underbody blast injuries, as a percentage of the total number of warfighters 

injuries, are higher in OIF and OEF than previous conflicts. With this shift in the threat to 

the Warfighter, the military refocused injury prevention on under-body blast (UBB) 

threats. In order to mitigate these injuries, an understanding of the injury mechanisms is 

paramount. There is existing research that details the body regions injured in the wars in 

Iraq and Afghanistan, both in general combat and injuries specific to UBB. Owens et al. 

gathered data on all US service members treated for combat-related wounds in OIF and 

OEF between October 2001 and January 2005. Head and neck injuries accounted for 30% 

of all wounds, a proportion higher than experienced in WWII, Korea or the Vietnam War. 

Fifty-four percent (54%) of the wounds were extremity injuries. The proportion of 

gunshot wounds was lower than previous conflicts at 18%, while an explosion 

mechanism accounted for 78% of injuries.
7
 Bird and Fairweather reported that, during 

two periods of time in 2006 and 2007, 63% of combat deaths in OIF resulted from IED 

attacks.
8
 The propensity of explosive injury provides evidence to support research into 

methods to prevent injury due to underbody blast.  

This increase in UBB injuries is not unique to the United States.  Several 

publications from other countries substantiate this claim of an increasing proportion of 

explosive injuries and extremity injuries. A trauma registry was queried for combatants 

who received treatment at a Dutch medical center in Afghanistan. The results highlighted 

a predominantly explosive injury mechanism and wounding pattern of: head and neck  

(21 %), thorax (13 %), abdomen (14 %), upper extremity (20 %), and lower extremity  

(33 %). The demographic of patients was a mix between coalition forces, Afghan 

National Security Force, local nationals and others.
9
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Specific to IED blasts, the United Kingdom Joint Theater Trauma Registry was 

searched for all service members who suffered a traumatic amputation as a result of an 

IED blast. Of the 656 IED casualties, 169 sustained 278 traumatic lower extremity 

amputations.
10

 An awareness of the nature of injuries is essential to providing wounded 

warriors the best medical care. As shown by Morrison et al., amputations were a 

substantial risk after being exposed to explosive forces.
10

 The injury trends also guide 

advances in medical techniques and standards.  The American Academy of Orthopaedic 

Surgeons and Orthopaedic Trauma Association (AAOS/OTA) Extremity War Injuries: 

Development of Clinical Treatment Principles symposium was held in 2007 to discuss 

prehospital management of extremity wounds, initial debridement, early stabilization, and 

postoperative wound management during air evacuation. These discussions aimed to 

determine better techniques for the forward care of Warfighters to ultimately improve 

their outcomes.
11

  

While general injury epidemiology explains overall injury and injury mechanism 

trends, detailed case studies can provide additional information to healthcare providers. 

Lin et al. conducted a retrospective review of orthopaedic cases admitted to Walter Reed 

Army Medical Center (WRAMC) after being evacuated from Afghanistan. The study 

provided a detailed report on the types of procedures that were most common among 

those wounded service members, both before arriving at WRAMC and during their stay. 

Knowledge of the types of interventions performed can shed light on combat specific 

injuries. For example, the prevalance of debridement and irrigation reflect the 

contamination associated with the high rate of open injuries.
12
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While an understanding of combat injuries is beneficial to the medical field, a 

deeper understanding of the mechanics behind the injuries is important for safety 

researchers and vehicle design developers. Presently, there is a lack of research on blast 

related injury mechanisms. In the literature, especially articles comparing war statistics, 

injury mechanisms only include distinctions between attacks types, such as gunshots or 

different explosive methods.
13,14

 This system does not provide enough detail about the 

injurous event to accurately replicate it in an experimental setting. In an effort to further 

clarify injuries, the Department of Defense implemented a common framework for 

characterizing blast injuries in its directive titled “Taxonomy of Injuries from Explosive 

Devices.” The framework assigns injuries to one of five categories: primary, secondary, 

tertiary, quaternary, and quinary.
15

 

 

Table 1: Taxonomy of Injuries from Explosive Devices (from DoDD 6025.21E) 

Explosion Type Pathophysiology Injury Characteristics 

Primary High pressure blast wave Blast lung, ear drum rupture 

Secondary Blast winds propel 

fragments 

Blunt force and penetrating 

injuries 

Tertiary Pressure gradient 

accelerates the body 

Fracture and traumatic 

amputation, brain injury, 

blunt and crush injuries 

Quaternary Explosive injuries (heat and 

light) and exposure to toxic 

substances 

Burns, inhalation injuries 

Quinary Chemical, biological, and 

radiological substance 

injuries 

Illnesses, injuries, or 

disease caused by “dirty 

bombs” 

 

Ramasay et al. explained the biomechanical loading to the body that occurs 

during each of these blast stages for open and enclosed events. Open event casualties had 

more primary blast injuries in contrast to the closed events which resulted in 
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predominantly tertiary injuries. This is consistent with the research in this thesis. For 

mounted Warfighters, vehicle structures mitigate the effects of the primary blast wave.
16

 

While this categorical system does provide some additional clarification to complex blast 

events, it does not examine the specific UBB loading environment. Those comprehensive 

mechanisms of injury are necessary to translate this real-world data into research 

experiments.  

The automotive industry serves as an established example from which to create 

military injury mechanisms. The automotive safety community uses a defined 

methodology to conduct case reviews of real-world crash events.
17

  These reviews are 

compiled in the Crash Injury Engineering and Research Network (CIREN). The end goal 

for each of these case reviews is a BioTab, a structured dataset that describes the 

hypothesized injury mechanisms. The military community can modify this process for 

specific events like UBB. Unfortunately, most automotive crash scenarios do not directly 

translate to military applications. While the military can apply automotive techniques, not 

all of these tools are appropriate for use in the UBB environment, such as 

anthropomorphic test devices (ATDs) and injury risk criteria. The Hybrid III ATDs were 

developed for frontal automotive tests.
18

 The transducer data collected from the ATDs is 

related to human injury through injury risk criteria.  However, automotive ATDs are not 

biofidelic in this loading environment.
19

  Automotive ATDs are ineffective at responding 

to the high amplitude, short duration acceleration pulses that occur during blast events.
20

  

Additionally, the Hybrid III was designed for frontal impact testing (x-axis or anterior to 

posterior loading) not the z-loading (inferior to superior loading) characteristic of 
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underbody blasts; therefore, there is limited validation of the biofidelity of the surrogate 

in this loading configuration. 

Ultimately, there are gaps in the current understanding of the human response to 

the UBB threat. This thesis fills some of the knowledge gaps with a military specific case 

review process, an understanding of OIF and OEF in-theater IED injury mechanisms, and 

a correlation between in-theater and experimental UBB injuries.  
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RELEVANT ANATOMY 

Underbody blasts cause injuries throughout the body. As body armor has become 

more sophisticated, torso injuries have decreased during  recent campaigns 
14,21

; however, 

the extremities continue to be vulnerable to injury. While those injuries are often not as 

life threatening as torso or head injuries, they remain life altering for the patients. This 

study focuses on the lower extremity injuries resulting from mounted underbody blast 

events. Specifically, we analyzed the frequency and mechanism of leg, ankle, and foot 

fractures.  

 

Figure 1: Tibia and fibula anatomy
22 

The bones of the leg are the tibia and fibula (Figure 1).
22

 The tibia is the stronger 

of these two and connects the knee to the ankle joint. The proximal plateau of the tibia, 

created by the medial and lateral condyles, articulates with the femoral condyles to create 

the knee joint. The distal end, like the proximal, widens to aid in weight bearing. At the 
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medial and distal portion of this expansion is the medial malleolus which articulates with 

the talus to form part of the ankle joint.   

The fibula sits lateral to the tibia and the two are connected by an interosseus 

membrane. The fibula is a thin bone that does not share the weight bearing 

responsibilities with the tibia. It serves to stabilize the ankle and provides space for 

muscle insertion points. The proximal end of the fibula contains a facet which articulates 

with the tibia’s lateral condyle. On the distal end, the fibula consists of a corresponding 

but more prominent malleolus, compared to the tibia, on the lateral aspect of the ankle.  

 

 

Figure 2: Ankle joint anatomy
22
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Figure 3: Basic ankle movements 

The ankle joint, or talocrural joint, is formed between the fibula, tibia, and talus 

(Figure 2).
22

 It is functionally a hinge joint about an axis through the malleoli. Rotation 

about the axis when the toes extend superiorly towards the tibia is called dorsiflexion. 

The muscles responsible for this motion are located in the anterior compartment and 

include the tibialis anterior, extensor hallucis longus, and extensor digitorum longus. The 

opposite motion, in which the toes flex away from the tibia, is plantar flexion. This 

motion is produced by the muscles of the posterior compartment of the leg; the 

gastrocnemius, soleus, plantaris and posterior tibialis. According to the American 

Academy of Orthopaedic Surgeons, the average range of motion for dorsiflexion and 

plantar flexion respectively are 0-20° and 0-50°.23
 The bony geometry limits additional 

rotation to protect the integrity of the ankle ligaments.  

In addition to plantar flexion and dorsiflexion the foot can also rotate in inversion 

and eversion. Inversion involves rotation of the sole of the foot medially up to 

approximately 35°. Rotation laterally is called eversion with an average range of motion 

from 0 to 15°.23
 These movements arise from the subtalar joint between the talus and 

calcaneus.  
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Rotation of the foot occurs along a vertical axis. Adduction or internal rotation 

moves the big toe towards the midline of the body while abduction or external rotation 

moves the foot away from the midline. These three motions are captured in Figure 3. 
24

 

 

Figure 4: Anatomy of the foot 

The calcaneus, one of 26 foot bones, is an irregular shaped bone with a large 

protuberance on the posterior aspect that makes up the heel of the foot. The calcaneus 

articulates with the talus along the superior-lateral border of the calcaneus, in the 

aforementioned subtalar joint. These two bones collectively make up the hindfoot. 

Anteriorly, the calcaneus articulates with the navicular and cuboid bones in the 

calcaneonavicular and calcaneocuboid joints. Functionally, the calcaneus transfers 

walking and running forces from the body to the ground. As a result, calcaneus injuries 
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are of particular concern to the military because of the bone’s role in these every day 

activities. 

Another bone of concern is the talus. As the second half of the hindfoot group, 

this bone articulates with the U-shaped socket formed by the distal portions of the tibia 

and fibula. The superior articulating surface of the talus is wedge shaped with a thinner 

posterior portion to create smooth flexion movements. The talus also articulates inferiorly 

and anteriorly as part of the subtalar and talonavicular joints, respectively. The primary 

function of the talus is to transmit forces from the tibia to the calcaneus.
25

  

For the purposes of this paper we have separated the foot into four different 

groups according to prevalance of injury. Anatomically, the foot is divided into three 

groups. The anatomical forefoot consists of the metatarsals and phalanges. The midfoot is 

made up of five of the seven tarsal bones: the navicular, cuboid and three cuneiforms. 

Finally, the hindfoot involves the calcaneus and talus.
22

 However, in our grouping, the 

calcaneus and talus are separate groups because of the frequency of injury. Figure 4 

illustrates the bones of the foot.
22
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COMMON INJURY TYPES AND MECHANISMS 

 

A basic comprehension of the anatomy and motions of the foot and ankle is 

essential to understanding the common injury types and injury mechanisms. The 

frequency of specific mechanisms relates to the overall loading environment. For 

example, non-contact sports injuries do not occur from the same injury mechanism as 

mounted IED blast injuries.  This section outlines potential injury modes that are relevant 

for the under body blast loading environment.  

In blast loading scenarios, localized floor deformation can create a differential 

loading pattern on the foot. This loading pattern generally manifests as metatarsal 

fractures in Warfighters. The forefoot and heel are not loading at the same rates and a 

local bending moment in the metatarsals causes the fracture. This can also cause 

disruptions to the joint space between the metatarsals and the tarsal bones at the 

tarsometatarsal joint (TMT). These injuries are similar to those seen in civilian 

automobile accidents because of toe pan intrusion or pedal loading. Smith et al. 

performed pendulum tests designed to mimic the effects of pedal loading and toe-pan 

intrusion. The tests produced TMT joint dislocations and metatarsal fractures along with 

some midfoot fractures.
26

  

In vehicular settings, particularly among drivers, it is common for the foot to be 

plantar flexed. This position can create a point load on the calcaneus. During a blast 

event, the calcaneus is axially loaded before the other foot structures. This isolated 

contact can create comminuted fractures in the calcaneus because of the upward 

compression. Axial loading to a plantar flexed foot can also cause Lisfranc injuries of the 

TMT joint and surrounding bones.
27

 These high energy impacts are not isolated to 
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military settings. These scenarios are also seen in falls, motor vehicle crashes and in 

athletes.  

Inversion and eversion are associated with lateral and medial malleolus injuries, 

respectively. Excessive inversion of the foot can cause the lateral ligaments of the ankle 

to tear and avulse the distal portion of the lateral malleolus. Other fracture sites include 

the base of the fifth metatarsal and, more seldom, the lateral process of the talus and 

anterior portion of the calcaneus. Eversion injuries occur with less frequency for two 

reasons. The bony geometry of the fibula does not allow the foot to evert enough to cause 

damage and the medial ankle ligaments are stronger than their lateral counterparts. 

However, when an injury does take place, the lateral and medial malleoli can be 

fractured.
28,29

  Subtalar dislocation is a combined dislocation through the talocalcaneal 

and talonavicular joints and can be caused by strong inversion or eversion forces.
27

  

High rate axial loading is the dominant lower extremity injury mechanism in 

underbody blast scenarios. Axial loading is understood to cause foot-well intrusion in 

both military and civilian settings. Injury mechanisms associated with intrusion include 

entrapment, compression, and the aforementioned differential loading.  

Entrapment of the leg between the floor and the instrument panel causes 

compression of the tibia and fibula which results in proximal and distal fractures. As the 

energy is transferred in the positive z direction because of the blast, the distal portion of 

the femur becomes trapped by a vehicle component.  The tibia and fibula, held at both 

ends, experience enough compressive force to fracture the bones. These types of fractures 

are usually avulsion fractures or compression fractures due to a direct impact following 

entrapment.  
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Entrapment is not necessary to create a compressive load. The rate of loading 

from the floor into the plantar surface of the foot is enough to cause injury. Compression 

forces can affect any of the bones of the foot and leg but the most commonly injured are 

the calcaneus, talus, and tibia. Calcaneus fractures due to explosives are not a recent 

military injury. In World War II, sailors were receiving similar lower extremity injuries 

because of sea-mine attacks. Coined “deck-slap” injuries, they resulted from a large 

vertical floor deformation after an explosion. The deformation transferred large amounts 

of energy into the lower extremity of the sailors. Calcaneus fractures associated with 

these high energy blasts were marked by being open, comminuted fractures.
30

 The 

complication rate from calcaneal fractures is particularly high because of the incidence of 

wound infections. Limited vascularity of the bone contributes to the rate of infection.
31

 

Comminuted calcaneus fractures are also characteristic of falls from height and vehicular 

crashes. The talus is crushed into the calcaneus which fractures the calcaneus and 

damages the talus. The neck of the talus is most vulnerable to fracture during 

hyperdorsiflexion. The talar neck impacts the anterior edge of the tibia and breaks.
27

 

Pilon fractures are fractures to the articular surface of the tibia due to a high energy 

impact that has forced the talus into the tibia. They can also occur in high speed vehicle 

crashes and falls from height.
28

   

Bending injuries are easier to characterize than other injury mechanisms because 

of their prevalance in the tibia and fibula shaft and a characteristic fracture pattern. These 

occur when the leg impacts a vehicle component creating a localized load on the shaft of 

the tibia or fibula. This loading causes compressive and tensile stresses on opposite sides 

of the bone.  These stresses create a bending moment.  When the bone reaches its 
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biomechanical fracture threshold it breaks. This mechanism is responsible for multiple 

fracture types to include transverse, oblique and comminuted fractures. Figure 5 

illustrates these fractures and their specific causation mechanisms (modified from Taylor, 

2013). Fractures caused by bending are also seen in the automotive industry because of 

the proximity to instrument panels and other potential impact zones.   

 
 

 

 

 

Crush injuries are also easily distinguishable by the severity of injuries and the 

distinct demarcation between injured and uninjured areas. Crush injuries are common 

among victims of earthquakes or other natural disasters and can lead to more serious 

complications such as crush syndrome or compartment syndrome.
33

  In cramped vehicle 

spaces, crush injuries are also a possibility and hold a risk of amputation if the injuries 

are severe enough.  

  

Transverse 

Bending 
Oblique 

Bending 

Torsion 

Compression 

Comminuted 

High energy 

impact 

Figure 5: Types of fractures with associated mechanisms 
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Abstract 

Background: 

In the conflicts in Iraq and Afghanistan, the rate of injury to the extremities was 

approximately 80% of all battlefield attacks and 26% of them were fractures (Owens 

2008).  Additionally, the prevalence of improvised explosive devices resulted in 

Underbody Blast (UBB) attacks during Operations Iraqi Freedom and Enduring Freedom. 

A recent study on all mounted vehicle attacks found that 21% of AIS 2+ injuries in the 

Joint Trauma Analysis and Prevention of Injury in Combat (JTAPIC) network were 

injuries to the leg and ankle (Loftis and Gillich, 2014). To develop effective 

countermeasure systems for these attacks, the epidemiology and mechanism of injuries 

from this loading environment needs to be quantified. 

 

Methods: 

The automotive safety community uses a defined methodology to conduct case 

reviews of real-world crash events (Schneider et al. 2011).  These reviews are compiled 

in the Crash Injury Engineering and Research Network (CIREN). The end goal for each 

of these case reviews is a BioTab, a structured dataset that describes the hypothesized 

injury mechanisms. The goal of this study was to develop a military correlate from this 

civilian case review framework. 

 

Results: 

A military framework was developed that considered the differences in event 

types and the amount of available vehicle/attack information. Additional data fields were 
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added to the CIREN process to cover military specific data. The definitions of certainty 

in the proposed injury hypothesis were also modified from the civilian environment to 

compensate for missing data fields. The case reviews were developed with two levels of 

releasability (classified and limited release). The classified version allowed qualified 

participants to see pertinent details about the attack and vehicle damage.  The 

unclassified, limited release version was created to relay pertinent information to the 

academic partners without disclosing vehicle vulnerabilities.  To date, 6 group reviews 

have been conducted analyzing 253 injuries to the foot/ankle, tibia, femur, pelvis, and 

lumbar spine from 52 occupants. The expertise represented by the participants ranged 

from Warfighter injury (Joint Trauma Analysis and Prevention of Injury in Combat 

[JTAPIC], Army Research Laboratory [ARL]), military vehicle capabilities (ARL), 

military safety systems (TARDEC [Tank Automotive Research Development and 

Engineering Center], Diversified Technical Systems, Inc. [DTS]), injury biomechanics 

and automotive safety (academic partners), and orthopaedic injury (academic partners).  

 

Conclusion: 

A military version of the civilian BioTab was created and refined through 

collaborative case reviews. The familiar format and unclassified nature of the 

presentations allowed for the involvement of biomechanics experts from multiple 

disciplines. Overall, the creation of a military biotab has led to the identification of 

critical injury mechanisms for Service Members exposed to an UBB attack. 
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Introduction 

In the conflicts in Iraq and Afghanistan, the rate of injury to the extremities was 

approximately 80% of all battlefield attacks with fractures representing 26% of the total 

extremity injuries (Owens 2008).  Additionally, the prevalence of improvised explosive 

devices resulted in an increase in the number of Underbody Blast (UBB) attacks during 

Operations Iraqi Freedom and Enduring Freedom. A recent study of all mounted vehicle 

UBB attacks found that 21% of AIS 2+ injuries in the Joint Trauma Analysis and 

Prevention of Injury in Combat (JTAPIC) network were injuries to the leg and ankle 

(Loftis and Gillich, 2014). To develop effective countermeasure systems for these 

attacks, the epidemiology and mechanisms of injury from this loading environment need 

to be quantified. 

The automotive safety community uses a defined methodology to conduct case 

reviews of real-world crash events (Schneider et al. 2011).  These reviews are compiled 

in the Crash Injury Engineering and Research Network (CIREN), a database maintained 

by the National Highway Traffic Safety Administration (NHTSA). The end goal for each 

of these case reviews is a BioTab, a structured dataset that describes the hypothesized 

injury mechanisms. The Biotab methodology is a standard form that is familiar to injury 

biomechanics researchers; therefore, a system of case reviews that leverage the standard 

automotive format would facilitate military injury mechanism discussion. Fundamental 

differences in the environment and loading regime required modification of the CIREN 

BioTab. The goal of this study was to develop a military case review correlate from the 

existing civilian framework. 
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Methods 

The case reviews were developed with two levels of releasability (classified and 

limited release). The classified version allowed qualified participants to see pertinent 

details about the attack and vehicle damage.  The unclassified, limited release version 

was created to relay pertinent information to the academic partners without disclosing 

vehicle vulnerabilities.  The civilian groups worked closely with Joint Trauma Analysis 

and Prevention of Injury in Combat to determine the data that could be collected and 

what would be useful. 

For each occupant, there was a standard list of requested information.  The list 

encompassed all data fields the researcher could want; however, it was known prior to the 

case reviews that not all data was available for every case.  

• Occupant Data: height, weight, age, sex, occupant position, AIS injury codes, 

images (CT, XR, and MRI), radiologist reports, vehicle intrusion, other 

occupants, occupant restraint and PPE status, PPE type, and PPE damage 

• Vehicle Data: vehicle type, vehicle damage, vehicle roll-over status, seat data 

(mounting, energy attenuation, stirrups), floor energy attenuation, location of the 

blast relative to the occupant  

• Event Data: estimated blast size, overmatch status, size of the blast crater, 

vehicle motion  
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Event and occupant information  

The case review process started with an overview slide including a general 

vehicle diagram and an occupant injury diagram (US Army Research Laboratory Public 

Affairs, 2015). This slide gave an overview of the seating position relative to the blast, 

other occupant locations, and the general pattern of injuries (Figure 1). The vehicle 

diagram was simplified to relay as much information as possible to the academic partners 

without disclosing the vehicle type. 

 

A. B. 

Figure 1: General vehicle illustration (a.) and a VAID diagram (b.). Both of these are based on a 

notional case and are for illustration purposes only. 

 

Following the overview slide was the full listing of all recorded occupant injuries. 

In general, injuries that were an AIS 1 or 2 were not reviewed as part of a formal case 

review unless they involved a fracture. Additionally, cases with no radiological evidence 

or vehicle information were not reviewed. Following these initial slides, the case review 

was divided into the following sections: Injury Causation Scenario, Involved Physical 

Component, Contributing and Mitigating Factors, and Injury Mechanism. 
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Confidence Levels 

Throughout the case review, the data was given a level of confidence. Compared 

to the detailed vehicle documentation in CIREN, the military vehicle information was 

severely limited due to the austere and often hostile environment encountered during data 

collection. To provide a range of uncertainty values, the CIREN confidence definitions 

were modified to allow for higher confidence levels in the military case reviews      

(Table 1). The primary difference between the two systems was that contact evidence 

could be inferred for certain and probable confidence in military cases. 

Table 1: Comparison of the differences between CIREN certainty level and the military injury 

coding method. 

Certainty 

Level 

CIREN Biotab Military Coding 

Certain “If there is no reasonable doubt by 

the team based on occupant location, 

crash dynamics, contact points, and 

injury mechanism.” (Schneider et al. 

2011) 

If there is no reasonable doubt by the 

team based on occupant location, crash 

dynamics, and injury mechanism. 

Probable “In those scenarios where there is 

not certainty based on the factors 

and evidence available. Contact 

evidence is available, and an 

alternate contact is suggested. 

However selected injury source is 

agreed upon by a majority of the 

team and is consistent with occupant 

kinematics” (Schneider et al. 2011) 

In those scenarios where there is not 

certainty based on the factors and 

evidence available. Selected injury 

source, occupant kinematics and 

inferred contact are agreed upon by a 

majority of the team. 
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Injury Causation Scenario 

The injury causation section was a general overview of what happened in the case 

to cause the injury.  Most of the language in the injury causation scenario was the same as 

the CIREN format with the addition of a new source of energy. Underbody blast event 

was added so injuries could be attributed to the initial acceleration due to the blast. There 

were also new ICS evidence fields and definition clarifications added for these case 

reviews (Table 2).  

 

Table 2: Injury causation scenario evidence parameter definitions and examples. 

Parameter Definition 

Improper Restraint Use Was there evidence of improper restraint use that caused this 

injury? Example: An occupant not attaching all belts in a 5-

point restraint system resulting in increased pelvis excursion 

Non-optimal Posture Was there evidence the occupant was positioned in a way that 

caused the injury or resulted in increased severity? Example: 

An occupant that was lying across bench seats instead of 

seated in an upright posture. 

Vehicle Dynamics Was there evidence of vehicle motion that would have caused 

the injury (or increased the severity) or do the vehicle 

dynamics support the proposed ICS? Example: A roll-over 

case with head and neck injury due to roof strike or z-load 

injury in UBB. 

Road Conditions Was there evidence that the condition of the road (i.e. smooth 

pavement versus rough, unpaved road) would have contributed 

to the injury? 

Contact Indicating Kinematics Was there an injury of any severity or a known contact that 

indicates the occupant’s kinematics? Example: Knee 

contusions and abrasions indicative of engagement with the 

front instrument panel. 

Increased Excursion of 

Unbelted Occupant 

Was there evidence of increased excursion due to unbelted 

status that caused or increased the severity of this injury? 

Example: An unbelted occupant with neck injury due to roof 

strike. 

Other Injury Do other occupant injuries support the hypothesized injury 

causation scenario? Example: Facial injuries indicative of 

occupant engagement with frontal vehicle interior 

components. 

Unknown/None The injury causation scenario is unknown or there is no 

evidence to support the proposed scenario. 
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Involved Physical Component 

The involved physical component section had only minor revisions compared the 

CIREN case review format. Table 3 provides additional detail and examples of the fields 

for use in the military case review. 

 

 Table 3: Involved physical component evidence parameter definitions and examples. 

Parameter Definition 

Component Contact? Is there evidence of contact with a vehicle component that 

supports the proposed involved physical component? Example: 

A component picture with scuffs. 

Related Contact Injury An injury that supports the proposed contact with a vehicle 

component. Example: A linear hematoma mid-thigh with a 

bent steering wheel as evidence of engagement with that 

component. 

Inferred Contact? Was the component contact inferred? This field is only 

populated if the answer is yes. For the military cases, the 

answer is frequently “yes” for this question due to lack of 

physical evidence of contact from vehicle investigation. 

Injury Type Does the injury type support the hypothesized IPC? Example: a 

compression type vertebral body fracture is evidence of 

compressive loading from the seat IPC for seat to pelvis to 

spine loading. 

Partial Ejection Does the injury pattern or case data suggest that the occupant 

was exposed to a partial ejection event? 

Short/Tall Stature Does the occupant anthropometry support the hypothesized 

IPC? Example: A very tall occupant with neck injury and 

hypothesized roof interaction due to his height. 

Pre-Impact Movement Does the pre-impact motion of the vehicle support the 

proposed IPC? 

Occupant Proximity to IPC Is the occupant in a position the pre-disposes him to contacting 

the hypothesized IPC? 

Other: Other evidence that supports the proposed IPC not covered in 

the previous fields. 
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Contributing and Mitigating Factors 

Contributing (Table 4) and mitigating factors (Table 5) were maintained or added 

for the military occupant. For all of these fields, the description of “contributed to the 

injury” encompasses the contribution of the defined parameter to the occurrence of the 

injury or a change in the severity of the injury. 

Table 4: Definitions and examples of contributing factors. 

Parameter Definition 

Age Does the age of the occupant contribute to the injury? For 

tracking purposes, this is marked for age over 35 but it is noted 

if age was believed to have contributed to the injury. 

Comorbidity Does the occupant have existing comorbidities that contributed 

to the injury? 

Proximity to SOE Does the occupant’s proximity to the source of energy 

contribute to the injury? In many cases this was established by 

examining the injuries of the other occupants in the vehicle. 

Partial Ejection Is the injury primarily due to a partial ejection of the occupant? 

Unbelted Case Occ. Does the occupant sustain a different injury than expected 

because they were unbelted? 

Unbelted Other Occ.  Is there another occupant in the vehicle that is unbelted and 

strikes the occupant creating an unexpected injury? 

Improper PPE Use Does improper PPE use contribute to the injury? 

>3x Blast Are the injuries different or more severe because this blast was 

larger than standard? 

Intrusion Did intrusion contribute to the injury? 

Hull Breach Did vehicle hull breach (a hole through the outer surface of the 

vehicle) contribute to the injury? 

Secondary Rollover Did the vehicle experience a roll-over after the blast event that 

contributed to the injury? 

Loose Cargo Did the occupant’s interaction with loose cargo contribute to 

the injury? 

None There were no contributing factors to the injury.  

Other: Other factors not previously covered that contributed to the 

injury or injury severity. 
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Table 5: Definitions and examples of mitigating factors. 

 

Parameter Definition 

Seat Description of the interface between the seat and the vehicle 

and the type of energy attenuation mechanism of the seat.  

Floor Description of the floor type and energy attenuation 

mechanisms. 

Foot Stirrups Were there foot stirrups available for foot protection? 

Helmet Notes on the helmet damage or helmet type that would support 

the ICS or injury mechanism. 

Other (specify) Any other energy mitigating systems available for occupant 

protection that were pertinent to the injury. 

 

Injury Mechanism 

There were no changes to the injury fields described by Schneider et al. (2011).  

Results 

To date, 6 group reviews have been conducted analyzing 52 occupants with 253 

injuries to the foot/ankle, tibia, femur, pelvis, and lumbar spine. The expertise 

represented by the participants ranged from Warfighter injury (JTAPIC, Army Research 

Laboratory [ARL]), military vehicle capabilities (ARL), military safety systems 

(TARDEC [Tank Automotive Research Development and Engineering Center], 

Diversified Technical Systems, Inc. [DTS]), injury biomechanics and automotive safety 

(academic partners), and orthopaedic injury (academic partners). 

Limitations 

The necessity of maintaining vehicle damage pictures as classified information 

made it harder for academic partners to understand the vehicle damage and potential 

occupant interaction. To better understand the military vehicle environment, the Army 

Research Laboratory sponsored a static display to allow researchers to view and sit in 

some of the vehicles reviewed during case presentations. The standard personal 
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protective equipment worn by Warfighters in the field was also provided to demonstrate 

the size and weight of the additional equipment worn in the military vehicles. 

The relative lack of familiarity of the academic researchers with military vehicles 

(compared to their underlying knowledge of civilian automobiles) was compensated for 

by involving military vehicle specialists at the Army Research Laboratory. These 

individuals were able to provide insight into the vehicle involved in the event and their 

protection systems. They were also able to assess how the events compared to the vehicle 

design evaluations.  

Conclusions 

A military version of the civilian BioTab was created and refined through 

collaborative case reviews. The familiar format and unclassified nature of the 

presentations allowed for the involvement of biomechanics experts from multiple 

disciplines. The creation of a military BioTab has led to the identification of critical 

injury mechanisms for Service Members exposed to an UBB attack. 
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ABSTRACT 

Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) were 

among the first conflicts where improvised explosive devices (IEDs) were used 

strategically and with devastating results.
1
 This paper provides an in-depth analysis of the 

foot and leg injuries and injury mechanisms that Warfighters have incurred during 

mounted underbody blast (UBB) events in OEF and OIF. This analysis will be used to 

focus biomedical research conducted in the Warrior Injury Assessment Manikin 

(WIAMan) project and future military safety endeavors. 

Information on Warfighter injuries in mounted UBB attacks was obtained from 

the Joint Trauma Analysis and Prevention of Injury in Combat (JTAPIC) program 

through their Request for Information (RFI) interface. Within the overall dataset, the 

occupants were organized into different groups based on similar injury type.  Each group 

went through the “Case Review” process described in Chapter II. This process consisted 

of experts in the fields of biomechanics, military safety, and medicine discussing the 

accuracy of the BioTabs created for each Warfighter’s fractures.
2
   

Of Warfighters that underwent case review, 79% had a foot, ankle or leg AIS 2+ 

injury. Distal tibia and fibula and calcaneus fractures were the most prevalent. Among 

forefoot injuries, metatarsal fractures were the most common. The most common injury 

mechanism was bending with probable vehicle contact for proximal and shaft tibia and 

fibula fractures. The majority of distal tibia and fibula fractures, 83%, were a result of 

compression - alone or in combination with a secondary mechanism. Compression was 

the injury mechanism for approximately half of the foot fractures.   

Lower extremity injuries make up a majority of the injuries sustained by mounted 

Warfighters wounded in an under body blast event. They also represent the most severe 
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injury for the majority of the WIA in this dataset. Mitigating this subset of injuries would 

have substantial long term benefits for wounded warriors and would reduce societal and 

military costs.  
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INTRODUCTION 

Wartime injuries are not a new phenomenon, but as the style of attack changes so 

do the resulting wounds.  Operation Iraqi Freedom (OIF) and Operation Enduring 

Freedom (OEF) were among the first conflicts where improvised explosive devices 

(IEDs) were used strategically and with devastating results.
1
  Of Warfighters wounded in 

OIF and OEF, 44% were injured from an explosive device.  An explosive device includes 

landmines and improvised explosive devices, but excludes artillery, mortar, or rocket 

fire.
3
  The lower extremity is the initial impact point during an underbody blast attack and 

experiences the highest acceleration.
4
  These injuries can be life altering for service men 

and women, as well as for their families.
5
 

Currently vehicle protection systems are tested using Hybrid III anthropometric 

test devices (ATDs) as mechanical surrogates for humans.  These ATDs were developed 

for frontal automotive tests.
6
 The transducer data collected from the ATDs is related to 

human injury through injury risk criteria.  However, by using automotive ATDs in this 

loading environment, there are shortcomings to the current injury risk models.  

Automotive ATDs are ineffective at responding to the high amplitude, short duration 

acceleration pulses that occur during blast events.
7
  Additionally, the Hybrid III was 

designed for frontal impact testing (x-axis or anterior to posterior) not the z-loading 

(inferior to superior loading) characteristic of underbody blasts; therefore, there is limited 

validation of the biofidelity of the surrogate in this loading configuration.
4
  

One solution to this problem is the Warrior Injury Assessment Manikin 

(WIAMan) initiative. WIAMan is a program administered through the Army Research 

Lab, with the purpose to create a test dummy to use for vehicle evaluation and the 

assessment of vehicle design improvements in the UBB environment.  For the dummy to 
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be useful, it needs to respond like the Warfighter (biofidelity) and have injury risk curves 

that correspond to the injuries received during an underbody blast (UBB) event.  This 

paper provides an in-depth analysis of the foot and leg injuries and injury mechanisms 

that Warfighters have incurred during mounted UBB events in OEF and OIF.  This 

analysis will be used to focus biomedical research conducted in the WIAMan project and 

future military safety endeavors.  

 

 

METHODS 

Information on Warfighter injuries in mounted UBB attacks was obtained from 

the Joint Trauma Analysis and Prevention of Injury in Combat (JTAPIC) program 

through their Request for Information (RFI) interface.  JTAPIC is a Department of 

Defense program tasked with collecting data to advise users that are developing solutions 

to prevent or lessen injuries in military operations.
8
 The data requested had to meet 

specific inclusion criteria in order to correlate with UBB events representative of vehicle 

testing.  Therefore, cases that were out of scope based on program criteria, roll-over, or 

standing occupants were excluded from analysis. Occupants that had concussion, minor 

ear injury, and AIS 1 injuries as their only injury were excluded to focus on more severe 

injuries. Each of these events was reviewed by military personnel involved in WIAMan 

to ensure the incident was within the scope of the project.  Occupant data collected 

included Abbreviated Injury Scale (AIS) scores, available medical images, radiology 

reports, age, sex, height, and weight.  All radiology images were reviewed by a military 

radiologist. To determine the mechanism of injury, vehicle and event data was also 

collected. Examples of vehicle and event information include seat type, location of blast 

relative to the vehicle, general location of the Warfighter in the vehicle, and the general 
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size of the blast.  If the cases did not have event data or substantiating radiology they 

were excluded from the total number of cases.   

Within the overall dataset, the occupants were organized into different groups 

based on similar injury type.  Each group went through the “Case Review” process 

described in Chapter II.  This process consisted of experts in the fields of biomechanics, 

military safety, and medicine discussing the accuracy of the BioTabs created for each 

Warfighter’s fractures.  These military specific BioTabs were developed from the 

methodology used by the Crash Injury Research and Engineering Network (CIREN) to 

document injury causation based on comprehensive crash investigations.
2
  Occupant, 

injury pattern, and event information was considered by the group to arrive at a 

consensus on the mechanism of injury. All discussion and alternate mechanisms were 

annotated. BioTabs were created for any AIS 2+ injury.  The focus of this article is below 

knee fractures; however, the total number of cases used to calculate percentages includes 

all of the occupants that underwent the case review process.  From these case reviews, 

patterns of injuries and injury mechanisms emerged.   

 

RESULTS 

 

All injuries analyzed were attributed to the energy imparted to vehicle due to the 

UBB event, not return to earth or subsequent non-vertical impacts. Only a subset of the 

total number of patients was analyzed in the leg, ankle, and foot case review.  Of 

Warfighters that underwent case review, 79% had a foot, ankle or leg AIS 2+ injury.  

This was the most common region injured in this underbody blast event dataset.  

Occupants with one lower extremity fracture occurred in 21% of the cases while 54% 
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sustained multiple lower extremity fractures.  Of the patients with lower extremity injury, 

Table 1 shows the prevalence of sub group injuries.  Distal tibia/fibula and calcaneus 

fractures were the most prevalent in this dataset. Among forefoot injuries, metatarsal 

fractures were the most common.  

 
Table 1: Percentage of WIAs injured by region in descending order of occurrence. The forefoot includes 

phalanges and metatarsals while the midfoot contains the cuneiforms, cuboid and navicular bone. 

 Injury Group Percentage of WIAs 

1 Calcaneus 54% 

2 Distal tibia/fibula 46% 

3 Forefoot 44% 

4 Proximal tibia/fibula 36% 

5 Midfoot 28% 

6 Talus 26% 

 

After identifying the most severe injury for each WIA according to the AIS injury 

scores, the injuries were sorted by body region (Figure 1). Some wounded warriors had 

multiple body regions with the same maximum AIS score and both body regions were 

counted. Therefore, the total percentage reflected in the plot exceeds 100%.   

Of all of the WIA cases examined, the majority of the AIS severity score injuries 

were MAIS 2 (69%). For higher severities, 23% were 3, and a maximum AIS score of 4 

or 5 made up 8% of the population.  As illustrated in Figure 1, 53% of the most severe 

injuries for an occupant were lower extremity injuries and most of those were classified 

as MAIS 2.  This distribution also reflects the limited variation of AIS severities in some 

body regions, such as the foot. As an example, the highest possible AIS value for a foot 

fracture is a 2.
9
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Figure 1: WIA injury distribution based on the most severe injury sustained by the occupant 

 

Medical images provided evidence of the fracture patterns for these occupants.  

The images, along with the other evidence provided by JTAPIC, allowed members of the 

case review team to determine injury mechanisms for each of the injuries with BioTabs.  

The injury mechanisms for the proximal and shaft fractures of the tibia and fibula 

included bending, compression and inversion/eversion.  These mechanisms occurred in 

isolation or in combination with other mechanisms.  The most common injury 

mechanism, occurring in 53% of the cases, was bending with probable vehicle contact.  

The impact with the vehicle created a localized load on the shaft of the tibia or fibula that 

caused compressive and tensile stresses on opposite sides of the bone and these stresses 

created the bending moment. The other mechanism types that were seen with less 

frequency included avulsion, compression, compression with inversion or eversion, and 

compression with bending.  Knee entrapment was deemed necessary to create some of 

the compression mechanisms. It was postulated that following the vertical loading 

impulse, the distal portion of the femur became trapped by a vehicle component.  The 
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tibia and fibula, held at both ends, experienced enough compressive force to cause 

fracture.  

The distal portions of the tibia and fibula had different injury mechanisms.  The 

majority of these injuries, 83%, were a result of compression - alone or in combination 

with a secondary mechanism.  The injury causation scenario (ICS) for the compression 

fractures was that the floor loaded the foot which then loaded the distal tibia.  The 

fractures attributed to compression alone tended to be higher energy fractures, 

characterized by comminution and displacement.  Medial and lateral malleolus fractures 

were attributed to compression and eversion or inversion in 75% of the cases. 

Within the foot, the primary mechanism of injury was similar for the talus, 

calcaneus, and forefoot.  Compression alone was the injury mechanism for approximately 

half of the foot fractures.  As the vertical blast drove the floor up, the foot was 

compressed along the superior/inferior direction (along the z-axis).  Compression with a 

secondary mechanism of differential loading was the second most prevalent injury 

mechanism, coded for 32% of the cases.  Differential loading occurred when the forefoot 

and heel were not loaded at the same rate resulting in the forefoot experiencing higher 

excursions in the vertical direction.  Metatarsal fractures were characteristic of 

differential loading because of the ensuing bending moment across the foot.  

There was one case of injury with shear as the primary mechanism and bending as 

the secondary mechanism.  The vehicle occupant was in an alternate position which 

allowed for anterior motion of the heel due to the UBB loading.  The resulting ankle 

dislocation, calcaneus, cuboid, metatarsal and phalanx fractures support this rapid 

anterior motion resulting in regional shear and bending. 
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The occupant positions varied in this dataset with 24% of the WIAs in a rear 

passenger position during the UBB event.  More occupants were drivers, 36%, or front 

passengers, 40%. 

The driver was assumed to be sitting with his right foot on the pedal and his left 

foot resting on the floorpan.  Of the drivers injuried with forefoot fractures, 73% had 

right foot injuries.  Of the drivers with distal tibia and fibula fractures, 90% had an 

injured right leg.  More proximal tibia and fibula fractures, and talus and calcaneus 

fractures all occurred with an approximately equal distribution between the left and right 

legs for vehicle drivers.  

 

DISCUSSION 

 

As concluded in previous publications, lower extremity wounds continue to be the 

most prevalent injury type in OIF and OEF.
10–12

  In previous historical conflicts, the 

primary solution to severe lower extremity injury was amputation.
13

  As medicine and 

military safety technology have advanced, Warfighters are no longer dying from wound 

complications, but they are suffering from lower extremity wounds at higher rates 

compared to previous conflicts.  The percent distribution of nonfatal lower extremity 

wounds was 41.5% in World War II (WWII)
14

 and 36.9% in the Korean War
14

 compared 

to this study with 79% in OIF and OEF.  Unlike the OIF and OEF results, the percentages 

of lower extremity injury in WWII and the Korean War were not specific to a certain 

injury mode (gunshot, explosive, etc.).  

Explosive scenarios are chaotic in nature.  The variety of injury mechanisms seen 

in this dataset demonstrates this complex loading environment. Specifically, Warfighters 

were not always exposed to a single direction axial load.  Compression made up the 
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majority injury mechanism for the calcaneus and talus fractures.  Mechanisms other than 

compression made up the majority of mechanisms for tibia, fibula, and forefoot fractures.  

Underbody blast experiments should be designed to be representative of the theater 

experience.  This research shows that the theater experience is a varied one resulting in a 

range of injury mechanisms.  

Differential loading was established as a foot injury mechanism when metatarsal 

bending type fractures were present. This injury type may indicate variable floor loading 

in an event.  Other injuries in these events should be examined with this variable floor 

loading in mind.  

Warfighters in the driver’s seat and front passenger seat sustained more damage 

than back seat passengers.  The majority of the occupants in this dataset were front seat 

passengers (75%).  This is likely a result of those seat positions being closest in proximity 

to the blast in most cases.  We were unable to discern whether the prevalance of drivers 

having more right foot injuries was due to the affected foot resting on the pedal or 

because of the location of the blast relative to the right foot.  

Though this analysis provides insight into the real-world injury mechanisms from 

IED attacks, it also presents a few limitations. The primary limitation of this study is the 

narrow scope and size of the dataset. The dataset is limited by a lack of data on both ends 

of the spectrum of severity. The cohort excludes Warfighters with concussions, minor ear 

injurys and MAIS 1 injuries as their only injuries because these injuries were not 

considered a priority for the study. This dataset also does not include many higher 

severity injuries because of the scope of the project. The study did not include long term 
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outcome data which could have influenced the ultimate number of amputations and 

provided quality of life information.  

Another limitation is the use of AIS scores to describe military injuries. The 

Abbreviated Injury Scale was designed for automotive injuries and as a result is 

incompatible with coding certain military-specific injuries, in particular, injuries from 

explosives. Burns, soft tissue injury and penetrating injuries are not adequately 

represented with the civilian injury system. This limitation is more applicable to open 

field bombings and less relevant to mounted attacks that do not receive primary blast 

injuries. However, the current AIS system also excludes most bilateral extremity injuries 

which is pertinent to both mounted and dismounted blast attacks.
15

  

The case review process is limited by the quality of data obtained from JTAPIC 

due to the difficulty of obtaining data in a war zone. In some instances radiology was 

incomplete or event information could only be hypothesized. These weaknesses were 

accounted for in the confidence level annotated during the case review process. The data 

from JTAPIC also did not include long term follow-up information. However, this is the 

most comprehensive dataset of US Warfighters to date.  

 

CONCLUSIONS 

 

Lower extremity injuries make up the majority of the injuries sustained by 

mounted Warfighters wounded in an under body blast event. They also represent the most 

severe injury for the majority of the WIA in this dataset. Mitigating this subset of injuries 

would have substantial long term benefits for wounded warriors and would reduce 

societal and military costs.  
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This study has found that front seat passengers remain the most vulnerable to 

blast injuries. Focused vehicle improvements could reduce risk of injury for this 

population. The WIAMan project can use this injury pattern and mechanism knowledge 

to aid in the design of the new UBB anthropomorphic test device. Researchers can also 

benefit from the injury mechanism information in this study by developing experimental 

setups that represent the injury mechanisms observed from in-theater data. 
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CHAPTER IV: FUTURE DIRECTIONS - COMPARISON OF IN-THEATER AND 

EXPERIMENTAL LEG-ANKLE-FOOT RESPONSE IN THE UNDERBODY-BLAST 

ENVIRONMENT 

 

INTRODUCTION 

 The United States and other allied countries faced a different challenge in 

Operation Iraqi Freedom and Enduring Freedom (OIF and OEF) than in previous 

conflicts. Specifically, the majority of the casualties from these theaters were a result of 

attacks using explosive devices. Improvised explosive devices are a threat to both 

mounted and dismounted fighters. To effectively mitigate the impact of this dangerous 

technology, the subsequent injuries must be understood. Explosions were the mechanism 

of injury for 79% of wounded warriors. Thirty-eight percent (38%) of injuries and 32% 

of combat fatalities were caused specifically by IEDs.
1
 The extremities remain a 

vulnerable body region and make up over 70% of combat injuries. In Chapter III and the 

review from Ramasamy et al., the extremity injury rate for IEDs was found to be even 

greater, ranging from 79-90%.
2
 

With an understanding of the current injury trends and mechanisms, appropriate 

laboratory systems can be developed for the design and evaluation of operationally 

relevant safety countermeasures. Simulating in-theater loading and initial conditions is 

critical to generating injuries similar to real-world injury patterns. Ultimately, these 

conditions create a laboratory system representative of loading conditions relevant to 

underbody blast attacks.
3
  This study assesses the correlation between in-theater injury 

data and explosively driven experimental testing.  
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METHODS 

The relevant in-theater information was provided by the Joint Trauma Analysis 

and Prevention of Injury in Combat (JTAPIC) program. The data met specific inclusion 

criteria to correlate with UBB events representative of vehicle testing. Each injurious 

event went through the military case review process described in Chapter II, which 

consisted of experts in the fields of biomechanics, military safety, and medicine 

discussing the accuracy of the BioTabs created for each Warfighter’s fractures.
4
 Injury 

causation scenarios were developed based on evidence from the JTAPIC program which 

included radiographic images cataloging the injury patterns. All radiology images were 

reviewed by a military radiologist.  

The experimental testing consisted of 14 male post-mortem human surrogates 

(PMHS) in a series of 8 tests. Each PMHS was instrumented with 92 data channels to 

capture the results of the blast event. The accelerative loading fixture (ALF) was 

designed to produce a high-amplitude, high-rate vertical loading environment 

commensurate to UBB events. However, these tests did target a lower loading level to 

assess biofidelity in cases just above and just below fracture. The PHMS were positioned 

on each of the two seats on the ALF. The general PMHS posture and loading 

environment varied throughout the test series to create a comprehensive dataset. Two 

levels of charge were used to create a “mild” and an “enhanced” blast. Following the 

tests, CT and a detailed autopsy were conducted.
3
 The autopsy findings were classified 

according to the AIS scale in order to directly compare experimental injuries with real-

world injuries.  In-theater injuries and experimental results were compared through AIS 

classifications, autopsy notes, and radiology.  
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RESULTS AND DISCUSSION 

Of the reviewed WIAs, 79% had a foot, ankle or leg AIS 2+ injury.  Fifty-seven 

percent (57%) of the specimens that underwent UBB testing had a similar injury. Tables 

1 and 2 show the prevalance of sub-group injuries.  

 

Table 1: Percentage of WIAs injured by region, in order of frequency 

 Injury Group Percentage of WIAs 

1 Calcaneus 54% 

2 Distal tibia/fibula 46% 

3 Forefoot 44% 

4 Proximal tibia/fibula 36% 

5 Midfoot 28% 

6 Talus 26% 

 

 

Table 2: Summary of experimental foot and ankle fractures, in order of frequency 

 Injury Group Percentage of PMHS 

1 Calcaneus 57% 

2 Talus 36% 

3 Midfoot 14% 

4 Forefoot 14% 

5 Tibia 7% 

 

Calcaneus fractures were the most common injury among both cohorts; occuring 

in 54% of WIA and 57% of PMHS. Almost all of the PMHS calcaneus fractures appeared 

intact upon initial inspection but fragmented upon further dissection. The real world 

occupants experienced a range of calcaneus fracture severity, from intact to comminuted. 

Overall, the in-theater fractures were more severely displaced than experimental. Both 

groups frequently had bilateral fractures with one-half of PMHS and approximately one-

third of WIAs sustaining bilateral fractures.  

There were a greater percentage of tibia and fibula fractures in-theater, both 

proximal/midshaft and distal. There were no experimental midshaft fractures. In the real-

world, the midshaft fractures were attributed to bending loads and contact with vehicle 
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components as opposed to vertical input alone. The ALF is not representative of the 

cramped spaces that are characteristic of military vehicles and it was not designed to 

replicate the leg contact that caused the in-theater shaft fractures.  

The only experimental tibia fracture was a pilon fracture as result of vertical 

loading. This is representative of the distal tibia fractures’ morphology and mechanism 

seen in-theater. In addition to pilon fractures, Warfighters also saw malleolar fractures as 

a result of compression and inversion/eversion. The experimental PMHS were positioned 

in two postures, nominal and obtuse. The nominal position was defined by a knee and 

ankle angle of 90°. The obtuse position was defined by a knee and ankle angle of 120°. In 

both conditions, the feet were positioned flat on the floor. These controlled initial 

conditions had no initial inversion or eversion of the ankle. The in-theater initial postures 

were hypothesized to have more variation. 

Talus fractures were the second most common experimental foot/ankle fracture 

but the least common among Warfighters. However, these numbers could appear skewed 

because of the small experimental sample size. Talus fractures made up 26% of WIAs in 

the theater dataset. Metatarsal fractures were the most common forefoot fracture among 

both cohorts. For the two cadavers with forefoot fractures, they each had multiple 

metatarsal fractures. These fractures occurred in a test with a softer floor that allowed 

larger floor excursion. The floor displacement gradient created an environment where the 

metatarsals could experience a bending moment.  

 There were no open fractures in the experimental cohort. However, almost one-

third of the leg-ankle-foot fractures for WIAs were open. The small experimental sample 

size and lower relative severity could have attributed to the difference in frequency. It is 
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also challenging to cause open fractures in cadavers from the ALF loading conditions 

with no vehicle contact points. Additionally, the flesh disruption from calcaneus gage 

application made it difficult to determine whether a lateral open fracture has occurred.  

 Though this study provides important information about the similarity of 

experimental injury results to theater events, it also presents a few limitations. Both 

groups were limited by sample size. These particular tests needed to vary multiple 

parameters within the small set of specimens so few repeat conditions were tested. The 

specimens, with an average age of 72, were not representative of military age population. 

However, these specimens did not incur fractures that were different from theater 

injuries.   

 

CONCLUSIONS 

This analysis provides initial insights about the correlation between experimental 

testing and in-theater injuries. Based on these findings, the ALF provided an appropriate 

environment to study UBB responses. The resulting PMHS data corresponded to most 

real-life theater injury data.  

Ultimately, the ability to replicate theater injuries with accuracy will allow for a 

more biofidelic ATD. The use of new improved test tools will further design 

improvements to vehicles and PPE to better protect soldiers in UBB scenarios.  

  



53 

 

REFERENCES 

1. Owens, B. D. et al. Combat wounds in Operation Iraqi Freedom and Operation 

Enduring Freedom. J. Trauma Inj. Infect. Crit. Care 64, 295–9 (2008). 

2. Ramasamy, A., Harrisson, S. E., Clasper, J. C. & Stewart, M. P. M. Injuries From 

Roadside Improvised Explosive Devices. J. Trauma Inj. Infect. Crit. Care 910–

914 (2008). doi:10.1097/TA.0b013e3181848cf6 

3. Danelson, K. A. et al. Comparison of ATD to PMHS Response in the Under-Body 

Blast Environment. Stapp Car Crash J. 59, 445–520 (2015). 

4. Schneider, L. W. et al. BioTab--a new method for analyzing and documenting 

injury causation in motor-vehicle crashes. Traffic Inj. Prev. 12, 256–265 (2011). 

  



54 

 

APPENDIX 

INJURY CASE REVIEW FORMAT 
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Injury Case Review Format

Add appropriate distribution 
statement here for your audience

 

 

 

Introduction: In-scope Events

• Scope is defined by the WIAMan PMO with input 
from the live fire community

• Vehicle exposed to Under Body Blast (UBB)
• Vehicle damage similar to a comparable live fire 

event as evaluated by the Engineering Analysis 
Branch (EAB) in ARL/SLAD

• No hull breach, secondary rollover, flipping, or 
ejected occupants

• Seated occupant wearing all PPE and restraints 
properly (proper wear is assumed in theater data 
unless data is present to indicate otherwise)
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Introduction: Requested Data

• Occupant Data: height, weight, age, sex, occupant position, 
occupant restraint status, full AIS injury codes, all images 
(CT, XR, and MRI), radiologist reports, vehicle intrusion 
close to the occupant, other occupants in the vehicle,
information to indicate the occupant was not properly 
restrained or wearing their PPE, details on PPE type, and 
PPE damage

• Vehicle Data: vehicle type, vehicle damage, vehicle roll-
over status, seat data (mounting, energy attenuation, 
stirrups), presence of floor energy attenuation, location of 
the blast relative to the occupant 

• Event Data: estimated blast size, overmatch status (NGIC 
criteria), overmatch status (EAB), size of the blast crater, 
vehicle motion 

 

 

 

Modified CIREN Certainty Scale
• Certain- “If there is no reasonable doubt by the team based on occupant 

location, crash dynamics, and injury mechanism.” Contact evidence is inferred 
based on vehicle information or damage and is agreed upon by the team.

• Probable- “In those scenarios where there is not certainty based on the factors 
and evidence available.” Contact evidence is inferred based on vehicle 
information or damage. Selected injury source, occupant kinematics and 
inferred contact is agreed upon by a majority of the team.

• Possible- “There is no direct supporting evidence, but all factors point to an 
area of the vehicle or object as the injury source. Several viewpoints may exist, 
all plausible, but one seems most likely.”

• Unknown- “Use when the team is unable to determine the source of an 
injury.”

CIREN Manual
Schneider, LW, Rupp, JD, Scarboro, M, Pintar, F, Arbogast, KB, Rudd, RW, Sochor, MR, Stitzel, JD, Sherwood, C, 
MacWilliams, JB, Halloway, D, Ridella, S, and Eppinger, R (2011) 'BioTab—A New Method for Analyzing and 
Documenting Injury Causation in Motor-Vehicle Crashes', Traffic Injury Prevention, 12: 3, 256 — 265
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Injury Case Review Format

 

 

 

Case #: Event Information
Occupant Locations

Unknown passenger 
positions

VAID
Diagram

Injury

Crew position

Sex, Age

HT, WT

Restraints?

Seat?

Floor?

PPE Damage?

Seat Damage?

Veh. Landing Pos.

Other notes

RTD LTD Non-RTD KIAUNK

Return to Duty Status Case Occupant
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7

Full Table of Occupant’s Injuries

 

 

 

8

Radiology Here
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Injury Coding, 
Occ #; AIS Code #; Injury Description

Body 
Region 
Injured

Source of 
Energy

ICS 
Description

ICS 
Confidence

Spine UBB Seatpan to 
pelvis to 
spine

Probable

Injury Causation Scenario (ICS)
Improper Restraint Use

Non-optimal Posture

Vehicle Dynamics

Road Conditions

Contact Indicating 
Kinematics

Increased Excursion of 
Unbelted Occupant

Other Injury

Unknown/None

ICS Evidence

Notes:

 

 

 

IPC Body 
Region 
Contacted

IPC 
Confidence

Injury Coding, 
Occ #; AIS Code #; Injury Description

Involved Physical Component  1 (IPC)

IPC Body 
Region 
Contacted

IPC 
Confidence

Involved Physical Component  2 (IPC)

Evidence IPC 1 IPC 2

Component Contact?

-Related Contact Injury

Inferred Contact?

Injury Type

Partial Ejection

Short/Tall Stature

Pre-Impact Movement

Occupant Proximity to 
IPC

Other:

Notes:
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Injury Coding, 
Occ #; AIS Code #; Injury Description

Contributing Factors

Factor
Present (Y/N)

and Type

Seat

Floor

Foot Stirrups

Helmet

Other (Specify):

Age >3x Blast

Comorbidity Intrusion

Proximity to SOE Hull Breach

Partial Ejection Secondary Rollover

Unbelted Case Occ. Loose Cargo

Unbelted Other Occ. None

Improper PPE Use Other:

Mitigating Factors

Notes:

 

 

 

Injury Coding, 
Occ #; AIS Code #; Injury Description

Regional 
Mechanism 
(Primary)

Regional 
Mechanism 
(Secondary)

Organ Level 
Mechanism

Compression

Radiology Img – Fx

Radiology Img – inj

PDOF

Occupant 

kinematics

Seatbelt use

Other:

Unknown

Notes:

Injury Mechanism 
Evidence

Injury Mechanism
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Modified CIREN Certainty Scale

• Certain- “If there is no reasonable doubt by the team based on occupant 
location, crash dynamics, contact points, and injury mechanism.”

• Probable- “In those scenarios where there is not certainty based on the factors 
and evidence available.” Contact evidence is inferred based on vehicle 
information or damage. Selected injury source, occupant kinematics and 
inferred contact is agreed upon by a majority of the team.

• Possible- “There is no direct supporting evidence, but all factors point to an 
area of the vehicle or object as the injury source. Several viewpoints may exist, 
all plausible, but one seems most likely.”

• Unknown- “Use when the team is unable to determine the source of an 
injury.”

CIREN Manual
Schneider, LW, Rupp, JD, Scarboro, M, Pintar, F, Arbogast, KB, Rudd, RW, Sochor, MR, 
Stitzel, JD, Sherwood, C, MacWilliams, JB, Halloway, D, Ridella, S, and Eppinger, R (2011) 
'BioTab—A New Method for Analyzing and Documenting Injury Causation in Motor-
Vehicle Crashes', Traffic Injury Prevention, 12: 3, 256 — 265

 

 

 

CIREN Certainty Scale

• Certain- “If there is no reasonable doubt by the team based on occupant 
location, crash dynamics, contact points, and injury mechanism.”

• Probable- “In those scenarios where there is not certainty based on the factors 
and evidence available. Contact evidence is available, and an alternate contact 
is suggested. However selected injury source is agreed upon by a majority of 
the team and is consistent with occupant kinematics.”

• Possible- “There is no direct supporting evidence, but all factors point to an 
area of the vehicle or object as the injury source. Several viewpoints may exist, 
all plausible, but one seems most likely.”

• Unknown- “Use when the team is unable to determine the source of an 
injury.”

CIREN Manual
Schneider, LW, Rupp, JD, Scarboro, M, Pintar, F, Arbogast, KB, Rudd, RW, Sochor, MR, 
Stitzel, JD, Sherwood, C, MacWilliams, JB, Halloway, D, Ridella, S, and Eppinger, R (2011) 
'BioTab—A New Method for Analyzing and Documenting Injury Causation in Motor-
Vehicle Crashes', Traffic Injury Prevention, 12: 3, 256 — 265
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