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SEX-BASED DIFFERENCES IN CALCANEAL INJURY TOLERANCES  
UNDER HIGH-RATE LOADING 

 
DAVIDE WALTER CERITANO 

 
ABSTRACT 

 
In this experiment, average calcaneal fracture force is measured across male and female groups. 

The purpose of this experiment is an analysis of alternatives exploring the importance of sex-based 

criteria in models representing injuries typical in underbody blast environments. Seventeen (17) right 

legs were harvested at the knee from cadavers representing three anthropometries: 50th percentile 

male (6), 75th percentile female (6), and 5th percentile female (5). Care was taken to preserve 

anatomically correct geometry as the legs were cut to equal lengths, the tibia and fibula were potted in 

Dyna-Cast®, flesh and ligaments were excised from the inferior surface of the calcaneus, and a small 

Dyna-Cast® pad was poured and sanded flat – interfacing with the exposed calcaneal surface. Each test 

specimen was mounted in a custom fixture and exposed once to high-rate axial loading characterized by 

a constant acceleration and 25.4mm intrusion, achieving an average speed of 4.7m/s (σ = 0.3m/s) in 

10ms. Input acceleration was measured by an Endevco 7264c accelerometer and a Denton 2513 six-axis 

load cell measured reaction force proximal to the specimen. A VR Phantom v9.1 camera recorded x-ray 

imagery at 2k frames per second. Data were collected by a TDAS Pro data acquisition system at 20k 

samples per second and filtered in accordance with SAE J211. Time of fracture, established through x-

ray imagery, was used to determined fracture force from the electronically synchronized load-cell data. 

100% injury was recorded. 

Average calcaneus fracture forces were reported as follows: 5406N (σ = 780N) for 50th percentile 

males, 4130N (σ = 1061N) for 75th percentile females, and 2873N (σ = 1293N) for 5th percentile females. 

Statistical significance was established between the reported averages according to three ANOVA tests: 

One-way (p = 0.0054), Brown-Forsythe (p = 0.0091), and Welch’s (p = 0.0156). Unpaired Student’s t-test 

confirmed significant differences between 50th percentile male vs 75th percentile female (p = 0.0469) 

and 50th percentile male vs 5th percentile female (p = 0.0030); the t-test did not show significance 

between the two female groups (p = 0.1315). Average impulse-to-fracture was calculated for each group 

and found to be not statistically significant. 

 
 
 
 



 
 

 

 
SEX-BASED DIFFERENCES IN CALCANEAL INJURY TOLERANCES  

UNDER HIGH-RATE LOADING 
 

DAVIDE WALTER CERITANO 
 

GENERAL AUDIENCE ABSTRACT 

 
 

A marked shift can be found in combat wound epidemiology towards a predominance of 

extremity injuries sustained from explosives. The Warrior Injury Assessment Mannequin (WIAMan) 

Project sought to develop a baseline dataset of post-mortem human surrogate responses to realistic 

explosive loading and correlate it to a highly instrumented mannequin for the further development of 

combat vehicles and personal protective gear. The following experiment exists within the WIAMan 

paradigm as an analysis of alternatives exploring the adequacy of the above mentioned baseline dataset 

in directly representing both male and female injuries. More specifically, this experiment interrogates 

the differences in average fracture forces between male and female calcanei across three 

anthropometries: 50th percentile male, 75th percentile female, and 5th percentile female. 

Testing was carried out on 17 right cadaver legs cut to equal lengths, potted proximally in Dyna-

Cast®, with the inferior surface of their calcanei exposed; a small Dyna-Cast® pad was poured for each 

calcaneus and sanded flat. Each test specimen was fixed to a Denton 2513 six-axis load cell proximally 

and exposed to a high-rate, constant acceleration, 25.4mm displacement aligned with the calcaneus 

along the long axis of the leg bones. Fracture time, established through x-ray images recorded at 2k 

frames per second with a VR Phantom V9.1 camera, was used to determine load cell force measurement 

at fracture. 

Average calcaneus fracture forces were reported as follows: 5406N (σ = 780N) for 50th percentile 

males, 4130N (σ = 1061N) for 75th percentile females, and 2873N (σ = 1293N) for 5th percentile females. 

Statistical significance was established between the reported averages according to three ANOVA tests: 

One-way (p = 0.0054), Brown-Forsythe (p = 0.0091), and Welch’s (p = 0.0156). Unpaired Student’s t-test 

confirmed significant differences between 50th percentile male vs 75th percentile female (p = 0.0469) 

and 50th percentile male vs 5th percentile female (p = 0.0030); the t-test did not show significance 

between the two female groups (p = 0.1315). Average impulse-to-fracture was calculated for each group 

and found to be not statistically significant. 
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CHAPTER 1 – INTRODUCTION 

1.1 Military Relevance 

 Advancements in medicine have greatly reduced the number of disease & non-battle injuries 

(DNBI) sustained by deployed soldiers. The ratio of DNBI to battle injuries was reported as high as 16:1 

during World War I. During the early phase of the US-led invasion of Iraq (Operation Iraqi Freedom, OIF) 

the ratio of DBNI to battle injuries requiring hospitalization was reported as 1.75:1 (Belmont 2010). The 

epidemiology of these battle-sustained injuries has shifted from 65% gunshot wounds during WWI 

(Beebe 1952) to 78% explosions in OIF/OEF (Owens 2008, Belmont 2010, Vasquez 2018). Another, more 

recent survey by Belmont shows that explosives still account for 75% of total injuries sustained in 

combat (Belmont 2016). 

In the early 21st century, the US-led invasions of Afghanistan and Iraq led to thousands of 

underbody blast (UBB) injuries sustained from improvised explosive devices (IEDs). Several surveys of 

injury data emphasize the frequency of blast-related foot and ankle injuries. Loftis et al found that, out 

of the (n=905) wounded in action (WIA) UBB casualties between 2010 and 2014 with Abbreviated Injury 

Scale (AIS) 2+ injuries, foot fractures (n=353) and tibia/fibula fractures (n=317) were the second and 

third most common injuries behind concussions (Loftis 2019). A study of 701 injured cavalry scouts 

deployed between years 2003 – 2011 found that 69% of musculoskeletal injuries were due to explosives 

and 46% of all injuries were incurred on the lower extremities (Schoenfeld 2013). A study of 1566 

combatants and 6609 combat wounds sustained in OEF and OIF shows 54% of injuries were located on 

extremities (Owens 2008). An earlier study of 3575 extremity combat wounds found that 26% were 

fractures; of the 915 fractures, 758 (82%) were open fractures and 454 (50%) were lower extremity 

fractures – the most common being of the tibia and fibula (Owens 2007). A “Post-Afghanistan IED Threat 

Assessment” report predicts that the IED threat to deployed forces will persist, and innovations will lead 

to improved performance of IEDs (Solutions 2013). 

A study (n=1333) of OEF and OIF soldiers, deployed between 2001-2005, classified in the Joint 

Theatre Trauma Registry (JTTR) as having sustained battle injuries, been evacuated to tertiary facilities 

and not returned to duty within 72 hours, revealed patients with a primary diagnosis of extremity injury 

had the longest stay (10.7 days) and incurred 65% of the total inpatient treatment costs (Masini 2009). 

Extremity-injured patients accounted for 64% of total calculated disability costs. Extrapolating across the 

projected lifetime of a soldier and total injured population as of May 2008, estimates of in-patient 

hospitalization and lifetime disability benefits were forecasted to cost $463mil and $1.2bil respectively 
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for patients with a primary diagnosis of extremity injury for the conflict studied (Masini 2009). Another 

source estimates the total cost of all veterans’ medical and disability payments over the next 40 years 

will top $1 trillion (Crawford 2016). 

Considering the high socioeconomic cost that these UBB injuries inflict on deployed soldiers, a 

collaborative project was undertaken in February of 2015 to develop an anthropomorphic test device 

(ATD) and corresponding injury criteria specifically for high rate vertical loading scenarios. The Warrior 

Injury Assessment Manikin (WIAMan) is engineered as a tool to test and develop safer vehicles and 

equipment for warfighters. Conceptually, it can be used to predict whether an occupant can survive a 

given blast in a vehicle and whether any injuries sustained therefrom would prevent self-extraction. In 

December of 2015, Defense Secretary Carter announced that all combat positions would be opened to 

women, providing an estimated 220,000 job opportunities that had previously been restricted to men 

(Rosenberg 2015). Though much data has been generated from the WIAMan project, existing 

epidemiological and biomechanical research suggests that these injury data would likely not be accurate 

predictors of injury in females.  

 

1.2 Epidemiological and Biomechanical Data 

Women in the military report twice the injury rate and a significantly higher rate of stress 

fractures compared to men (5 – 15% vs. 1 – 3%) (Friedl 2005). A comparison of these male and female 

stress fracture groups to their respective non-fracture control groups shows one characteristic in 

common: smaller bone section moduli in the fracture groups. The same study found that, on average, 

females have narrower bones, thinner cortices, and smaller bone section moduli compared to their male 

counterparts. Though Friedl specifically recorded stress fracture data, the underlying physical-geometric 

differences provide justification for suspecting similar sexual disparities in traumatic injury cases.  

A previous analysis of injury data has shown females are more likely than males to sustain ankle 

injuries in automotive accidents (Ore 1993). A double-pair-comparison study of automotive (car only) 

deaths using data in the Fatality Analysis Reporting System between 1975-1998, found that the fatality 

risk from the same physical impact was 28 ± 3% higher for females than males, increasing with age after 

20 years old at compound annual rates of (2.52 ± 0.08)% for males and (2.16 ± 0.10)% for females (Evans 

2001). Another study examining foot and ankle injuries in automotive accidents found that, though the 

incidence of ankle/foot injuries has significantly declined in newer model passenger vehicles, foot and 

ankle injury risk was still 20% higher for women than men (Dishinger 2016).  
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Two studies on the thorax tolerance difference between males and females found female 

vulnerability to fatal accident risks is 20% to 25% higher. The study attributes the difference to female 

skeletons being less able to withstand the same stresses as males, since the impact resistance in female 

tests was lower than expected from mass considerations alone (Foret-Bruno 2003). From linear 

regressions on rib bending data from 245 cadavers, Foret-Bruno found female bone resistance was 16% 

lower than males at age 20, a gap that increased to 44%-lower at age 70 (Foret-Bruno 2003). A set of 

three-point bending tests on humeri found that male humeri exhibited a higher peak moment and strain 

than female humeri (Kemper 2005). Using data from available literature (including Yamada, Weber, and 

Messerer), Saul et al. put forth a forearm fracture tolerance of 120-150N-m for males and 70-90N-m for 

females, exposed to direct airbag loading conditions (Saul 1996).  

Biomechanical research has shown these differences in fracture forces are not solely 

attributable to overall body size and mass, but evidence of sexual dimorphisms. A study found that male 

tibias were 40.9% stiffer relative to applied loads than female tibias, compared at the same body weight 

* tibia bone length factor (BW-Le [kg-cm]), and women showed 10 – 11% less cortical area relative to 

this BW-Le factor when compared to men – meaning female tibias tend to be more slender even at 

comparable body sizes (Jepsen 2011). Similarly, a study of 36 males and 36 females matched for height 

and weight, with an average age of 18, found that males have greater bone mineral content (BMC) & 

bone mineral density (BMD) at the distal tibia, as well as greater cortical thickness in their tibias (Nieves 

2005). Other studies support these differences; Looker et al. found in males an 8% higher BMD and 5-

17% greater geometric measurements at the femoral neck, after making corrections for body size, 

leading to a 17% higher bending strength in males, again after body size corrections (Looker 2001). 

 

1.3 Problem Statement 

In light of the 2015 announcement that opened up many military combat roles to women, this 

study is part of a larger project investigating the response differences between males and females 

exposed to high rate loading, such as that seen during UBB events, with an aim toward determining the 

adequacy of the current body of knowledge, feasibility of mapping data across both sex and body type, 

as well as the fidelity of current ATD technology for realistic simulation. This study is an analysis of 

alternatives, meant as a preliminary investigation into the response of 50th-percentile male, 75th-

percentile female, and 5th-percentile female “neutrally positioned” PMHS legs to axially applied UBB 

loading rates. Many existing studies refer loosely to a “neutral” foot position, meaning that the leg is 
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approximately normal to the plantar plane of the foot; this definition is used throughout the following 

discussion. Most of the research conducted so far has focused on either automotive loading rates or 

hasn’t directly and adequately explored the similarities and differences between male and female 

responses. UBB loading rates are of higher impulse and shorter duration than automotive rates. 

Furthermore, the geometry of the loading is significantly different between automotive and UBB 

environments: automotive floor-pan intrusion is often considered to load the forefoot, invoking some 

measure of dorsi-flexion in the ankle, and can include applied pretension in the leg to simulate braking 

force and geometry; UBB events to the leg-ankle complex are generally modelled as purely axial events.  

Several past studies have attempted to develop risk functions and injury probability criteria by 

assimilating datasets from existing research data in the field. However, an examination of the current 

body of knowledge in the field of impact biomechanics problematizes these previous attempts and 

raises serious concerns as to the fidelity of any conclusions yet drawn from across disparate 

experimental designs. 

 

1.4 Specific Aims 

The specific aims of this study are: 

1. The reproduction of realistic and repeatable UBB loading conditions applied to PMHS leg 

specimens and minimization of experimental error therein 

2. Determination of the types of fractures produced and fracture force for the three groups 

investigated 

3. Comparison of experimental with existing data from previous studies, when applicable 

4. Assessment of variations in the incidence and extent of injuries sustained – and specifically any 

statistical significance in fracture force tolerances – between male and female subgroups 
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CHAPTER 2 – RELEVANT RESEARCH 

2.1.1  Anatomy 

The leg / foot complex includes 26 bones inferior to the knee. The leg consists of two long bones 

in parallel – the tibia and fibula (Figures 1-2). The tibia, located on the medial side of the leg, is much 

larger than the fibula. Though it is often considered the weight-bearing bone of the leg (Drake 2019), 

studies have shown the fibula shares 7% - 23% of the load (Crandall 1996, Funk 2000). The tibia is the 

only leg bone that articulates at the knee joint with the femur. The tibia and fibula are linked by the 

interosseus membrane, which is reinforced distally by the anterior and posterior tibiofibular ligaments. 

This firm link is important for the structural stability of the ankle joint (Drake 2019). Many ligaments 

connect the bones of the leg / foot complex. These ligament attachment sites are effectively stress 

concentration points that can reveal nuanced biomechanical responses to a given loading scenario. 

These sites, along with the ligaments spanning them, are subject to damage far below the level of 

loading at which fractures initiate (Benjamin 2006). Golano et al. provide a thorough dissection of the 

ligaments in the leg-foot complex (Golano 2010).  

 

 

 

Figure 1. Lateral view of lower right leg and foot with ligaments (Sobotta 1909) 
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Figure 2. Leg, ankle, and foot bones. Posterior view of right tibia and fibula (left) and right foot (right) from 
(Sobotta 1909) 
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The distal ends of the tibia and fibula (Figure 3) interface with the foot at the three superior 

articular surfaces of the talus: one for the distal tibia, and one for each malleolus (of the tibia and 

fibula). The foot is composed of three sets of bones: the tarsals, metatarsals, and phalanges (Figure 4). 

The metatarsals and phalanges were removed from all the specimens tested for this project with an aim 

towards reducing experimental variation. The tarsal bones can be divided into proximal, intermediate, 

and distal subgroups; the proximal tarsals consist of the talus and calcaneus; the navicular is considered 

the intermediate tarsal bone; the distal tarsals include the cuboid and three cuneiforms (medial, 

intermediate, and lateral). 

 

 

Figure 3. Distal ends of tibia and fibula, surfaces that articulate with the talus (Sobotta 1909) 

 

 

Figure 4. Lateral view of right foot (Sobotta 1909) 
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The talus, the most superior bone of the foot, is unusual in that it ossifies from a single center 

originating in the talar neck. Articular cartilage covers ~60% of the talus, and, although it has no tendon 

attachments, there are several ligaments anchoring the talus to surrounding bones (Drake 2019). The 

many articular surfaces of the talus include interfaces with the: distal tibia, medial malleolus, lateral 

malleolus, navicular, calcaneonavicular ligament, and three calcaneal surfaces (Figure 5). Blood supply to 

the talus is vulnerable to damage when the talar neck is fractured; this can lead to premature 

osteoarthritis, requiring significant surgery (Drake 2019). 

 

 

Figure 5. Right talus: inferior and superior views (Sobotta 1909) 
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Inferior to the talus sits the calcaneus (Figure 6). In addition to its superior three surfaces that 

articulate with the talus, the calcaneus has an anterior-inferior surface that articulates with the cuboid 

bone. The Achilles tendon is anchored on the middle part of the posterior calcaneal surface. Several 

other ligaments run from the calcaneus to surrounding bones including: the plantar calcaneocuboid 

ligament and long plantar ligament, which provide strong attachments to the cuboid bone; the plantar 

calcaneonavicular ligament on the sustentaculum tali; the bifurcate ligament (which splits into the 

calcaneocuboid and calcaneonavicular ligaments) on the lateral-superior calcaneus; the calcaneofibular 

ligament and retinaculum; and the medial retinacula, which forms the tarsal tunnel on the 

posteromedial side of the ankle, through which pass several tendons as well as the tibial nerve, artery, 

and vein (Figure 8).  

 

 

 

 
 
 

 
Figure 6. Right calcaneus medial view (above left) and lateral view (above right) from (Gray 1918, edited); lateral 

view of longitudinal section (below) (Sobotta 1909) 
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The navicular (Figure 7), the only intermediate tarsal bone, articulates posteriorly with the talus, 

anteriorly with the cuneiforms, and laterally with the cuboid. It has a prominent tuberosity that projects 

inferiorly on the medial side of the plantar surface and serves as a point of attachment for the tibialis 

posterior tendon (Drake 2019). The distal tarsals include the cuboid and three cuneiforms – the lateral, 

intermediate, and medial cuneiforms. The cuboid articulates: posteriorly with the calcaneus; medially 

with the navicular and lateral-most cuneiform; and anteriorly with the two lateral-most metatarsals. It 

has a prominent groove on the anterior plantar surface for the tendon of the fibularis longus muscle. 

The three cuneiforms articulate with themselves, posteriorly with the navicular, and anteriorly with the 

three medial metatarsals. All the metatarsals and phalanges were removed from the specimens before 

each test in this study.  

 

Figure 7. Right navicular: postero-medial view (left) and antero-lateral view (right) from (Gray 1918, edited) 
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Figure 8. Lateral view of foot. Tarsal tunnel passes under the peroneal retinaculum between the calcaneus and 
fibula (Sobotta 1909) 

 

 

2.1.2  Sexual Dimorphism in Foot & Leg Bones 

There are emergent differences between male and female legs in body fat distributions and 

bone mass density, especially in older females that are more susceptible to osteoporosis than their male 

counterparts. Many studies, mostly regional in nature, have shown sexual dimorphisms in the relative 

sizes and proportions of leg bones, providing another reason to suspect statistically significant 

differences in injury tolerances. 

Several multi-variable linear regressions performed on a set of Computed Tomography (CT) talus 

scans from the International Center for Automotive Medicine (ICAM) database found that gender was a 

statistically significant variable for talus depth, width, cross-sectional area, radius and strength (Gorman 

2016). A study of Japanese foot bones found significant sex-related differences in the mass-volumes and 

total CT values of both the talus and calcaneus (Inamori-Kawamoto 2016). A study of 800 radiographed 
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ankles found that roughly 80% of males had calcanei greater than 86mm in length and 80% of females 

had calcanei less then 86mm in length (Riepert 1996). Several other studies have likewise reported high 

accuracy (>85%) in determining sex from geometric measurements of the talus and/or calcaneus 

(Navega 2014, Uzuner 2016, Gonçalves 2013, Harris 2012, Abd-elaleem 2012, Bidmos 2003, Steele 

1976), though discriminant function equations produced can be population specific (Gualdi-Russo 2007). 

Clear sexual dimorphism in the cross-sections of tibiae and fibulae has been reported (Kimura 1971) and 

sexually dimorphic characteristics have been used to accurately sex tibiae (Kieser 1992, Fasemore 2018). 

Sexual dimorphisms between dominant and non-dominant feet have been observed: the dominant 

jumping foot having a shorter bone arm lever has been observed in females for dorsiflexors and in males 

for plantarflexors (Ilnicka 2013). A 2001 study by Wunderlich and Cavanagh found not only that men 

have on average longer and broader feet than women for a given stature, but that even after 

normalizing by foot length, men and women have 11 statistically different variables corresponding to 

foot and leg size. They were able to predict sex with 93% accuracy using absolute measurements and 

85% accuracy using measurements normalized to foot length (Wunderlich 2001). 

Not only purely geometric dimorphism, but kinematic sexual dimorphism can be found in the 

literature. A kinematic study of male and female runners found significantly greater peak ankle eversion 

and tibial internal rotation angles in female runners (Sinclair 2014). A study of hip range of motion in 

healthy subjects found that women are significantly more likely than men to have a medially biased 

asymmetrical range of hip motion (Barbee Ellison 1990). Univariate analyses of 289 military recruits for 

the purpose of finding stress fracture factors found statistical significance in both mediolateral axis tibial 

width as well as the degree of external rotation of the hip joint (Giladi 1991). Several more documented 

instances can be found in the literature of statistically significant leg and ankle sexual dimorphism in 

osteology, joint surface area, cartilage volume/area, kinematic range of motion, plantar pressure 

distribution, ligamentous laxity, and musculature (O’Connor 2006). 

 

2.2  Problematization of Past Research Applicability 

Numerous studies over the past three decades have obtained data from PMHS specimens under 

quasi-static and dynamic axial loading scenarios. Primarily, these studies have explored automotive 

loading rates, which differ substantially from the acceleration and velocity profiles measured in UBB 

environments. Acceleration rates for automotive loading conditions are generally less than 250g, lasting 

up to 50ms, whereas UBB loading conditions can reach 1000g with durations as short as 3ms (Bailey 



 

13 
 

2015). The limited analyses already available in the literature problematize the mapping of injury data 

across a wide range of loading rates.  

McElhaney, in a 1965 study on embalmed human femur samples in compression, showed that a 

strain rate increase from 0.001 s-1 to 1 s-1 increased the Elastic Modulus 45%, increased the ultimate 

compressive strength 47%, increased the maximum strain until failure 8%, and increased the energy 

absorption capacity by 30%. Further increasing the strain rate from 1 s-1 to 1,500 s-1 increased the Elastic 

Modulus 84%, increased the ultimate compressive strength 43%, decreased the maximum strain until 

failure 46%, and decreased the energy dissipation capacity by 25% (McElhaney 1966). Statistically 

significant higher overall leg stiffness has been observed in tests with higher loading rates, though exact 

values/relationships weren’t clearly reported (Bailey 2017). Various other tests across a range of loading 

rates have reinforced relationships between increasing strain rates and increasing elastic modulus of 

bone samples in tension, compression, bending, and torsion (Sedlin 1965, Wood 1971, Panjabi 1973, 

Crowninshield 1974, Shim 2005, Hansen 2008). Furthermore, fracture toughness can be expected to 

decrease at higher strain rates on account of increased crack velocity. Even cartilage can experience as 

much as an order of magnitude increase in compressive modulus at high strain rates (Martin 1998).  

Though the explicit relationship between leg loading rate and biomechanical response is not yet 

fully defined, the existence of this relationship has been well-established in a variety of experimental 

tests (Carter 1977, Schaffler 1988, Hansen 2008, Salzar 2015, Bailey 2019, McElhaney 1966, Griffin 2001, 

Crandall 1998, Mather 1968, Schreiber et al. 1995, Perry 2014, Bailey 2017). Load-rate dependencies 

have been shown to affect not only peak loads at fracture, but also fracture location (Bailey 2013, 

McKay 2010); e.g. in increased impulse events, involving higher acceleration magnitudes and shorter 

phase durations, injuries have been observed to migrate from the mid to lower tibia shaft to more local 

injuries in the calcaneus and distal tibia (Perry 2014, Funk 2002). Simultaneous strain gage 

measurements at both the distal and proximal ends of a tibia under drop tower testing have further 

supported this strain localization phenomenon in higher rate loading situations (Henderson 2013), i.e. 

high-energy impacts create a strain-rate gradient that is highest near the point of impact (Perry 2014). A 

2001 study found loading rate to be the most important predictor of pilon fractures in the tibia (Griffin 

2001). Divergences in responses due to load-rate dependent effects have problematized the direct 

mapping of data from ATDs developed for automotive testing to higher-rate UBB loading scenarios 

(Kuppa 1998, Manseau 2005, Danelson 2015, Bailey 2015). 
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Several studies have sought to appropriate and normalize the datasets of previous research to 

draw novel conclusions as to the influence of age, body mass, and sex – among other factors. The 

emergent differences due to disparate methodologies have been well-documented in the literature. For 

instance, one of the most common and noticeable variations in experimental leg response literature is 

the load-cell location. Generally, researchers have opted for one of three locations: proximal to the 

specimen, implanted mid-tibia, and/or distally at the specimen/loading-device interface. Serious 

concerns have been raised regarding the fidelity of data combined from peak footplate load tests and 

peak mid-tibia load tests (Funk 2002). Several tests that have instrumented load cells simultaneously in 

multiple locations report discrepancies in load measurements (Yoga 1997, Seipel 2001, Henderson 2013) 

– which can differ not only in magnitude, but also in sign (McMaster 2000). These discrepancies in 

measurements between load-cell locations have been shown to be sensitive to both loading-rates and 

boundary conditions due to momentum transfer (mass recruitment) and the load-rate dependence of 

leg stiffness (Bailey 2017). Further, though several tests have relied on load-cells implanted mid-tibia 

(Klopp 1997, Funk 2001, Barbir 2005, McKay and Bir 2009), the fibula has been shown to share on 

average between 6.4% and 17% of the total leg load (Takebe 1984, Goh 1992, Crandall 1996) – with 

contributions as high as 28% of the peak reaction load in some dynamic foot/ankle fracture cases (Funk 

2000). The nature and extent of damage is unclear in this high fibula load sharing datapoint from Funk et 

al., but the corresponding plots showing simultaneous force measurements at three locations do not 

suggest this high fibula measurement occurred after a failure of the tibia. Mildon attempts to correct for 

this disparity in his meta-analysis by scaling some previous data by 1.167 to account to fibula load-

sharing and other differences in mid-tibia load-cell locations (Mildon 2018a). Some tests have relied on 

strain gages to measure loads during dynamic tests (McKay and Bir 2009, Henderson 2013, Bailey 2017). 

However, Funk et al. have found up to 50% error in strain gage measurement when compared to load 

cell measurements (Funk 2006). 

This current research endeavor returns to first principle exploration of PMHS response, seeking 

to minimize experimental error while achieving 100% specimen injury under high rate, constant 

acceleration loading with the explicit influence of sex as a criterion. This study uses hard boundary 

conditions, rigidly fixed both proximally and distally. The emergent differences in results due to 

specimen age (Yoganandan 1996), specimen posture (Grigoriadis 2018), load cell placement (Crandall 

1996, Yoga 1996, Funk 2000, Mildon 2017), impact duration (Martinez 2018, Bailey 2019), loading rates 

(Bailey 2017), peak plantar force and onset rate (Crandall 1998), impactor speed (Scheuler 1995, McKay 

2009), impactor energy (Gallenberger 2013), impact location (McMaster 2000), Achilles tendon tension 
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(Funk 2001), ankle flexion (Klopp 1997, Crandall 1998, Gallenberger 2013), boundary conditions, and 

allowed ankle rotation have been explored and are known to problematize the normalization of data 

obtained from varying experimental set-ups.  

The exploration of several of these loading conditions is considered out of scope for the present 

study including, but not limited to, tests on dorsi- or plantar-flexed specimens, quasi-static loading, tests 

with applied tendon tension, off-leg-axis impacts (e.g. forefoot impacts – Smith 2005), rotating ankle 

tests, ATD tests, non-injury tests, and most booted tests. What follows is a thorough review of the 

methodology and results of the published research in the area of dynamic axial loading of the neutrally 

positioned PMHS leg-ankle complex, as well as often-cited studies with various other initial conditions. A 

summary of the test conditions and results from these studies can be found in Table 1. 

 

2.3  Dynamic Axial Loading of “Neutrally-Positioned” PMHS Legs 

An early study on dynamic axial loading to the leg was conducted by Roberts et al. in 1993. 

Roberts et al. excised 24 paired PMHS legs (from 8 males and 4 females) mid-femur and tested them, 

dorsiflexed 20 degrees, half in quasi-static compression and the other half in dynamic compression at 

constant velocity (4.6 m/s) using a hydraulic actuator. Load cell measurements were taken between the 

foot and actuator. Though peak loads were reported, Roberts et al. was unable to determine with 

certainty the correlation between peak load and injury for the 10 cases of hard tissue damage from the 

dynamic tests; failure was reported to be when the force-time curve dropped to 50% of its peak value. 

The average peak loads recorded were roughly twice as high for the dynamic tests, yet the average 

displacements at peak load were twice as high for static tests, supporting the conclusion that effective 

leg stiffness increases with loading rate. Dynamic peak forces ranged from 7854N – 12206N, with a 

mean of 9751N (Yoganandan 1999). The most common injury (in the dynamic subset) was to the 

articular surface of the talus (n=8), followed by the calcaneus (n=5) and fibula (n=5). 

In 1995, Scheuler et al. designed a test with automotive footwell intrusion in mind. Tests were 

run on each foot of 12 fresh PMHS (age 24-67) using a 38kg impactor with speeds varied between 24-

45km/h. Anthropometry measurements as well as pre- and post-roentgenograms were taken. Bone-

mounted biaxial accelerometers were affixed between the tibial condyles and medial malleolus. A 

specially designed shoe, with 6 force transducers and 2 accelerometers split between locations on the 

sole and heel, was fitted on the foot and suspended by a rope. Post-test, the calcaneus and talus were 

dissected out and examined for patterns of fracture. Forces were measured, and the speed of the 
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impactor was correlated with fractures; 15kN, measured at the sole, indicated a significant relative risk 

of leg injury. An additional two test series were run on the Hybrid-III with an advanced leg (Viano); it was 

found that the dummy tests were insufficient for predicting injury. 10 out of 24 PMHS legs showed no 

effects (Fx). 

Begeman and Aekbote ran a series of tests on 17 PMHS specimens from 10 cadavers that were 

sectioned mid-length of the tibia, potted in Cerrolow, and affixed to a load cell (Begeman 1996). Initial 

efforts had a 12mm aluminum plate tied to the foot with twine; this proved unstable, so the plate with 

fixed with screws to the calcaneus. An additional restraint was added to the foot plate to prevent 

rotation. A 50ms rectangular load pulse was applied with a pneumatic actuator through a six-axis load 

cell. A uniaxial load cell and accelerometer were incorporated to compensate for the inertial effects of 

the measured load and to calculate the velocity profile of the applied displacement. The first in their 

series of tests consisted of a single run, producing few to no injuries. Later series tested each specimen 

continually at higher loads until failure. Fracture forces ranged from 4700N to 8690N with an average 

(excluding two osteoporotic specimens) of 7590N. 8 out of 17 reported test specimens showed no Fx. 

Injuries include tibia lip Fx (2) and pylon Fx (7) – one in the latter group had both calcaneus and talus 

injuries as well. Though this study was never peer reviewed, yet results have been included in nearly 

every subsequent injury risk function. 

A study completed by Yoganandan et al. in 1996 is recognized as the authoritative test series by 

the NATO human factors Task Group 25 on test methodology for protection of vehicle occupants against 

anti-vehicular landmine effects on account of the sample size and age range of PMHS specimens (NATO, 

2004). 26 legs were tested at the Medical College of Wisconsin and combined with data from previous 

tests by other researchers (n=17 from Begeman & Aekbote 1996; n=9 from Roberts 1993), bringing the 

sample size to 52. Besides the Begeman and Aekbote tests having never been peer reviewed, 

Yoganandan appears to have included data from two osteoporotic specimens that were rejected by 

Begeman and Aekbote during their analysis. 26 PMHS (age 27-67) legs were disarticulated at the knee 

joint, potted at the proximal end, ballasted to 16kg, and affixed horizontally to a load cell and mini-sled. 

These were impacted by a pendulum with a load cell and synthetic rubber interface at its leading edge. 

Fracture forces ranged from 4.3kN – 11.4kN, measured at the proximal end of the tibia. 13 out of 26 test 

specimens showed no Fx. The three datasets used in this study were obtained through wildly different 

methodologies, with several specific differences that have each since been shown to affects results, e.g. 

dorsiflexion, load cell placement, different input conditions. 
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In 1997, Klopp et al. test 50 PMHS specimens that were excised mid-femur, mounted in a 

position to approximate the geometry of a driver, and restrained with a spring-loaded tether and knee 

harness. A preload was applied through the spring-loaded knee tether to simulate ½ body weight; this 

spring load did not remain constant throughout the duration of the test as the input piston displaced the 

leg. A 9-cm segment of the tibia diaphysis was removed and a five-axis load cell was implanted in situ. A 

mounting plate for accelerometers was screwed into the medial cortex of the calcaneus – and through 

both cortices in later tests. A similar mounting plate was screwed into the tibia as well. The ankle was 

allowed to rotate through a small angle, but at a high rate. 11 out of the 50 test specimens experienced 

fractures, an additional 2 experienced tendon damage. 50% injury criteria was established as 9.3kN peak 

contact force, 5kN/ms peak force onset rate, and 216g heel acceleration. Five specimens demonstrated 

calcaneus trauma with mid-tibia fracture forces ranging from 2778N to 6241N, with an average of 

3755N (average 6.3kN measured at the footplate/input). Within the calcaneus fracture group, 

disregarding two specimens dropped for low BMD, loading rates ranged between 0.5 and 6.0kN/ms; 

average age of this subgroup was 75 years old. 

Yoganandan et al. (1997) ran 9 tests on PMHS specimens excised distal to the knee from 5 male 

cadavers (age 27-55, 175-183cm, 66-102kg) using the same pendulum/mini-sled setup as his earlier 

study (Yoganandan 1996). Legs were ballasted to 16 kg; pendulum mass was 24kg. The pendulum 

impactor force was aligned collinear with the anterior distal third of the tibia. One load cell was placed 

in the pendulum between the mass and loading-plate/padding that interfaced with the plantar surface 

of the foot; another load cell was placed between the mini-sled and the proximal, potted end of the leg. 

Forces measured at the proximal tibial load cell were 27% - 37% lower than those measured at the 

pendulum input. Five-out-of-nine tests showed no Fx. Peak proximal forces in the 4 fracture cases 

ranged between 8.3 – 11.4kN. 

Kitigawa et al. (1998) tested 8 pairs (6 female, 2 male) of PMHS (age 59-83) legs that were cut 

distal to the knee to a length of approximately 30cm. The legs were mounted horizontally with 2kN of 

tension applied to the Achilles tendon to simulate the compressive preload of stepping on the brake 

pedal. A metal plate was attached to the plantar side of the foot with an elastic band; another metal 

plate prevented plantar flexion due to the preload tension. An 18-kg impactor pendulum, with a 70mm 

diameter head, struck at the midfoot, 50mm anterior to the longitudinal axis of the tibia. Tibia forces 

were found to be higher that impact forces due to the preloading. Average failure loads measured at the 

tibial load cell were 7877N for calcaneal fractures and 7182N for pylon fractures, with no statistical 
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significance between two fracture modes. Removing data from one of the cadavers shifted each of the 

mean fracture forces higher and added significance. Average peak force for both fracture modes 

together was 7645N. 1 out of the 16 specimens showed no Fx. 2 of the 10 tests with calcaneal fractures 

also had talus Fx. 

Yogananda et al. (1999) tested 26 PMHS specimens, following the same methodology as his 

earlier study (Yoganandan 1996). 12 tests resulted in calcaneal fractures with a peak mean force of 

7802N; the 14 cases of no injury corresponded to a peak mean force of 4144N. A logistic regression 

curve led to a 50% injury criteria for calcaneal fracture of 6.2kN. Inclusion of data from other available 

literature on lower extremity injury led to a 50% injury criteria of 6.8kN for any lower leg injury (not just 

fracture of the calcaneus).  

McMaster et al. (2000) tested 23 PMHS specimens excised at the knee and potted in a polyester 

based resin. After a series of low-torque articulation tests, the leg was held horizontally and an acoustic 

transducer was affixed to the distal end of the tibia. A compressive force between 500-1500N was 

applied to the leg and the Achilles tendon was tensioned to approximately 1500-2500N; 7 cases 

experienced slippage of the tendon tensioning device – leading to a lower Achilles pre-load. A bungee-

powered impactor sled struck a polyurethane foam block that shaped the pulse. This impulse was 

transmitted through a load cell and a 3mm Velbex rubberized sheet to the plantar surface of the foot. 

Three axial impact locations were evaluated: concentric with the tibia (n=3), centered on the anterior 

tibial margin (n=9), and 2.5cm anterior to the anterior tibial margin (n=11). Failures occurred at mean 

impactor loads of 5.7kN and mean tibial loads (i.e. proximal leg loads) of 6.4kN. Out of the 23 tests, 3 

resulted in only soft tissue damage and 3 resulted in no Fx. 

Seipel et al. (2001) tested 22 unembalmed PMHS (21 male, 1 female; 27-74yo) legs, 

disarticulated at the knee, proximal end fixed in PMMA, ballasted to 16kg, and subjected to dynamic 

impacts with a pendulum (2.2-7.6m/s). The specimen was attached to a mini-sled that was 

unconstrained in the axial direction. A load cell and a sheet of synthetic rubber padding was situated on 

the leading edge of the pendulum; another load cell was located between the proximal end of the 

specimen and the mini-sled. Maximum forces ranged from 3.6kN – 11.4kN for fracture group and 0.5-

7.3kN for non-fracture; 50% probability of calcaneal fracture found to be 5.5kN. 10 of the 22 specimens 

showed no fracture; 12 experienced calcaneal fractures. Peak input forces measured at the pendulum 

load cell averaged 25% higher than the peak loads at the proximal load cell. 
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Funk et al. (2001) tested 44 PMHS legs that were excised mid-femur and subjected to blunt axial 

impacts with and without applied Achilles tendon tension. 9cm of the tibia diaphysis was removed and 

replaced with a load cell. Acoustic sensors were glued to the distal anterior tibia and/or medial 

calcaneus to determine precise timing of fracture. Padding and load cells were located between the 

specimen and both the input and reactive test fixture; a compound pendulum or pneumatic actuator 

struck a piston that transferred the impact force with up to 16cm of purely horizontal translation – 

though usually constrained to 6cm. Peak footplate velocity was approximately 5m/s. Precompression 

was applied to the leg in all cases; in roughly half of the cases, a constant pretension was applied to the 

Achilles tendon. Based on acoustic emission data, peak axial tibia force was considered an uncensored 

predictor of injury when only tibia pilon fractures occurred and peak footplate force was considered an 

uncensored indicator of calcaneus fracture Injury was intended in all cases to not select for weaker 

specimens, but only 30 out of 44 specimens sustained injuries (15 with tension, 15 without) – the rest 

(14/44) were not reported in results. Of the 30 reported injury tests, 6 suffered artifactual fractures 

(20%). The methodology is questionable given that roughly a third of test specimens (14/44) suffered 

artifactual fractures. The reported tibia axial loads (and corresponding injury risk functions) ignore fibula 

load sharing – which a previous study from the same author found to be significant, carrying 16.2 +- 

7.4% of compressive loads (Funk 2000). Out of the 24 viable tests reported (10 of which are female), 

Funk somehow manages to squeeze out several injury risk functions for different ages, sexes, and 

applied Achilles tensions. It’s unclear what assumptions might have been made; for instance, research 

has since shown that age is a non-linear covariate (Mildon 2017). 

  With UBB conditions in mind, McKay and Bir impacted 18 PMHS specimens (avg. age 68yo) 

excised mid-femur with implanted tibia load cells using different axial loading rates (7.0, 10.0, or 12.0 

m/s) (McKay 2009). Intrusion was restricted to 24mm and the proximal knee was unconstrained. Strain 

gages on the medial calcaneus and distal-medial tibia showed strong correlation between peak strain 

and peak tibia force. None of the 6 lower speed tests showed any Fx; 4 specimens sustained tibia 

fractures, which may or may not have been attributable to tibia potting procedure. Impactor (36.7kg) 

speed was selected as best extrinsic variable predictor for injury. Fifty-percent probability of 

incapacitating injury was correlated with a tibia axial force of 5,931N and impactor speed of 10.8 m/s. 

 Gallenberger (2013) provides a summary of past research. Fifteen PMHS lower limbs that were 

subjected to 60 pendulum impacts with three different masses (35 impacts with 3.3kg, 16 with 5.7kg, 

and 9 with 12.32kg). Nineteen of the impacts were to specimens that were 20 degrees dorsiflexed. Each 
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specimen was impacted 2-7 times. Fifty-percent probability of injury was found to be 6.8kN and 7.9kN, 

for neutral and dorsiflexed positions respectively – though the regression was not statistically 

significant. Her analysis suggests that lower limb surrogates should be sensitive to stiffnesses in both the 

ankle joint and heel pad.  

Henderson et al. (2013) tested 18 PMHS specimens on a drop tower fixture with UBB loading 

rates in mind and an “unconstrained knee boundary condition”, which amounted to collapsible spacers 

placed proximal to the specimen during testing. Acceleration rates of 200g and 600g were applied for 

3ms (avg. 422g over 3.3ms). Strain-time histories along medial and lateral sides of the tibia showed 

inhomogeneous deformations along length of the bone. Distal tibia forces were calculated from strain 

gages. This methodology is questionable since Funk and Crandall (2006) reported tibia axial loads 

determined from strain gages to be “grossly in error,” likely due to bone curvature and asymmetry. The 

proposed three-mass analytical model appears to be incorrect, casting doubt on the values calculated 

therefrom (spring and damping constants). There is a discrepancy between reported values for 

survivability. The abstract lists 50% survivability as 7.7kN at the distal tibia (using strain gages) and 6.8kN 

at the proximal tibia (using proximal load cell). The results list 50% survivability as 8.9kN at the distal 

tibia (calculated from strain gages) and 6.4kN measured at proximal load cell. Without explanation, half 

of the tests resulted in lower input forces than measured proximal tibia forces, even without significant 

pretension – perhaps this explains the incorrect signs in the mathematical model. 

 Yoganandan et al. (2016) tested 27 male PMHS specimens that were excised at the knee, 

ballasted to 11.3kg, fitted with military-issue boots, and tested at “increasing levels of external insult,” 

either by a pendulum (4.1 – 12.3kg) or see-saw-like “Vertac” device. Between each test, injury was 

assessed by palpations and x-rays. One data point was taken from each specimen (left-, right-, or 

doubly-censored depending on which level of external insult produced or didn’t produce a fracture). 13 

of the 27 specimens experienced no fractures. Age was found to be a significant factor when considering 

both any injuries and tibia injury specifically; Age was not significant across the group of tests that had 

calcaneal fractures in every specimen. Survival analyses were conducted for 29, 35, and 50 years of age; 

50% probability of injury occurs at 12.0, 11.1, and 9.1Kn respectively (this includes fracture of any bone). 

In concluding remarks, the importance to test female specimen response was emphasized.  

 Bailey et al. undertook a study to investigate the effects of loading rates/durations on fracture 

forces as well as to estimate errors arising from using proximal tibia forces as injury predictors (Bailey 

2017). Thirty-six PMHS specimens were tested, once each, in a horizontal impactor apparatus with a 



 

21 
 

fixed proximal boundary condition. The collected data were combined with 13 of the 20 male PMHS 

specimens tested by Henderson et al (2013). PMHS specimens were disarticulated at the knee, distal to 

the patella, and each proximal tibia was potted in polyurethane resin. The 10.5kg impactor tests were 

executed at 3 different impact speeds (12 tests at each speed). Polyurethane and Sorbothane were used 

to shape the footplate acceleration pulse. They concluded that fractures occurred prior to peak proximal 

tibia loads in all tests and that fracture force was load-rate dependent. According to the authors, 

statistical significance was not established for impulse to fracture values between the different tests 

conditions and should be further explored as an injury predictor.  
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Table 1. Summary of select past studies on dynamic axial PMHS leg loading 

Study Age n=? 
Specimen 

Demographics 
Excised Orientation Achilles F Boundary Conditions Input Energy 

Measurement 
Location 

Avg Fracture Force 
(N) 

Roberts (1993) unknown 24 Paired. 8M + 4F Mid-femur 
(12) Neutral, (12) 

20° dorsiflexed 
N 

Fixed proximal; constant velocity impact 
(4.6m/s) 

Unclear 
Hydraulic 

Distal 
9,751N  

(Yoga '99) 
Scheuler et al. 

(1995) 
24-67 24 

12 full body. 9M 
+ 3F 

N/A Neutral N 
Free proximal; 38kg pneumatic coaxial 

impactor @ 24-45km/h 
856 – 2,990 J Distal (sole) 15,000N 

Begeman and 
Aekbote (1996) 43-69 17 12M + 5F Mid-tibia Neutral N 

Fixed proximal, pneumatic actuator 
(50ms rectangular pulse) 

130 – 690 J 
(McKay 2010) Proximal 

7,848N 
(Mildon ‘17) 

Yoganandan et 
al. (1996) 

27-67 26 + 26* 24M + 2F At knee Neutral N 
Free proximal (sled); 24kg pendulum @ 

2.2-7.6m/s 
58 – 693 J Proximal + Mixed* 7,822N 

Klopp et al. 
(1997) 40-95 50 29M + 21F Mid-femur Allowed rotation Leg 

Spring; Pendulum/piston (4 different 
loading scenarios) Unclear 

Mid-tibia, plantar 
contact 

Calcaneus: 3,755N 
mid-tibia, 6.3kN 

plantar 
Yoganandan et 

al. (1997) 
27-55 9 5M At knee Neutral N 

Free proximal (sled); 24kg pendulum @ 
2.2-7.6m/s 

58 – 693 J Plantar, Proximal 10.2kN Proximal 

Kitigawa (1998) 59-83 16 Paired. 2M + 6F 
Distal to 

knee 
Neutral All 

Fixed Proximal; 18kg pendulum @ 2.91-
3.76 m/s striking forefoot 

76 – 127 J 
Impactor, 
Proximal 

Calcaneus: 8,115N 
proximal 

Yoganandan et 
al. (1999) 

unknown 26 unknown At knee Neutral N 
Free proximal (sled); 24kg pendulum @ 

2.2-7.6m/s 
58 – 693 J 

Impactor, 
Proximal 

7,802N 

McMaster et al. 
(2000) 

67.7 avg 23 unknown At knee Neutral All 
Fixed proximal; sled striking one of three 

locations (padding) 
Unclear Plantar, Proximal 

6,300N proximal 
resultant (incl. 

Achilles preload) 
Seipel et al. 

(2001) 
27-74 22 21M + 1F At knee Neutral N 

Free proximal (sled); 24?kg pendulum @ 
2.2-6.7m/s 

58 – 539 J 
Plantar (padding), 

Proximal 
7,610N 

Funk et al. (2000) unknown 20 unknown Mid-femur Neutral N 
Fixed proximal (padding); pendulum 

(7m/s) (padding) 

100-800 J 
(Gallenberger 

2013) 

Footplate, mid-
tibia, proximal 

6.0kN Proximal 

Funk et al. (2001) 41-74 44 21M + 23F Mid-femur Neutral 22/44 
Fixed proximal (padding); pendulum 

(padding) 
Unclear 

Footplate, mid-
tibia, proximal 

5,731N  
mid-tibia 

McKay and Bir 
(2009) 

44-80 18 12M + 6F Mid-femur Neutral N 
Free proximal; 36.7kg impactor @ one of 

three speeds (7, 10, 12 m/s) 
900 – 2,642 J Mid-tibia 4,493N 

Henderson et al. 
(2013) 

39-60 18 unknown At knee Neutral 
Pre-

compression 
Fixed-Free proximal (collapsible spacers); 

Drop Tower (38.5 - 61.2kg) 
335 – 1,200 J Proximal 

50% injury 
probability at 6.8kN 

proximal leg 
Yoganandan et 

al. 2016 
24-77 17 17M At knee Neutral N 

Unclear proximal; Vertac or Pendulum 
(booted) 

95 – 643 J Proximal 9.9kN peak 
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2.4  Injury Risk Functions 

Many Injury Risk Functions (IRFs) have been developed for the leg-ankle complex to predict injury under 

a variety of factors, including age, weight, sex, and applied force. Some of those considered more relevant to the 

current endeavor are outlined below. One of the early models, and perhaps the most important in terms of 

citations, was produced by Yoganandan et al in 1996 (Equation 1). The model incorporates 52 datapoints from 

three different sets of data: Yoganandan (1996), Begeman (1996), and Roberts (1993). The three experiments 

use different methods, including boundary conditions. This model was subsequently referenced by NATO in 

setting injury standards for UBB conditions. Even though the input-time-dependence of viscoelastic responses 

was already a known factor (Yoga 1989), this dataset was chosen over others for its large sample size and large 

age range. The effects of loading durations, rise-time, and impulse had not yet been explored (NATO 2007). In a 

2015 paper, Yoganandan presented an updated IRF, including data from Begeman and Aekbote (1996), 

Yoganandan et al. (1996), Kitagawa et al. (1998), Funk et al. (2002), and Mckay and Bir (2009). This IRF was 

calculated from a subset of 62 tests which resulted in 35 fracture cases and 27 non-injury cases (Equation 2).  

 

𝑃(𝐹 ) = 1 − 𝑒𝑥𝑝 −
. ⋅ . ⋅

.

.
 (1) 

 

𝑃(𝐹 ) = 1 − 𝑒
. ⋅ . .

  (2) 

 

Funk produced an IRF using 30 datapoints from his PMHS tests in 2001 (Equation 3) – incorporating age, 

gender, mass, and applied Achilles tension (Funk 2002). 6 of those 30 specimens suffered artifactual fractures 

during testing. From 24 datapoints, fracture probability is given as a function of peak force, with gender, mass, 

age, and Achilles tension are covariates. It’s unclear what assumptions were made to extrapolate such an 

ambitious set of complex relationships from the available data. For instance, a risk function and probability 

curve are shown for 5th-percentile females at 45 years of age. The two most applicable datapoints (41 & 42 years 

old), besides having both suffered artifactual fractures, are arguably even outside of the appropriate 

demographics: 168cm, 71.4kg & 160cm, 89.5kg. The next youngest female datapoint in the sample set is 62 

years old. Peak footplate force was determined to be the best injury predictor variable, but the IRF used peak 

tibia loads in order to better facilitate mapping to ATDs. The Yoga (1996) and Funk models are in strong 

agreement at 45 years of age (NATO 2007). Though the majority of tests produced fractures of the calcaneus, 

many other injuries were observed including: “nine talar fractures, eight lateral malleolar fractures, seven tibia 

plafond fractures, four medial malleolar fractures, two distal fibula fractures, … two navicular fractures … 12 

tibial plateau fractures, five fibular neck fractures, and two femoral condyle fractures.” Funk et al reports that 
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between the tibia and the calcaneus, the calcaneus is the weaker link. Since peak tibia fracture forces were 

reported and used in calculating the IRF, it is not clear what type of injury each reported force corresponds to – 

unlike the current study which specifically reports calcaneus fracture forces. 

 

𝑃(𝐹 ) = 𝑒𝑥𝑝{−𝑒𝑥𝑝[4.99 ⋅ ln(𝐹 ) − 43.7 − 0.964 ⋅ 𝑔𝑒𝑛𝑑𝑒𝑟 + 0.0793 ⋅ 𝑎𝑔𝑒 − 0.0552 ⋅ 𝑚 − 0.473 ⋅ 𝑡𝑒𝑛𝑠𝑖𝑜𝑛]} (3) 

 

McKay (2010) produced several regressions based off 18 PMHS test specimens under blast loading 

conditions (Equation 4). He found that gender and age were not significant, likely on account of the small sample 

size. Impactor speed was chosen as best extrinsic model candidate for doubly censored data; Fz chosen as best 

intrinsic model candidate for right censored and uncensored datapoints. McKay explores higher rate loading, but 

out of 18 specimens, 6 sustained no injury and another 4 had questionable artifactual tibia fractures – resulting 

in a relatively small sample size. The masses of PMHS leg specimens in McKay’s study were significantly altered 

during preparation, leading to mass decreases for larger specimens and increases for smaller specimens. For 

example, post-instrumentation, a leg from a 76-kg male cadaver weighed 7.2kg whereas a leg from a 45.4-kg 

female cadaver weighed 13.2kg. Subsequently, the specimens were subjected to three different input 

conditions. These large experimental variations – and anatomical deviations – in McKay’s study likely 

contributed to its poor prediction of current study responses.  

 

𝑃(𝐹 ) = ( . )

.
 
 (4) 

 

Chirvi et al. created an injury risk function for the leg following a series of tests executed under 

simulated UBB loading conditions (Chirvi 2017). The function was developed from tests on fifty 50th-percentile 

male PMHS specimens using either a pendulum or VertAc device (Gallenberger 2013, Pintar 2016, Yoganandan 

2016). The datapoints drawn upon were tested under a variety of conditions including booted/unbooted 

alternate postures (dorsiflexed and plantarflexed). Peak force was treated as the primary predictor, with 

posture, age, and the presence of PPE as covariates. The model provides coefficients corresponding to 5 types of 

injuries and levels of severities. The determination of major vs minor calcaneus injury was based off the Sanders 

classification system; Sanders-I injuries were considered minor, and all others (Sanders II-IV) were considered 

major (Sander 1993). The following equation incorporates coefficients for the case of major calcaneus injury, 

which was derived from an (n=39) subset of the 50 specimens (Equation 5); equation brackets were modified 

from the original publication in order to reproduce the probabilities provided in Chirvi et al.  
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𝑃(𝐹 ) = 1 − 𝑒𝑥𝑝{[−𝐹 ⋅ 𝑒𝑥𝑝(0.011 ⋅ 𝑎𝑔𝑒 − 2.94)] . } (5) 

 

In 2015, Bailey published a meta-analysis of 82 previous datapoints from Roberts 1993, Yoganandan et 

al. 1996, Klopp et al. 1997, and Funk et al. 2000 & 2002 (Bailey 2015). Plantar force, measured by loadcells at the 

footplate, was chosen as the best force measurement on account of most injuries being located at the distal end 

– and because of Funk’s research showing that acoustic emission bursts were strongly correlated with peak 

footplate force. Rate of force application was found to be an insignificant covariate within the datasets 

examined. In 2019 Bailey updated her IRF (Equation 6), expanding to 137 datapoints (including Henderson et al. 

2013, Bailey et al. 2017). Drawing upon inspiration from earlier bioastronautics research (von Gierke 1964, Stech 

1969), the study claimed improved prediction accuracy for higher rate loading datapoints in the literature, 

specifically applicable for load durations between 5 – 90ms (Bailey 2019). Von Gierke explored the physiological 

effects of transient accelerations and emphasized the importance of input durations as compared to the inverse 

of the natural frequency of the system being perturbed. Shorter input durations lead to non-uniform effects 

such as localized pressures and relative tissue displacements. This examination of single degree-of-freedom 

systems led to the conclusion that if the duration is sufficiently short enough, the response depends not on the 

peak input force so much as the acceleration-time integral – effectively the mass normalized impulse delivered 

to the system (von Gierke 1964). Unfortunately, the current study cannot be compared to Bailey et al., which 

relies on peak footplate force. 

 

𝑃(𝐹 ) = 1 − 𝑒𝑥𝑝 − 𝑒𝑥𝑝 − + 𝑒𝑥𝑝 −
.

𝑒 . ( .   .  ⋅ .  ⋅ )   (6) 

 

Mildon completed a meta-study of 154 individual impacts on neutrally-positioned lower limbs with 

reported tibia forces from six of the above studies: Yoganandan (1996), Begeman (1996), Funk (2002), Barbir 

(2005), McKay (2010), and Gallenberger (2013). The IRFs specifically aim for accuracy in blast loading scenarios 

and include tibia force, age, mass, and sex (Eq. 7). The IRF is in close agreement with Funk’s for 50% probability 

of fracture in 45yo male (8.82kN to Funk’s 8.30kN). The literature review undertaken found that bone strength 

varies non-linearly with age, coming to the conclusion that the many studies that linearly extrapolated bone 

strength across age significantly overestimate the strength of younger populations’ lower limbs (Mildon 2017). 
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 (7) 

  

CHAPTER 3 – METHODS  

All specimen preparation, testing, and post-procurement storage occurred at Virginia Tech Center for 

Injury Biomechanics (VT CIB) in accordance with Army Policy for Use of Human Cadavers for Research (McHugh 

2012); the work herein was approved and completed under cooperative agreement VT CA W911NF-14-2-0023 

APP3, and in accordance with US Army Human Resources Planning and Operations (HRPO) procedures. All 

specimens were selected using the inclusion/exclusion criteria shown in Tables 2-3.  

Table 2. PMHS Inclusion Criteria (Pietsch 2019) 

PMHS Inclusion Criteria 

 Measure 
50th Male 5th Female 75th Female 

Minimum Maximum Minimum Maximum Minimum Maximum 

Stature (Height) 165 cm  186 cm  145.6 cm  158.4 cm  160.9 cm  173.7 cm  

Mass/Weight 64 kg 106 kg  39 kg 63 kg 64 kg  89 kg 

BMI 18 35 18 35 18 35 

BMD (T-score) -1 +2.5  -1 +2.5  -1 +2.5  

Age 18 80 18 80 18 80 
 

Table 3. PMHS Exclusion Criteria (Pietsch 2019) 

PMHS Exclusion Criteria 
Lack of consent as required by the Army policy for PMHS research 
Stature and mass greater than 2.5 standard deviation away from the desired percentiles 
HIV, Hepatitis B, or Hepatitis C 
Existing damage or trauma to an important anatomical region 
Appreciable bone metastases or some advanced or aggressive forms of cancer (e.g. melanoma) 

Some surgeries such as LX amputations, unhealed orthopedic procedures, spinal fixation/arthroplasty, etc. 
Some disease states such as sepsis or extreme cases of: disc degeneration, scoliosis, stenosis or ostephytic 
growths, rheumatoid arthritis, osteomyelitis, etc. 
Congenital joint malformations or developmental anomalies (e.g. talipes equinovarus, displasia, etc.) 
Spina bifida, ALS, MD, polio 
Severely limited range of motion at joints or in spine 
Lumbar spine BMD lower than -1 or above 2.5 standard deviation as evaluated using T score  

𝑅 =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝐹

17.6
 

(7650)

𝑚 + 350
𝐹

17.6
 
(𝐴 − 80𝐴 + 9250)

𝑚 + 350
𝐹

66
 

(6750)

𝑚 + 350
𝐹

66
 
(𝐴 − 80𝐴 + 8350)

𝑚 + 8

 

|𝑀𝑎𝑙𝑒 𝑎𝑛𝑑 𝐴 ≤ 40 

𝑃 = 1 − 𝑒𝑥𝑝 −
𝑅

9.8617

.

 

|𝑀𝑎𝑙𝑒 𝑎𝑛𝑑 𝐴 > 40 

|𝐹𝑒𝑚𝑎𝑙𝑒 𝑎𝑛𝑑 𝐴 ≤ 40 

|𝐹𝑒𝑚𝑎𝑙𝑒 𝑎𝑛𝑑 𝐴 > 40 
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3.1 Specimen Preparation 

Seventeen fresh-frozen PMHS right legs were obtained for this series of tests; whole-body characteristics of 

these PMHS are displayed in Table 4. The musculature and ligaments supporting the proximal tibia and fibula 

were kept intact to preserve anatomical geometry. The tarsals and metatarsals were removed from all 

specimens, to minimize experimental variation. Approximately 6” of flesh was removed above the ankle, and the 

exposed tibiae and fibulae were cleaned. The fat, flesh, and ligaments inferior to the calcaneus were removed, 

and the inferior side of the calcaneus was cleaned. While making an estimation of the foot in a boot, a location 

along the tibia/fibula was marked with a zip-tie so that the specimen could be as long as possible, while fitting 

into the testing rig. The specimens were then wrapped in damp paper-towels and re-frozen.  

An aluminum form was prepared with steel bolts, Heli-coils, and release agent (Figure 9). A single specimen 

was retrieved from the freezer, cut (while still frozen) at the marked location, and suspended vertically above 

the center of the form with malleoli normal to the sides of the square form. Dyna-Cast® was then poured and 

allowed to set. After setting, specimens were removed from the form, wrapped in damp towels and placed in a 

cooler. The following day, when thawed, specimens were levelled and X-rays were taken to determine the 

appropriate angle of flexion. Prior examination of booted and seated subjects determined this position to be 

when the inferior surface of the calcaneus is 20° off horizontal (Figure 10). With the specimen held in position, a 

form was created in the excised heel area, Dyna-Cast® was poured directly on the inferior side of the calcaneus, 

allowed to set, and carefully sanded flat. 

 

 

Figure 9. Aluminum form for Dyna-Cast®. Left picture shows adjustable plates used to center heel on follower; load-cell is 
located in the space between the form and adjustable plates. 
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Figure 10. Calcaneus angle for neutral seated position (from https://www.rcemlearning.co.uk/wp-content/uploads/foot-
xray.jpg, modified; permission granted by RCEMLearning). 

 

 

 

 

Table 4. Test specimen characteristics 

PMHS # Sex Age (yrs) Stature (cm) Mass (kg) BMI 
7409 M 54 175.3 68.5 22 
7575 M 69 175.3 81.2 26 
7542 M 49 165.1 59.0 22 
7805 M 68 185.4 98.4 29 
7406 M 68 170.2 65.8 23 
7849 M 74 180.3 88.0 27 
7469 F 58 167.6 69.9 25 
7380 F 67 162.6 67.1 25 
7618 F 62 162.6 60.8 23 
7058 F 41 168.9 63.0 22 
7834 F 64 167.6 65.3 23 
2366 F 47 157.5 85.7 35 
7607 F 79 162.6 54.9 21 
7630 F 64 165.1 58.1 21 
0509 F 80 149.9 51.7 23 
7727 F 61 165.1 53.1 19 

L7034 F 67 154.9 54.9 23 
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3.2 Test Setup 

Testing was performed on a custom rig that includes a 454-kg belt-driven drum rotated at approximately 

1000rpm using an electric motor and a pneumatically actuated custom cam designed to linearly drive a 

cylindrical “follower” 25.4mm into the specimens. The system is capable of consistently delivering the desired 

intrusion at a repeatable displacement profile, reaching 5m/s in 10ms at the end of a 25.4-mm stroke. Unlike 

nearly all other tests in the current literature (except the few tests performed with explosive charges), the high 

kinetic energy in the system ensures that the input to the system is completely un-attenuated by the specimen 

being tested. The cam is driven down to interface with the follower using a pneumatic piston. The piston is fired 

based upon the index/position of the cam and the state of a manual enable switch. Pictures of this testing 

apparatus are shown below in Figures 11-13. 

 
Figure 11. Cam Rig (Left), Drive Mechanism (Top Right), Cam and Follower Mechanism (Bottom Right) 
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Figure 12. One of the preliminary tests. The image intensifier is visible in the background 

 

 

Figure 13. The follower, partially assembled, with the system reset (cam lift/cylinder venting) switch 
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Data were collected by TDAS Pro data acquisition system (DTS, Seal Beach, CA). The TDAS Pro collects 

data at 20k samples per second with a 4.3 kHz, 8th-order, anti-alias hardware filter. Single axis x-ray (medio-

lateral view - 76 kV and 250 mA) was directed toward a 41 cm diameter image intensifier.  Images were 

recorded from the output of the image intensifier using a VR Phantom v9.1 monochrome CMOS camera 

operating at 2,000 frames per second with 1104x704 pixel resolution and 20-μs exposure time. An Endevco 

7264c accelerometer was affixed to the rear of the follower and a Denton 2513 six-axis load cell was placed 

proximal to the specimen to collect reaction load and moment. Stroke speed was obtained by integrating the 

accelerometer data. An electronic synchronization system was used to time align the transducer data with the 

optical data. Post-testing, data were zeroed according to average of the first 100 (pre-actuation) samples and 

filtered using a 4th order Butterworth Filter in compliance with SAE J211 impact testing standards (SAE, 2007) –

Channel Frequency Class (CFC) 600 was applied to load cell data and CFC 1000 to the accelerometer data. The 

accelerometer data from the follower were integrated to calculate instantaneous velocity. 
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RESULTS 

Since the process of the calcaneus is located anterior to the long axis of the leg and the tuberosity of the 

calcaneus sits slightly lateral of the talus, underbody loading tends to produce oblique fractures latero-medially 

across the body of the calcaneus – in line with the vertex of the talus’ Gissane’s angle – separating the calcaneus 

into two main fragments (Essex-Lopresti 1952, Sanders 2000). The current series of testing produced fractures in 

agreement with previous dynamic axial loading tests, including those executed under explosive induced loading 

such as the Accelerative Loading Fixture (ALF) at US Army Aberdeen Proving Grounds (Danelson 2015, Cristino 

2019). In agreement with ALF testing, the one case of major tibial damage and the two cases of major damage to 

the talus were mutually exclusive (Cristino 2019). The current setup applies input evenly across the inferior 

surface of the calcaneus, producing severely comminuted fractures on the plantar body of the calcaneus.  

After processing, the data were plotted and tabulated for comparison both within and across subgroups. 

The calcaneus was severely fractured in all 17 tests. Load-time histories are plotted below in Figures 15-17, 

followed by calcaneal fracture forces in Table 5. Time of fracture initiation was established using the high-speed 

x-ray images – e.g. Figure 14 below. The average fracture forces were 5.4kN for 50th-percentile male, 4.1kN for 

75th-percentile female, and 2.9kN for 5th-percentile female. The 50th-percentile male tests showed a more tightly 

grouped response – the lowest standard deviation of the groups tested. 

 

     
Figure 14. Right calcaneus fracture of PMHS 7805 in progress (left), and a right talus fracture developing after the onset of 

calcaneus fracture for PMHS 7630 (right). 

 

Two specimens experienced significant talus fractures; high-speed x-ray imaging confirms that in PMHS 

2366 (75F) the talus fractured first at 7.9kN, obscuring the later fracture of the calcaneus. This datapoint is still 
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reported but left out of the statistical analyses. In PMHS 7607 (5F) the talus fractured at 2kN, after the 

calcaneus. Past literature provides epidemiological evidence of increased risk of talus fracture in females 

(Gorman 2016). One specimen, PMHS 7469 (75F), experienced a pilon fracture at 3.7kN, after the calcaneus 

failed. The damage to the calcanei followed similar patterns: the inferior aspect crushed, a major fracture line 

running through the posterior talar articular surface, with the other three articular surfaces in fragments. These 

can be seen in Appendix B. Several of the tali that didn’t experience complete failures showed similar damage 

patterns (Appendix A, Appendix C). 

Statistical analyses of variance (ANOVA) were run to check for significance between groups (Table 6). 

One-way ANOVA, which assumes the standard deviations are equal for each group, shows significance (p = 

0.0054). Two other analyses of variance, neither of which make the above equal standard deviation assumption, 

also support significance in the difference between means (Brown-Forsythe, p = 0.0091; Welch’s, p = 0.0156). 

Unpaired Student’s t-tests showed statistical significance between the 50M group and each of the female 

subgroups (75F, p = 0.0469; 5F, p = 0.0030). The two female groups were not statistically different according to 

this test. Nevertheless, a clear descriptive trend can be seen in the average fracture forces required for each of 

these groups (Figure 18). Given the sexual dimorphism of calcanei and tali that have been recorded in the 

literature, the statistical differences found between subgroups in the current study could be due to geometric 

stress-strain variations.  

 

 
Figure 15. Load-time histories for 50th-percentile male ankle tests using the cam device 
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Figure 16. Load-time histories for 75th-percentile female ankle tests using the cam device 

 

 
Figure 17. Load-time histories for 5th-percentile female ankle tests using the cam device 
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Table 5. Summary of calcaneus fracture loads from ankle testing using the cam device. Time is measured from local force 
minimum corresponding to displacement onset, until fracture. Force-time plots (Figs 15-17) retain a few extra milliseconds 

for readability. 

50M 75F 5F 

PMHS 
# 

Fx Load 
(N) 

Time 
(ms) 

PMHS 
# 

Fx Load 
(N) 

Time 
(ms) 

PMHS 
# 

Fx Load 
(N) 

Time 
(ms) 

7409 5,032 3.90 7469
†
 3,088 4.05 7607 2,589 2.80 

7575 4,372 4.85 7380 3,202 3.40 7630• 960 2.95 

7542 4,891 3.40 7618 4,763 2.45 0509 3,218 2.20 

7805 5,578 2.80 7058 4,003 3.40 7727 4,544 2.60 

7406 6,333 3.80 7834 5,593 2.35 L7034 3,055 2.70 

7849 6,229 2.45 2366
‡
 8,504 5.50 

  
 

Average 5,406 3.53 Average 4,130 3.05 Average 2,873 2.65 

Std. Dev. ±780 ±0.86 Std. Dev. ±1,061 ±0.67 Std. Dev. ±1,293 ±0.28 
† Late pilon Fx ~ 3,689 N, 5.6 ms 
‡ Early talus Fx ~ 7,928 N, 2.65 ms 
• Late talus Fx ~ 2,000 N, 7.9 ms 
 
 

Table 6. Statistical analyses of the calcaneus fracture loads 

Statistical Test p Notes 

ANOVA 

One-Way 0.0054 ** Assumes same std. dev. 

Brown-Forsythe 0.0091 ** Assume different 
std. dev. Welch's 0.0156 * 

Unpaired 
Student’s t 

5F vs. 50M 0.0030 **  

75F vs. 50M 0.0469 *  

5F vs. 75F 0.1315 ns Not significant 

 

 
Figure 18. Comparison of fracture force averages and standard deviations across anthropometries. 

 

* 
** 
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Min/max load-time envelopes and averages were plotted for each subgroup (Figures 19-21), and the 

group averages were plotted against each other (Figure 22); this readily shows differences in average failure 

loads. Given the small sizes of samples tested and the conditions used for the tests, these averaged responses 

are not meant to represent the response of the average specimen in the population but are merely shown for 

the sake of comparison across the acquired data. Except for PMHS 2366 (75F), these initial peaks correspond to 

the reaction force at fracture of the calcaneus. Since the displacement-times have very little variation across all 

the tests, an examination of Figure 22 suggests that the 5th-percentile female exhibits on average a slightly less 

stiff response than both the 50th-percentile male and 75th-percentile female. Though this is certainly not 

conclusive given the small sample sizes and deviations recorded therein, correlations have been found between 

decreasing stiffness and decreasing breaking strength (Stech 1969). Bone stiffness has also been observed to 

decrease with increasing age (Perey 1957), and the 5th-percentile female sample set has the highest average age 

at 70.2 years (vs 63.7 years for 50th male and 56.5 years for 75th female). 

 

Figure 19. Load-time response envelope for 50th-percentile male ankle tests using the cam device 
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Figure 20. Load-time response envelope for 75th-percentile female ankle tests using the cam device 

 

 

Figure 21. Load-time response envelope for 5th-percentile female ankle tests using the cam device 
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Figure 22. Comparison of pointwise average load-time response for ankle tests using the cam device 

 
 

Table 7. Peak follower speed for each test 

%ile 
& Sex 

PMHS Right Ankle 

# (m/s) 

50M 

7409 4.6 

7575 5.1 

7542 4.5 

7805 4.5 

7406 4.2 

7849 5.0 

75F 

7469 4.7 

7380 4.7 

7618 4.8 

7058 4.9 

7834 5.2 

2366 4.9 

5F 

7607 4.5 

7630 4.5 

0509 4.4 

7727 4.8 

L7034 4.7 

Average 4.7 

Std. Dev. 0.3 

 

It’s been suggested as late as 1973 in Bioastronautics studies on human responses to vibration that for 

short duration impulses (those that are much shorter than the natural period of the system), that the “impulse” 
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(a*dt) has a stronger effect on the response than acceleration amplitudes (von Gierke 1964). There is 

biomechanical support for incorporating this sort of approach: at higher loading rates (i.e. higher strain rates) 

local failures occur before input energies have time to propagate through the system, such as during land-mine 

exposure. However, the strain rates typically encountered in the tibia during UBB tests are fairly low (3 s-1). The 

impulse-to-fracture values were calculated for each specimen using the trapezoidal rule ( 

 

 

 

 

 

 

Table 8). All values in the following table correspond to fracture of the calcaneus except PMHS 2366, for 

which the earlier talus fracture force and time were used. This impulse-to-fracture calculation in dynamic leg 

response testing has been previous shown to be a statistically significant predictor of pilon fractures in booted 

landmine tests (Griffin 2001). Bailey has incorporated this phenomenon in her 2019 injury risk function (IRF) that 

aims to balance impulse-to-fracture and peak-fracture-force using two load rate dependent exponentials (Bailey 

2019). Use of footplate force as a primary predictor variable precludes the possibility of accurately comparing 

the present data with this IRF. It is not clear that the theory behind the relationship between impulse and 

damage applies to relatively low strain rate tests, especially those for which a boot is used. 

The data failed to establish statistical significance between the 50th-percentile male and 75th-percentile 

female groups. According to Student’s t-tests, the 5th-percentile female group did however show statistically 

significant differences in impulse-to-fracture response compared to both the 50th-percentile male (p = 0.0026) 

and the 75th-percentile female (p = 0.0027) groups. The physical differences between 5th-percentile female and 

both 75th-percentile female and 50th-percentile male leg sizes and masses anticipate the statistical significance of 

these differences. The differences found in the current study between 50th-percentile male and 75th-percentile 

female calcaneus fracture forces, as well as the average time-to-fracture found for these two groups (3.53ms 

and 3.05ms respectively), lend credence to the hypothesis that impulse-to-fracture could be a significant 

difference between male and female specimens. Given this evidence, it is perhaps all the more meaningful that 

statistical significance is not established. The data collected in this study does not support a relationship 

between impulse and damage, nor does it support the notion that local failures occur before input energies 

have time to propagate through the system, for these strain rates. 
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Table 8. Summary of Impulse-to-fracture (∫ 𝐹𝑑𝑡) data from ankle testing using the cam device 

50M 75F 5F 

PMHS 
# 

Impulse 
(N-ms) 

PMHS 
# 

Impulse 
(N-ms) 

PMHS 
# 

Impulse 
(N-ms) 

7409 6,003 7469 6,121 7607 4,219 

7575 5,837 7380 4,352 7630 1,259 

7542 5,034 7618 6,158 0509 3,023 

7805 7,325 7058 6,797 7727 4,561 

7406 9,305 7834 6,172 L7034 2,569 

7849 6,574 2366
‡
 8,189 

  
Average 6,680 Average 6,298 Average 3,126 

Std. Dev. ±1,496 Std. Dev. ±1,239 Std. Dev. ±1,329 
‡ Early talus impulse-to-Fx reported 

 

 

Figure 23. Comparison of Impulse-to-fracture averages and standard deviations for the ankle tests. 
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The reaction loads measured in the current study are generally lower than those reported in previous 

studies, as well as those predicted by injury risk functions. Probabilities of these reaction loads as predicted by 

several injury risk functions are shown in Table 9. Several experimental considerations were made in order to 

reduce experimental variation that likely led to lower fracture forces. Excising the fat and tissue inferior to the 

calcaneus reduced the pathways through which input energy could propagate and dissipate. Furthermore, the 

fixed proximal boundary condition prevented the applied load from universally accelerating the test specimen. 

Since the injury risk functions explored were calculated from higher fracture data, it’s no surprise that the risk 

functions under-predict the fractures in the current study.  

Table 9. Comparison of current results to existing leg injury risk functions 

PMHS 
# Group Age 

(yrs) 
Stature 

(cm) 
Mass 
(kg) 

Fracture 
Fz (kN) 

Impulse 
(N-s) 

Yoga 
1996 
(%) 

Yoga 
2015 
(%) 

Funk 
2001 
(%) 

McKay 
2010 
(%) 

Chirvi 
2017 
(%) 

Mildon 
2017 
(%) 

7409 50M 54 175.3 68.5 5.03 6.00 13.8 15.5 17.8 35.4 1 7.1 
7575 50M 69 175.3 81.2 4.37 5.84 20.7 18 14.6 26.1 1.2 4.9 
7542 50M 49 165.1 59.0 4.89 5.03 9 10.8 17.6 33.3 0.6 6.5 
7805 50M 68 185.4 98.4 5.58 7.32 39.7 42.8 17.4 44.1 5.1 11 
7406 50M 68 170.2 65.8 6.33 9.31 55.9 62.7 88.6 56.7 10.9 24.1 
7849 50M 74 180.3 88.0 6.23 6.57 64.8 71.5 61.2 54.9 14.5 21.9 
7469 75F 58 167.6 69.9 3.09 6.12 3.7 2.3 5.5 13.1 0.1 2.7 
7380 75F 67 162.6 67.1 3.20 4.35 7.8 4.4 15 13.9 0.2 4.6 
7618 75F 62 162.6 60.8 4.76 6.16 18.2 18.2 67.6 31.4 1.3 27.8 
7058 75F 41 168.9 63.0 4.00 6.80 2.3 3 7.6 21.7 0.1 9.6 
7834 75F 64 167.6 65.3 5.59 6.17 33.5 36.8 89.9 44.4 3.9 40.6 
2366 75F 47 157.5 85.7 8.50 8.19‡ 52.2 70.4 79.1 79.1 15.7 54.9 
7607 5F 79 162.6 54.9 2.59 4.22 10.7 3.2 24.9 9.7 0.1 6.1 
7630 5F 64 165.1 58.1 0.96 1.26 0.7 0 0.1 3.5 0 0 
0509 5F 80 149.9 51.7 3.22 3.02 17.8 8.6 66.6 14.1 0.4 18.7 
7727 5F 61 165.1 53.1 4.54 4.56 14.8 14.4 71.6 28.4 0.9 35.1 

L7034 5F 67 154.9 54.9 3.06 2.57 6.9 3.5 22.3 12.8 0.1 7.9 
 

‡ Early talus impulse-to-Fx reported 
 

DISCUSSION  

The data acquired herein demonstrates statistically significant differences exist between injury tolerances of 

50th-percentile male, 75th-percentile female, and 5th-percentile female PMHS legs subject to dynamic axial 

loading. This series of tests was designed as an Analysis of Alternatives to explore the necessity for further 

research; it was not intended to produce threshold data directly usable for ATD testing. Though in general, 

reporting total leg force by potting both the tibia and fibula together allows data to be more conducive to 

mapping to test dummies. ATDs currently do not have a separate tibia and fibula, and so studies reporting only 

mid-tibia force must be adjusted by an arbitrary factor somewhere between 7% and 28% - which seems to 
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depend on both loading rate and whether a fracture occurred (Crandall 1996, Funk 2000). Furthermore, mid-

tibia load cell implants are prone to artifactual fractures and could affect the biomechanical response of the 

system – changing local spring and damping rates. 

The data produced through this study is unique in the methods employed to reduce experimental variation. 

The input energy levels employed herein are orders of magnitude above nearly every other previous study on 

dynamic PMHS leg tests. The minimization of percent input energy attenuation during testing allows for the 

separation of independent (input) from dependent (leg response) variables. Many studies currently in the 

literature rely on an impacting mass to impart energy to the specimens; in these impactor tests, the impactor 

mass is always on the same order of magnitude as the specimen being tested (matching effective mass). In 

contrast, the current study applies high-rate and repeatable displacement. Physically, this is more appropriate 

for UBB-style testing. During a UBB event, the damping of global vehicle acceleration due to the inertial reaction 

of occupants is negligible. Existing literature makes predictions as to average fracture force and probability of 

fracture at a given force, for a given specimen. The results from the current series of tests are generally lower 

than fracture forces reported in past studies (see Table 1 & Table 5). Reasons for this could include:  

 Rigid distal boundary condition. No other ankle injury tolerance study excised fat from 

the heel pad, exposing bone to direct insult. In fact, most other studies had at least an 

additional layer of padding and sometimes even military-issued boots that would 

disperse the input energy. Furthermore, since the input was directly applied to and 

distributed over the inferior surface of the calcaneus, one should expect calcaneus 

fracture forces to be significantly lower, as measured proximal to the ankle. Applying an 

injurious input to the entire foot provides parallel paths through which the force can be 

transmitted from the foot to the leg bones. This is evidenced by the shift in injury 

patterns from predominately calcaneus to predominately tibia during tests employing 

the use of military boots, even though higher peak forces were measured (Chirvi 2017). 

This was an experimental consideration necessary to minimize experimental variation 

between specimens. 

 Fixed proximal boundary condition. The specimen was not permitted to accelerate. 

Many other existing studies are done on either a mini-sled and/or with padding or some 

other collapsible spacers situated proximal to the specimen. 

 High rate loading. Many of the existing studies have focused on automotive loading 

rates. UBB loading rates have been shown to localize injuries near the input, not 
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allowing time for mass recruitment and the propagation of energy through the 

specimen.  

 Negligible input energy attenuation and mass recruitment. The cam/follower setup used 

in the current study delivers a 25.4-mm (1”) stroke with approximately 250kJ of energy; 

this is 2-3 orders of magnitude higher than most other studies (Table 1), except perhaps 

the few that use live explosives. The experimental setup was intended to, and in fact 

did, produce injury in every specimen. 

As with most cadaver studies, the sample size was one apparent limitation in the current study. Given 

that this study is meant to be an analysis of alternatives and not intended to produce definitive injury threshold 

data, the relatively small samples are considered sufficient in establishing a general trend among the data, 

particularly considering the very small experimental variance. The statistical analyses performed showed 

significance in differences between male and female fracture forces. There is a clear trend within the data 

produced in this series of tests: fracture forces for 50th-percentile males are higher than 75th-percentile females 

are higher than 5th-percentile females. Expectedly, the Impulse-integral calculations failed to establish statistical 

significance. This calculation should be explored in future studies using higher strain rate or perhaps with a 

larger sample set.  

In past research studies, care was not always taken to ensure that testing was carried out on specimens 

with similar physical characteristics and sometimes whole-body PMHS characteristics are not explicitly provided. 

Examining the data that has been used in creating injury risk functions reveals large variations in reported 

fracture forces. The following correspond to mean and standard deviation values of 50th-percentile male 

fracture cases subsequently used in injury risk function calculations for dynamic axial loading of neutrally 

positioned legs: 𝐹 = 8436N, σ = 2094N (Yoganandan 1996, n=11); 𝐹 = 4520N, σ = 1397N (Klopp 1997, n=8); 𝐹 = 

7098N, σ = 1937N (Funk 2001, n=11); 𝐹 = 5579N, σ = 2478N (McKay 2010, n=7); 𝐹 = 9893N, σ = 1983N 

(Yoganandan 2016, n=14). Note that body-mass was not provided in the Klopp paper. Though the differences in 

input conditions and reaction load measurement locations make it problematic to compare means across these 

different studies, comparisons of variance within each study can be made; all show larger variances than that in 

the current study: 𝐹 = 5406N, σ = 780N. This supports the assertion that the apparatus and procedures used in 

the current study were effectively able to minimize experimental variation. 
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CONCLUSIONS 

  The current study demonstrates statistically different injury tolerances between 50th-percentile male, 

75th-percentile female and 5th-percentile female legs subjected to high rate axial loading, such as that 

characteristic of underbody blast scenarios (One-way ANOVA and unpaired Student’s t tests). This series of 

testing was meant as an analysis of alternatives, not to produce definitive injury threshold data or corresponding 

injury risk functions. The fracture forces measured in this study showed lower standard deviations than those 

reported in other well-cited studies. Several experimental considerations in the preparation of specimens drove 

down the variation but necessarily diverged from in-theatre conditions, such as the absence of tarsals, 

metatarsals, and personal protective equipment. The conclusion reached herein is that further testing is 

warranted to explore and characterize the difference in fracture tolerances between men and women. Such 

testing is particularly opportune given the 2015 authorization of females into all military combat positions. 

Special attention should be given to the level and quality of injurious input in future testing. Many past studies 

have relied on impacting masses to deliver energy to the specimen being tested. These impacts are not 

physically appropriate in capturing the nature of blast induced accelerative loading. The explicit biomechanical 

effect of loading rate has been explored, but not fully characterized. Considerable additional biomechanical data 

are needed to characterize female response and injury risk. The differences found in this study highlight the 

importance of collecting these data. Future studies should keep in mind the layout of transducers in 

anthropomorphic test dummies when formulating their experimental designs, in order to produce data 

conducive for mapping in future safety testing. 
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APPENDIX A: POST-TEST DISSECTION DAMAGE NOTES 

 

Category PMHS Bone Post-test Dissection Damage Notes 

50M 

7409 Calcaneus anterior half shattered; fracture separating inferior surface 

7575 
Calcaneus 

inferior anterior facets (middle, anterior, and cuboid articular surfaces) 
shattered off, several bone fragments from anterio-lateral; anterior 
inferior surface crushed 

Talus 
damage to calcaneal articular surface along lateral tubercle and near 
(lateral talocalcaneal / anterior talofibular) 

Navicular fracture through superior-medial talar articular surface 

7542 

Calcaneus 
inferior anterior facets (middle, anterior, and cuboid articular surfaces) 
shattered off; inferior surface of neck fractured off 

Talus 
chipped lateral tubercle of posterior calcaneal articular surface; damage 
at calcaneofibular attachment and nearby calcaneal articular surface; 
damage at interosseus talocalcaneal ligament attachment point 

Cuboid calcaneal articular facet fractured off 
Navicular medial third fractured off 

7805 

Calcaneus 
anterior half shattered (splitting through posterior facet); inferior surface 
of neck fractured off 

Talus 
chips off edges of posterior calcaneal articular surface near 
calcaneofibular ligament attachment and lateral tubercle 

Tibia 
chips on distal end anterior and medial (appears to be at posterior 
tibiotalar ligament); both chips occurred in areas with what appeared to 
be pre-existing injuries/abnormalities 

7406 Calcaneus 
anterior and cuboid facets fractured off, several bone fragments from 
anterio-lateral; inferior surface of neck (up to process) fractured off 

7849 

Calcaneus 
anterior half shattered (all three inferior facets – anterior, middle, and 
cuboid), posterior facet intact; lateral surface fractured off; posterior-half 
fractured down the middle into two pieces (inferior and superior) 

Talus 
chipped lateral tubercle; damage at calcaneofibular attachment and 
nearby calcaneal articular surface; chip at interosseus talocalcaneal 
ligament attachment point 

75F 

7469 

Calcaneus 
anterior half shattered (fractured through posterior facet); fracture 
separating inferior surface  

Talus 
damage at interosseus talocalcaneal ligament attachment point; damage 
between posterior calcaneal facet and intersection of lateral malleolus 
and tibial facets  

Fibula shaft broken 
Tibia fractured at distal end and neck 

7380 

Calcaneus anterior half shattered (anterior, middle, and cuboid facets) 

Talus 
damage at calcaneofibular ligament attachment; chipped at interosseus 
talocalcaneal ligament attachment point; damage between posterior 
calcaneal facet and intersection of lateral malleolus and tibial facets  

Navicular chip off lateral inferior talar articular surface 
Fibula distal end / malleolus fractured into three pieces 
Tibia damage to distal end of lateral side  

7618 
Calcaneus 

anterior and cuboid articular surfaces shattered off; fracture separating 
inferior surface 

Talus damage at calcaneofibular ligament attachment point 
Fibula damage at the anterior talofibular ligament attachment point 

7058 

Calcaneus 
anterior facets fractured off (running through posterior facet), several 
bone fragments from anterio-lateral; anterior inferior surface of neck 
fractured off  

Talus 
chips off edges of posterior calcaneal articular surface near: 
calcaneofibular ligament attachment, center of deltoid ligament, and 
lateral tubercle 

Navicular fracture through superior-lateral talar articular surface 

7834 
Calcaneus anterior-half shattered (all 4 facets) 

Talus 
damage at calcaneofibular ligament attachment point; damage at 
posterior lip of posterior calcaneal articular surface 

2366 Calcaneus broken, anterior half shattered 
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Talus 
fracture through neck along the calcaneal, tibial and malleolus articular 
surfaces; 
fracture through middle of calcaneal articular surface 

Tibia 
damage at anterio-distal end along base of medial malleolus (inferior 
transverse ligament attachment point) 

 5F 

7607 

Calcaneus anterior half shattered (all 4 facets); inferior surface of neck fractured off 

Talus 
fracture through lateral tubercle; damage at calcaneofibular ligament 
attachment point; damage at interosseus talocalcaneal ligament 
attachment point 

Navicular chipped along inferior talar articular surface 

Tibia 
damage along posterior distal end: at inferior transverse ligament 
attachment point & tibiotalar ligament 

7630 

Calcaneus anterior shattered; fracture separating medial from lateral  

Talus 
fracture through the neck along the calcaneal, tibial and lateral malleolus 
articular surfaces; fracture between posterior calcaneal and tibial 
articular surfaces 

Navicular fracture through tuberosity 
Fibular fracture at distal end through malleolus  

Tibia 
damage at anterio-distal end along edge of articular surface (inferior 
transverse ligament attachment point) 

0509 TRR5  

7727 

Calcaneus 
anterior, middle, and cuboid facets fractured off; inferior surface of neck 
fractured off 

Talus 
chips off posterior calcaneal articular surface near calcaneofibular 
ligament attachment point and lateral tubercle; damage at interosseus 
talocalcaneal ligament attachment point 

Fibula fracture separating malleolus from distal end of fibula 

L7034 
Calcaneus 

anterior three facets fractured off, quarter-sized piece of inferior surface 
fractured off 

Talus small chip off posterior lip of posterior calcaneal articular surface 
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APPENDIX B: CATALOG OF RIGHT CALCANEUS FRACTURE CHARACTERISTICS 

 
Table 10. Concomitant fractures associated with ankle/foot testing 

Specimen 
Concomitant Damage PHMS # 

2366 Talus 
7469 Pilon 
7630 Talus 

 

             
Figure 24. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7409. 

 
 

             
Figure 25. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7575. 
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Figure 26. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7542. 

 
 

             
Figure 27. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7805. 

 
 

             
Figure 28. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS 7406. 
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Figure 29. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7849. 

 
 

             
 

             
Figure 30. Fracture of the right calcaneus plantar view (top left) and sagittal view (top right) of PMHS7469. Pilon 
fracture of PMHS7469 axial view (bottom left) and anterior view (bottom right). 
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Figure 31. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7380. 

 
 

             
Figure 32. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7618. 

 
 

 
Figure 33. Fracture of the right calcaneus oblique view of PMHS7058. 
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Figure 34. Fracture of the right calcaneus plantar view of PMHS7834. 

 
 

 
 

             
Figure 35. Fracture of the right calcaneus plantar view (top) of PMHS2366 and the right talus of PMHS2366 
(bottom left and right). 
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Figure 36. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7607. 
 
 

             
Figure 37. Fracture of the right calcaneus plantar view (left) of PMHS7630 and the right talus of PMHS 7630 
(right). 
 
 

 
Figure 38. Fracture of the right calcaneus oblique view (left) of PMHS 0509 (TRR5). 
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Figure 39. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHS7727. 

 
 

             
Figure 40. Fracture of the right calcaneus plantar view (left) and sagittal view (right) of PMHSL7034. 
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APPENDIX C. TYPICAL TALUS DAMAGE PATTERNS (NOT REPORTED AS FRACTURES): 

 

  

Figure 41. Damage to talus PMHS 7380. 

 

  

Figure 42. Damage to talus PMHS 7542 (left) and PMHS 7805 (right). 
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Figure 43. Damage to talus PMHS 7058 (left) and PMHS 7849 (right). 

 

  

Figure 44. Damage to talus PMHS 7727 (left) and PMHS 7607 (right). 
 

 

 

 

 

 

 

 


