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ABSTRACT 

 

EXPERIMENTAL INVESTIGATIONS OF  

BLUNT FORCE TRAUMA IN THE HUMAN SKELETON 

 

By 

Mariyam I. Isa 

In forensic anthropology, skeletal trauma is a growing area of analysis that can contribute 

important evidence about the circumstances of an individual’s death. In bioarchaeology, patterns 

of skeletal trauma are situated within a cultural context to explore human behaviors across time 

and space. Trauma analysis involves transforming observations of fracture patterns in the human 

skeleton into inferences about the circumstances involved in their production. This analysis is 

based on the foundational assumption that fracture behavior is the nonrandom result of 

interactions between extrinsic factors influencing the stresses placed on bone and intrinsic factors 

affecting bone’s ability to withstand these stresses. Biomechanical principles provide the 

theoretical foundation for generating hypotheses about how various extrinsic and intrinsic factors 

affect the formation of fracture patterns, and about how these factors can be read from fracture 

patterns. However, research is necessary to test and refine these hypotheses and, on a more basic 

level, to document the relationships between “input” variables of interest and fracture “outputs.”  

One research approach involves the use of forensic and/or clinical case samples. Case-

based approaches are important because they provide data from real scenarios and contexts that 

may be similar to those encountered in unknown cases. However, a limitation is that input 

variables are not directly measured or controlled and therefore cannot be precisely known. 

Therefore, case-based approaches offer incomplete means of hypothesis testing. Over the past 

decade, anthropologists have increasingly addressed this problem using prospective, 

experimental approaches. Experimental research provides the advantage of investigating fracture 
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patterns generated under known, replicable, laboratory-controlled conditions. While this type of 

research is believed to be most applicable to forensic cases when it is conducted on unembalmed 

postmortem human subjects (PMHS) within the perimortem interval, to date the majority of 

experimental studies have involved nonhuman models. Given micro- and macro-structural 

differences between species, it is yet unknown how results obtained in nonhuman bones scale to 

human bones. Experimental studies on PMHS are therefore warranted to test hypotheses and 

develop reference points for how fracture patterns form in response to various loading inputs.   

The purpose of this dissertation is to document and evaluate basic relationships between 

several forensically relevant input variables and fracture behavior outputs through a series of 

blunt force impact experiments on human crania and femora. Part one of this dissertation 

investigates cranial fracture behavior in relation to the input variables of point of impact, number 

of impacts, impact surface, and kinetic energy. Part two investigates the relationship between 

impact direction and fracture behavior in the femur. The papers comprising this dissertation are 

united by three common goals: 1) to investigate fracture formation, including how and where 

fractures initiate and propagate relative to the impact site; 2) to document and compare fracture 

behavior in response to known input variables; and 3) to evaluate fracture features described in 

reference literature and gather evidence of their utility in reconstructing these input variables.  

This research advances understanding of the interplay between impact variables and 

fracture behavior in cranial and postcranial blunt force skeletal trauma. Furthermore, this study 

contributes reference data associating known loading conditions with resultant fracture patterns 

in human material. This type of data is necessary to build interpretive and methodological theory 

in anthropological trauma analyses.  
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 1 

INTRODUCTION 

 

“It is easy to reconstruct events from evidence of damage to the skeletal remains, but it is 

very difficult to do so correctly.” (Maples 1986, 223) 

Background   

Trauma refers to the physical disruption of living tissue by outside forces (Christensen, 

Passalacqua, and Bartelink 2014). Skeletal trauma analysis involves the identification, 

description, documentation, and interpretation of traumatic alterations to bones and teeth 

(SWGANTH 2011).  

In the context of forensic anthropology, trauma analysis can provide evidence regarding 

the circumstances of a death event or events related to disposal of the body (Symes et al. 2012). 

Forensic anthropologists are asked to evaluate skeletal trauma in cases in which soft tissue is 

decomposed or inadequate for autopsy, or when the trauma is particularly complex (Wedel, 

Galloway, and Zephro 2014). Anthropologists do not determine cause or manner of death, as 

these determinations are the legal responsibility of the medicolegal authority. However, 

anthropologists’ assessments of trauma within a given case context can contribute to the 

interpretation of evidence and assist the medicolegal authority in determining cause and manner 

of death.  

In the archaeological record, skeletal trauma presents biological evidence of humans’ 

interactions with their physical and sociocultural environments. Whereas the ultimate goal of 

trauma analysis in a forensic context is to reconstruct specific events relevant to an individual 

case, the ultimate goal of bioarchaeologists is to place trauma within a sociocultural context 

(Walker 2001). Trauma analysis provides insight into such diverse issues as change in 
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subsistence strategies (Domett and Tayles 2006), reaction to resource stress (Torres-Rouff and 

Costa Junqueira 2006), funerary practice (Jones, Walsh-Haney, and Quinn 2015), construction of 

identity (Knudson and Torres-Rouff 2009), communication of power and symbolism (Pérez 

2012; Tung and Knudson 2008) and consequences of structural inequality (Klaus 2012; de la 

Cova 2012). Violence is a particularly productive area of trauma research (Martin and Harrod 

2015; Judd and Redfern 2012).  

In studies of the more distant past, the identification and analysis of trauma can help 

address questions about hominin behavior and site formation processes. Patterns of perimortem 

fractures can provide evidence to suggest whether an assemblage more likely represents the 

result of intentional deposition or natural causes (L’Abbe et al. 2015). Additionally, comparisons 

of skeletal trauma patterns in modern humans and hominin ancestors have been used to suggest 

other behaviors in antiquity such as interpersonal violence (Zollikofer et al. 2002; Churchill et al. 

2009; Wu et al. 2011), hunting (Camarós et al. 2016; Trinkaus and Buzhilova 2012), and modes 

of locomotion (Kappelman et al. 2016).   

Regardless of the anthropological context or ultimate goals, the proximate goals of 

skeletal trauma analysis are similar. One is to assess trauma timing: whether the insult occurred 

antemortem, postmortem, or within the perimortem interval. These classifications are made 

based on the presence or absence of osteogenic response and the qualities of the skeletal tissue 

(Christensen, Passalacqua, and Bartelink 2014; SWGANTH 2011). For skeletal trauma, the 

perimortem interval includes alterations that do not exhibit signs of osteogenic response (i.e., 

healing or infection) and that were incurred while the bone was in a biomechanically fresh state, 

generally around the time of death. Perimortem trauma is of particular forensic interest because 

of its potential relevance to the death event or events surrounding the disposition of the body.  
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Another goal of trauma analysis is to assess the mechanism that caused the trauma. 

Anthropologists have traditionally used categories such as sharp force, blunt force, and gunshot 

or high-velocity projectile to describe skeletal trauma (SWGANTH 2011; Symes et al. 2012). 

However, these categories are not discrete, as trauma occurs along a biomechanical continuum 

governed by a series of mechanical and anatomical variables (Kroman 2007; Kroman and Symes 

2013). Two variables of importance are the loading rate and the surface area over which the load 

is applied. The primary difference between high velocity projectile trauma and the other 

traditional categories is the loading rate. High velocity projectile trauma is associated with 

objects moving at a very high (fast) rate and impacting a small surface area. In contrast, sharp 

and blunt force trauma involve lower (slower) rates of loading. In sharp force trauma, the load is 

applied over a small, often narrow surface, whereas in blunt force trauma it is applied over a 

broader surface area. This dissertation focuses on blunt force trauma, the range of trauma 

associated with a relatively low-velocity impact between a body and a blunt surface 

(SWGANTH 2011).   

Assessments of timing and mechanism represent the primary objectives of trauma 

analysis (Berryman, Lanfear, and Shirley 2012; Wedel, Galloway, and Zephro 2014; 

SWGANTH 2011). However, anthropologists may make additional interpretations based on 

fracture patterns. In a forensic context, courts often expect more precise interpretations beyond 

timing and mechanism (Berryman, Lanfear, and Shirley 2012). These include interpretations 

about the direction or location, minimum number, and sequence of impact, general 

characteristics of the injuring object, tool, or surface, and/or the type or amount of force required 

to produce a particular pattern of trauma (Berryman, Lanfear, and Shirley 2012; Christensen, 

Passalacqua, and Bartelink 2014; Symes et al. 2012). These types of higher resolution 
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interpretations are also important for strengthening foundations for biocultural interpretations of 

fractures in antiquity (Lovell and Grauer 2019). A lack of baseline data and standardized 

methodological approaches for making these higher-resolution interpretations represents a 

current gap in trauma analysis.  

Many theoretical and methodological advances in skeletal trauma analysis can be traced 

to the latter decades of the twentieth century. Trauma analysis became a mainstream component 

of forensic anthropology casework during the “Professionalization” era (1970s-1990s) of the 

subfield (Sledzik et al. 2007). In this era, collaborations between anthropologists and local 

medical examiner offices helped to highlight anthropologists’ potential contributions to death 

investigations (Passalacqua and Fenton 2012). Anthropologists’ ability to distinguish skeletal 

trauma from other bone tissue changes and their knowledge of bone biology, structure, and repair 

processes provided valuable information that helped inform determinations of cause and manner 

of death. Early publications on skeletal trauma included primarily case studies (Kerley 1976, 

1978; Angel and Caldwell 1984; Sauer 1984; Frayer and Bridgens 1985; Maples 1986; Maples et 

al. 1989). In the 1980s and 1990s, forensic anthropologists began to undertake systematic 

approaches to trauma research (Passalacqua and Fenton 2012). Pioneers in this effort included 

Hugh Berryman, Steve Symes, O.C. Smith, and colleagues collaborating at the same medical 

examiner’s office in Memphis, Tennessee (Smith et al. 1991; Berryman et al. 1991; Symes et al. 

1991; Smith, Berryman, and Lahren 1987). Seminal publications including those by Berryman 

and Symes (Berryman and Symes 1998) and Alison Galloway (Galloway 1999) helped to 

formalize a framework for conducting trauma analysis, including grounding the interpretation of 

fracture patterns within the theoretical context of biomechanics.  
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These theoretical and methodological advances coincided with concern over the validity 

of scientific evidence presented in court. Frye v. United States (Frye v. United States 1923) 

established general acceptance within the relevant field as the standard for admissibility of 

evidence. However, the 1993 decision in Daubert v. Merrell Dow Pharmaceuticals, Inc. 

(Daubert v. Merrill Dow Pharmaceuticals, Inc. 1993) established a new standard for the 

admissibility of expert testimony, requiring that the reasoning or methodology underlying the 

testimony must be scientifically valid. This has led the field of forensic anthropology to consider 

and attempt to formalize the theoretical and methodological bases for the discipline and its 

various analyses (Boyd and Boyd 2011). Following the work of Schiffer (Schiffer 1988) 

describing high-level, middle-range, and low-level theory in archaeology, Boyd and Boyd 

propose three dynamic and interacting forms of theory in forensic anthropology: foundational, 

interpretive, and methodological (Boyd and Boyd 2011, 2018). Berryman et al. (Berryman, 

Berryman, and Saul 2018) apply this structure to the theoretical framework for trauma analysis. 

Trauma analysis begins with the fundamental assumption that fracture behavior is nonrandom, 

subject to the laws of physics, and therefore predictable to a certain degree (Berryman, 

Berryman, and Saul 2018). Biomechanical principles provide the overarching foundational 

theory for understanding the specific phenomena of fracture patterns. Meanwhile, casework and 

research inform interpretive theories, the means by which analysts transform observations of 

fracture patterns into inferential statements about the specific events that caused them. Finally, 

systems of classifying and describing fracture patterns and features reflect methodological 

theories, which in turn may influence how interpretations are made (Boyd and Boyd 2011; 

Berryman, Berryman, and Saul 2018). This theoretical framework underpins the approach taken 

in this dissertation. 
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Foundational Theory    

The foundational theory informing trauma analysis is based on principles of 

biomechanics (Berryman et al. 2018). These principles can be used to explain fracture behavior 

as the nonrandom product of “extrinsic” factors influencing how force is applied to a bone and 

“intrinsic” factors related to how the bone resists the stresses produced by these applied forces.  

The term “biomechanics” is fairly recent, even if the study it describes is not. Herbert 

Hatze provided one of the first formal definitions in 1974, describing biomechanics as “the study 

of the structure and function of biological systems by the means of the methods of mechanics” 

(Hatze 1974). It is a practical theory used to explain biological and mechanical behaviors of the 

tissues comprising living beings in response to applied forces (Kieser, Taylor, and Carr 2012). 

Biomechanics has applications in many fields including medicine, dentistry, botany, zoology, 

and recently, forensic sciences. The emerging field of forensic biomechanics applies methods of 

mechanics and knowledge of the structure and function of biological systems at various scales to 

explain forensically relevant biological phenomena including skeletal and soft tissue trauma and 

blood spatter patterns (Kieser, Taylor, and Carr 2012). 

Different biomechanical problems draw on different areas of applied mechanics. 

Principles of statics have been used to analyze forces in joints and muscles, principles of 

dynamics to analyze motion and gait, principles of solid mechanics to investigate biological 

systems under various load conditions, and principles of fluid mechanics to investigate the flow 

of blood or air through various body systems (Özkaya and Leger 2012). However, biological 

tissues and systems are more complex than the manmade materials and systems traditionally 

analyzed using mechanical methods (Fung 1993; Kieser 2013; Roesler 1987). Depending on the 

question addressed, the object of biomechanical interest may be considered at multiple levels of 
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organization including the material, tissue, organ, and organism levels (Fung 1993; Roesler 

1987). Unlike manmade materials, there are also challenges inherent in measuring and sampling 

biological materials and developing life-like testing conditions. Therefore, Fung (Fung 1993) 

describes the basic approach of biomechanics as an iterative process of hypothesis generation 

and testing that may include various steps of mathematical modeling, analysis, and experimental 

measurements.   

Basic principles  

This section reviews some of the basic principles of biomechanics relevant to trauma 

analysis and discussed throughout the course of this dissertation.  

A force can be described as a push or pull acting on a body (Hall 2012). Newton’s three 

laws of motion describe the relationship between the forces acting on a body and the motion of a 

body in response to these forces. Newton’s first law describes force qualitatively: an object at 

rest or moving with a constant velocity will remain in that state until an external force is applied 

(Kieser 2013). Newton’s second law describes force quantitatively (Kieser 2013). One way of 

stating this is in terms of acceleration, or the rate of change of velocity: a force (F) applied to a 

body of mass (m) will cause an acceleration (a) of the body proportional to the force and 

inversely proportional to the mass: F=ma. Another way of stating Newton’s second law is in 

terms of momentum. Objects in motion have a momentum (p) equal to the mass multiplied by 

the velocity (v): p=mv. Force is equal to the change in momentum (Δp) over time (t): F= Δp/t. 

The product of force and time is the impulse (J): J=Ft. These two equations give rise to the 

impulse momentum theorem. A force acting on a body for a specific amount of time results in a 

change in momentum of that body: J = Ft = Δp. The important takeaway is that the motion of a 

body depends on the magnitude and the duration of the applied force (Hall 2012). Finally, 
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Newton’s third law asserts that there are no isolated single forces. When one object exerts a force 

on another object, the second object exerts a force of equal magnitude and opposite direction on 

the first (Özkaya and Leger 2012). While forces may be equal in magnitude, they may have 

different effects due to differences in the properties of these objects (Kieser 2013).  

The force or combination of forces applied to a structure is called the load (Frankel and 

Nordin 2012). Load is sometimes denoted P. In the human body, forces are applied during 

standing, sitting, and other weight-bearing activities, through the action of muscles, and when the 

body strikes or is struck by an object (Frankel and Nordin 2012). Loading causes acceleration 

and/or deformation of a structure. Acceleration produces displacement, or movement relative to 

the original position. Deformation involves a change in shape or size relative to the original 

configuration. The extent of deformation depends on various intrinsic factors (for example, the 

material properties, size, and shape of the object) and the direction, duration, and magnitude of 

the applied load (Özkaya and Leger 2012).  

Forces can be applied in various directions, resulting in various types of loading. Tensile 

loading (tension) refers to the application of equal and opposite forces outward from a structure’s 

surface. This causes the structure to lengthen in the direction of the load. Compressive loading 

(compression) refers to the application of equal and opposite forces toward a structure’s surface. 

This causes the structure to shrink in the direction of the load. Shear loading refers to forces 

applied parallel to a structure’s surface. This causes internal, angular deformation. Bending 

refers to the application of force such that a structure bends about an axis. Meanwhile, torsion 

refers to the application of force such that a structure twists about an axis. All of these types of 

loading occur in bone, although most often bones are subjected to combinations of loading 

(Nordin and Frankel 2012).  
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Stress (σ) is the intensity of a load (P) per unit area (A) that develops on a surface within 

a structure in response to an externally applied load (Özkaya and Leger 2012). This relationship 

can be expressed: σ = P/A. Strain (ε) is a measure of the deformation that develops within a 

structure in response to externally applied loads (Özkaya and Leger 2012). Strain is a unitless 

measure calculated as the change in dimension (Δl) divided by the original dimension (l). This 

relationship can be expressed: ε = Δl/l.      

Different types of loading produce different types of stresses and strains: tensile, 

compressive, and shear loads produce tensile, compressive, and shear stresses and strains, 

respectively. Even in more complex loading, stresses and strains can be simplified into these 

categories (Frankel and Nordin 2012). For example, bending produces tensile stresses and strains 

on the convex side of the neutral axis and compressive stresses and strains on the concave side. 

Compressive and tensile stresses act normal (perpendicular) to the loading surface, and are 

therefore referred to as normal stresses (denoted σ). In contrast, shear stresses act tangentially to 

the loading surface and are denoted τ (Özkaya and Leger 2012). 

Biological tissues are often described according to their structural and/or material 

properties (Pal 2014). Structural properties characterize intact tissues and are dependent on the 

size and shape of the tissue. These properties are typically described according to relationships 

between load and deformation. In contrast, material properties characterize the material that 

makes up a tissue and are largely independent of geometry. These properties are described 

according to relationships between stress and strain (Pal 2014).  

A structure or material may have different properties depending on the direction of 

loading applied. In order to determine structural properties, load-deformation tests are conducted 

in which the structure is loaded in the manner of interest and deformation of the structure is 
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measured and plotted as a function of the applied load (Martin et al. 2015). Up until a certain 

point, application of loading will produce nonpermanent, or elastic deformation. This part of the 

load-deformation curve usually shows a linear relationship. With increased loading, structures 

deform permanently (plastic deformation) and do not recover their original shape after the load is 

removed. The point at which the structure begins to plastically deform is the yield point. The 

highest load a structure can sustain before failure is the ultimate load. Finally, the point at which 

fracture occurs is the failure point. In cortical bone, the ultimate load and failure point usually 

coincide (Martin et al. 2015).  

Several important properties can be determined by examination of the load-deformation 

curve (Frankel and Nordin 2012). The load the structure can sustain before failure is the strength; 

this can be taken as the yield point or the failure point. The stiffness of the structure is the load 

required to deform a structure a given amount; this can be calculated as the slope of the linear 

(constant) portion of the load-deformation curve. Finally, the energy the structure can store 

before failure is calculated as the area under the load-deformation curve up until the point of 

failure (Frankel and Nordin 2012). Energy is a quantitative property that is transferred to an 

object to perform work (Hall 2012). Work (W) is the product of force and distance (d): W=Fd.  

A load-deformation curve can be converted into a stress-strain curve by applying 

appropriate formulas to convert load to stress and deformation to strain (Martin et al. 2015). This 

process can be used to determine material properties. Often, materials testing is carried out using 

coupons (specimens of standardized dimensions). Stress-strain curves are typically similar in 

shape to load-deformation curves, and similar properties can be determined from this curve. 

Material strength refers to the maximum stress a material can sustain before deformation or 

failure. Material stiffness is the amount of stress required to produce a certain amount of strain. 
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In simple solid materials, stress and strain are linearly proportional. For normal (compressive and 

tensile) loading, this relationship can be expressed as E=σ/ε, where E is a constant (Young’s 

modulus). Stiffer materials such as glass have higher moduli whereas more ductile materials such 

as rubber have lower moduli. Finally, toughness refers to the amount of energy a material can 

absorb before failure and is calculated as the area under the stress-strain curve up until the point 

of failure (Martin et al. 2015).  

Structure and properties of bones 

Intrinsic factors related to the structural and material properties of bone influence how 

bone behaves in response to applied loads. Some properties of relevance include anisotropy and 

viscoelasticity. Bone is anisotropic, meaning it exhibits different mechanical properties 

depending on the direction of the applied force. Additionally, bone is viscoelastic, meaning its 

mechanical behavior is time dependent and varies depending on the rate of loading. The modulus 

of elasticity (Wright and Hayes 1976), ultimate strength (Carter and Hayes 1977) and fracture 

toughness (Kulin, Jiang, and Vecchio 2011) have all been shown to vary with the loading rate.  

  Bone structure is also important in understanding its mechanical responses. Bone is 

heterogenous and has a hierarchical structure. Currey (Currey 2012) describes four scales for 

examining bone structure: nanoscale (referring to the organic and inorganic building blocks of 

bone), microscale (referring to histological structures), mesoscale (referring to differences 

between cortical and trabecular bone tissue) and whole bone scale. The structure and properties 

at each of these levels may influence the mechanical behavior of whole bones.  

At the nanoscale, bone is a composite material composed of tightly packed collagen 

fibrils, mineral crystals, and water (Ruppel, Miller, and Burr 2008; Currey 2012; Fratzl et al. 

2004). Collagen fibrils (primarily Type I collagen) are thought to be oriented differently within 
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and throughout bone to enhance mechanical properties at specific sites (Ruppel, Miller, and Burr 

2008). Mineral crystals (predominately carbonated hydroxyapatite) have been shown to have a 

plate-like organization, packed parallel to one another in the gaps between collagen fibrils (Fratzl 

et al. 2004; Eppell et al. 2001). Generally, these organic and inorganic components of bone are 

understood to affect material strength. Collagen contributes primarily to toughness, or the 

capacity of bone to absorb energy prior to fracture (Viguet-Carrin, Garnero, and Delmas 2005). 

Collagen denaturation significantly decreases the toughness of bone but has little effect on its 

stiffness (Wang et al. 2006). Meanwhile, mineral content affects the stiffness of bone (Viguet-

Carrin, Garnero, and Delmas 2005). As mineral content increases, stiffness increases while 

toughness decreases (Currey 2012). Mineral has a higher elastic modulus than collagen, therefore 

more mineral produces less strain for a particular load. However, more mineralization might 

inhibit collagen from deforming. This may in turn prevent the formation of microcracks and 

leave bone more susceptible to catastrophic failure (Currey 2012). Various authors have 

suggested the formation of microcracks is an important toughening mechanism in bone (Nalla, 

Ager, and Ritchie 2005; Koester, Ager, and Ritchie 2008; Cheong et al. 2017).  

At the microstructural level, there are several histological types of bone. Woven bone is 

found in fetal bone and in adult bone in the early stages of fracture repair. Produced quickly as 

osteoblasts lay down osteoid, it is composed of randomly arranged collagen fibers. Woven bone 

is mechanically weak (Currey 2012). It is eventually replaced by lamellar bone, which is highly 

organized, with parallel collagen fibers primarily organized into concentric sheets (lamellae). As 

bone remodels, osteoclasts resorb old bone and osteoblasts fill these channels with new bone, 

forming Haversian systems. Haversian systems, also known as secondary osteons, are composed 

of lamellar bone organized around a central (Haversian) canal containing blood vessels. They are 
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newer than surrounding interstitial bone, and therefore are less mineralized (Currey 2012). As 

such, increases in the proportion of secondary Haversian tissue are associated with significant 

decreases in ultimate strength, modulus of elasticity, and energy absorbing capacity (Wright and 

Hayes 1976). The presence of osteons also affects the path of failure (Behiri and Bonfield 1980). 

The cement lines that separate Haversian systems from surrounding interstitial bone represent a 

stress discontinuity that directs crack formation (Currey 2012). Cracks tend to travel between 

osteons, parallel to the long axis of the bone (Behiri and Bonfield 1989). Koester et al. (Koester, 

Ager, and Ritchie 2008) found that microcracks formed at cement lines and travelled 

longitudinally regardless of loading orientation. 

At the mesoscale, bone is composed of two types of tissue: cortical (compact) bone and 

trabecular (cancellous) bone. Cortical bone is composed of lamellar bone and comprises the 

smooth, hard outer cortex of the skeletal elements. Trabecular bone comprises the inner layer of 

these elements, and is found at the ends of long bones, within flat bones like those of the 

cranium, and within vertebral bodies. Trabecular bone has a spongy appearance, consisting of a 

lattice of bony rods and plates that provide a framework for bone marrow (Oftadeh et al. 2015). 

The relative amount of cortical bone to trabecular bone varies among and within individual 

bones, according to functional requirements (Carter and Spengler 1978). The classification of 

bone as cortical or trabecular is somewhat arbitrary and primarily based on porosity (Currey 

2012). The porosity of cortical bone ranges from 5 to 30%, while trabecular bone porosity ranges 

from 30 to 90% (Carter and Spengler 1978). Research has shown that the mechanical properties 

of cortical and cancellous bone are different and cannot be extrapolated from one another (Rice, 

Cowin, and Bowman 1988). It can be difficult to measure properties of trabeculae due to their 

small size and because it is an extremely heterogenous material whose properties depend on the 
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anatomical site being tested (Ciarelli et al. 1991; Oftadeh et al. 2015; Currey 2012). However, 

apparent density (the product of bone volume fraction and bone tissue density) strongly 

influences the elastic modulus and strength of trabecular bone (Rice, Cowin, and Bowman 1988; 

Ciarelli et al. 1991). Because trabecular bone is less dense and less mineralized than cortical 

bone, it is more flexible (exhibits lower stiffness) and weaker (exhibits lower mechanical 

strength) than cortical bone (Rice, Cowin, and Bowman 1988; Ciarelli et al. 1991; Rho, Ashman, 

and Turner 1993). Importantly, cortical bone exhibits greater mechanical strength in compression 

compared to tension (Reilly and Burstein 1975) and is therefore expected to fail in tension before 

compression. 

Whole bone geometry is also important to consider. The structure and function of the 

cranial vault, for example, differs from the structure and function of the femur. The primary 

function of the cranial vault is to protect the brain. It is a three-layered structure composed of an 

inner endosteal table and an outer periosteal table sandwiching a diploe layer. The inner and 

outer tables are composed of relatively rigid cortical bone, while the diploe layer is structurally 

soft and is composed of trabecular bone and blood vessels (Yoganandan and Pintar 2004; 

Gurdjian 1975). The outer table, which is externally oriented and bears muscular loads, is 

generally thicker, denser, and stiffer than the inner table (Boruah et al. 2015; Peterson and 

Dechow 2002; Gurdjian 1975). In contrast, the inner table, which experiences stresses primarily 

from intracerebral pressures transmitted through the dura, is thinner, less dense, and more 

compliant (Peterson and Dechow 2002).   

In contrast, the primary functions of the femur involve support and facilitation of muscle 

attachment and movement. Femoral structure largely reflects the loading to which the bone is 

exposed: compression and bending. Standing, walking, and other activities tend to impart axial 
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compression. Due to the anterior curvature of the femoral shaft, this produces a net bending 

moment acting on the diaphysis. The proximal and distal articular surfaces are composed of 

trabecular bone covered by a thin cortex. The trabeculae here are thought to direct large loads 

away from the joint and into the cortical bone (Currey 2012). The roughly tubular diaphysis is 

composed of dense cortical bone that is relatively strong when loaded axially compared to 

transversely (Reilly and Burstein 1975). The tubular structure of the diaphysis also serves to 

increase resistance to bending (Frankel and Nordin 2012). Compared to the alternative of a solid 

cylinder, a tubular configuration increases the distance of the bone’s mass from the neutral axis. 

This increases the moment of inertia, which in turn increases the bending strength and stiffness 

(Frankel and Nordin 2012). 

Finally, various factors on the level of the individual including sex, age, pathological 

conditions, health status, or drug use may affect bone structure on any of these levels, which may 

in turn affect bone behavior. 

Interpretive Theory 

Biomechanical principles provide the foundational theory for trauma analysis. 

Meanwhile, casework and research help to establish interpretive theories: the means by which 

analysts transform observations of fracture patterns into inferential statements about their cause. 

Research is particularly important in this regard: it provides a means of hypothesis testing, as 

well as a “database” for recognizing and interpreting patterns of trauma in individual forensic 

cases (Boyd and Boyd 2018).  

Berryman et al. (Berryman, Berryman, and Saul 2018) propose the “fracture assessment 

triad” as a framework for hypothesis building in trauma analysis and research. They divide the 

information necessary to interpret skeletal trauma into three categories: extrinsic factors, intrinsic 
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factors, and fracture behavior. Extrinsic factors include those such as the direction and 

magnitude of the force, the velocity of the impact, the mass, and the area over which force was 

applied. Intrinsic factors include those related to the various scales of bone structure, anatomical 

features such as sutures, foramina, and processes, and individual influences such as age and 

pathology. Finally, fracture behavior includes observable features such as the angle, location, and 

shape of fracture (Berryman, Berryman, and Saul 2018). Given two items in the triad, the third 

can be logically inferred using deductive reasoning. Inferences about extrinsic factors are often 

the target in trauma analysis, as these are related to the cause of the trauma. While the fracture 

assessment triad presents a framework for hypothesis building, research is necessary to inform, 

test, refine, and retest these hypotheses.  

Casework is one means by which anthropologists establish interpretive theory in trauma 

analysis. The interpretation of fractures as part of trauma analysis is itself an act of hypothesis 

formation. For example, an analyst may observe fracture patterns exhibiting plastic deformation 

and, based on knowledge of the viscoelastic properties of bone, form a hypothesis that the 

fracture was caused by the application of a low-velocity impact. Publication of case studies has 

been important in advancing understanding of skeletal trauma. Inductive case studies are “theory 

in their own right” (Boyd and Boyd 2011; Dobres and Robb 2005) and can suggest new ways to 

evaluate and interpret data. As an example, Fenton et al. (Fenton, DeJong, and Haut 2003) 

present a case study template for a collaborative anthropology, pathology, and biomechanics 

approach in assessing whether a particular set of circumstances (a punch to the head) could have 

caused a particular observed pattern of cranial fractures. The template this case study provided 

can and has subsequently been applied to assess other forensic cases.  
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Case studies also represent an important form of trauma research. Examination of larger 

samples of forensic or clinical cases can provide evidence in support or rejection of a hypothesis 

and help to refine or form new hypotheses. Hart (Hart 2005) investigated the hypothesis that 

cranial concentric fractures caused by blunt force and gunshot trauma can be differentiated on 

the basis of beveling direction. This hypothesis was informed through expectations based on 

biomechanical principles and supported in a study carried out on a sample of forensic cases 

(n=120). Case studies can also be used to explore patterns of trauma produced in different injury 

scenarios. Guyomarc’h et al. (Guyomarc’h et al. 2010) investigated the hypothesis that cranial 

trauma produced in fatal falls could be differentiated from homicidal blunt force blows in a 

sample of forensic cases (n=113). They find support for previously proposed criteria (e.g. 

lateralization of injuries and fracture length) and refine the original hypothesis by suggesting 

new criteria (e.g. cranial fracture type and the presence of postcranial trauma).  

Advantages of case studies are that they include real injury scenarios and forensic 

populations, and are therefore relevant to the contexts encountered in future, unknown cases. 

However, a disadvantage of this retrospective approach is that extrinsic variables of interest – for 

example, the magnitude and direction of force or the velocity of the impact – are not controlled, 

cannot be directly measured, and may remain unknown in the absence of detailed witness 

accounts. Therefore, retrospective, case-based approaches offer incomplete means of hypothesis 

testing how and why particular fractures form in response to particular independent variables.   

Recently, anthropologists have addressed this problem using prospective, experimental 

approaches. Experimental research provides the advantage of investigating fracture patterns 

generated under known, replicable, laboratory-controlled conditions. Impact testing provides an 
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important means of relating known input parameters to resultant fracture behavior including 

mechanical response, fracture formation, and fracture patterns.  

  The most successful of these studies have applied theory and methodology from 

biomechanics research. The subfield of injury biomechanics in particular shares common 

interests with anthropological trauma analysis. Aims of injury biomechanics include identifying 

and explaining injury mechanisms, quantifying the mechanical response of the body and its 

components to impact, determining tolerance to impact, and evaluating safety and prevention 

methods (King 2015). The automotive industry has supported a variety of research aimed at the 

derivation of injury tolerance criteria in order to develop safety standards and design and 

evaluate the biofidelity of anthropomorphic test dummies (Bass and Yoganandan 2015; 

Yoganandan and Pintar 2004). While there is a clear overlap between anthropology and 

biomechanics, the two fields study fractures in very different contexts. Typically, biomechanics-

driven research focuses on determining the point at which fracture occurs and does not provide 

detailed information about fracture patterns. Additionally, much of this research has taken place 

in the context of car crashes. In contrast, anthropologists are most interested in how bones 

fracture in a variety of contexts (Berryman, Berryman, and Saul 2018). 

One issue in experimental trauma studies is the selection of appropriate models. Various 

models have been explored including animal, synthetic, and human material. To date, most 

experimental studies of fracture patterns have involved nonhuman models (e.g., Powell et al. 

2012, 2013; Vaughan et al. 2016; Wheatley 2008; Reber and Simmons 2015; Cohen et al. 2016). 

Nonhuman bone is often used as a proxy for human bone (Zephro, Galloway, and Wedel 2014). 

Porcine bone is commonly used because it is thought to approximate various properties of human 

bone (Pearce et al. 2007; Aerssens et al. 1998). The use of animal models is advantageous in that 
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specimens are relatively easy and relatively inexpensive to acquire, allowing for data collection 

on large samples. However, due to structural and compositional differences between nonhuman 

and human bones, it is often unclear how the results of such experiments scale to human 

subjects. Additionally, species is an important factor to consider, as studies have shown 

differences in structural and material properties between human bone and various types of 

mammalian bone (Aerssens et al. 1998; Wang, Mabrey, and Agrawal 1998). 

Some researchers have investigated the use of synthetic material such as polyurethane. 

Examples include the work of Khalil et al. (Khalil, Raymond, and Miller 2015) on synthetic tibia 

and Smith et al. (Smith et al. 2015) and Ruchonnet et al. (Ruchonnet et al. 2019) on synthetic 

crania. An advantage of synthetic bones is that they are uniform, theoretically reducing the 

influences of intrinsic variation on fracture patterns. Another advantage is that they are relatively 

easy to acquire, and do not present ethical issues or logistical obstacles. This is especially 

important in countries where current legislation limits or prohibits research on human remains. 

However, a disadvantage is that synthetic materials do not exhibit the same micro- or 

macrostructure as bone. Synthetic crania, for example, consist of simple spheres and lack 

relevant features such as cranial sutures. Additionally, while bone has a heterogenous 

microstructure, the microstructure of polyurethane is much more uniform. Smith et al. (Smith et 

al. 2015) report that while gross features of fracture generated in synthetic crania were similar to 

those observed in bone, finer details differed.  

Experiments on human material in a fresh-frozen state are thought to provide the best 

analogies to bone behavior in living human subjects (Kroman and Symes 2013; Yoganandan and 

Pintar 2004). However, this type of material is often difficult and expensive to obtain. As such, 

relatively few anthropology-driven experimental studies of skeletal trauma have involved human 
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material. Notable exceptions include the work of Kroman (Kroman 2007) on various segments of 

the body, Kroman and colleagues (Kroman, Kress, and Porta 2011) on the human cranium, 

Daegling et al. (Daegling et al. 2008) on human ribs, and the ongoing work of Agnew, Harden, 

and colleagues (Harden et al. 2019; Agnew et al. 2020) on rib fracture. Kroman’s dissertation 

(Kroman 2007) presents an important example of the contribution of experimental trauma 

research to the development of interpretive theory. This research helped spur a shift toward 

understanding trauma along a biomechanical continuum rather than within discrete categories of 

injuries, and refined hypotheses regarding the importance of the extrinsic variables of force, 

surface area, and acceleration. However, there is still much work to be done to explore how these 

variables and others affect fracture formation in various regions of the skeleton.  

Methodological Theory 

In trauma analysis, methodological theories include the reasons that inform the use of 

certain protocols or systems of collecting and analyzing data from fracture patterns. 

Methodology guides how observations are made and which data are collected, and therefore 

plays an important role in determining the interpretations that can be made. Best practice 

documents such as the one produced by the Scientific Working Group for Forensic 

Anthropology (SWGANTH 2011) present some procedures for describing, documenting, and 

interpreting skeletal trauma. However, these guidelines are limited to classifying trauma timing 

and mechanism and outlining unacceptable practices. They do not provide guidelines for 

identifying evidence of and making interpretations about higher resolution issues such as the 

direction, location, or minimum number of blunt force impacts.   

The identification and selection of fracture features for use in these higher resolution 

interpretations present an area in need of critical investigation. L’Abbé et al. (L’Abbé et al. 2019) 
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highlight the problem of nomenclature based on comparative morphology. Historically, trauma 

analyses have been undertaken in close proximity to a medical context. Forensic anthropologists 

deliver reports to the medicolegal authority on a case, often a medically trained forensic 

pathologist. Therefore, the type, scale, and nomenclature anthropologists use to describe – and 

ultimately interpret – fractures have traditionally mirrored those used to describe clinical injuries. 

This can present problems, as clinical injuries are often studied two-dimensionally using 

radiological images, whereas trauma analysis is conducted in three dimensions on whole bones 

(L’Abbé et al. 2019). The use of categories such as “butterfly fractures” to describe fracture 

morphology may actually inhibit correct interpretation of their cause. Various circumstances – 

including blunt force and gunshot impacts – can produce similar gross fracture patterns. Instead, 

L’Abbé et al. (L’Abbé et al. 2019) and others (e.g., Symes et al. 2012; Berryman, Berryman, and 

Saul 2018; Kroman and Symes 2013) encourage analysts to identify features of bone failure in 

tension, shear, and compression. These units of analysis can be used to interpret stresses across a 

structure and reconstruct how and where a bone failed. However, other units of analysis have 

also been proposed including fracture angle (Reber and Simmons 2015), “incomplete” fracture 

patterns (Fenton et al. 2012) and recently, fractography (Christensen et al. 2018). 

 Methodological issues are also relevant to why experimental research undertaken in 

injury biomechanics may be of limited use for anthropological trauma analyses. Namely, there is 

a mismatch between the scale and units of analysis applied to describe injuries in these studies 

and those used to interpret skeletal trauma in anthropology cases. Experimental injury 

biomechanics research has focused largely on the presence/absence and severity of fracture. 

Many studies use the Abbreviated Injury Scale (AIS), an anatomical coding system developed by 

the Association for the Advancement of Automotive Medicine to classify and describe injuries 
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by type, location, and severity (Gennarelli and Wodzin 2006). However, this framework includes 

injuries to soft tissue as well as bone and provides little information on fracture morphology. 

When fracture patterns are described, they are often focused on gross morphology (Kress et al. 

1995; Porta et al. 1999; Frick 2003; Martens et al. 1986).     

Based on the issues outlined here, there is a need for research aimed at documenting how 

and where fractures form with respect to input variables of interest, and evaluating the utility of 

various fracture features for reconstructing these variables. Given the various systems available, 

it would also be useful to compare various units of analysis within the same sample.  

Anthropological Applications of Trauma Research and Analysis  

Trauma research has applications in modern, forensic cases as well as in the 

archaeological record. Skeletal trauma is of anthropological interest in that it represents direct 

evidence of human behaviors and interactions. Reconstruction of these behaviors has been 

described as a two stage process (Walker 2001). The first stage is identifying the proximate 

cause of – in other words, the mechanical and biological processes responsible for – the trauma. 

This involves making assessments about the mechanism of injury, the type and direction of 

loading, the locations and minimum number of impacts, the intensity of an impact, and 

characteristics of the impact surface. The second stage is identifying the ultimate cause. This 

involves reconstructing the physical and sociocultural context of the trauma and hypothesizing 

possible behaviors and intentions (Walker 2001). This dissertation addresses issues related to the 

resolution of proximate cause. Accurate assessments of proximate cause are necessary to ground 

consequential interpretations of ultimate cause.  

In forensic cases, assessment of the proximate cause of skeletal fractures along with 

information about the scene and material context allows practitioners to evaluate hypotheses for 
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the ultimate cause. One way of conceptualizing ultimate cause is the manner of death, the 

medicolegal classification of a death as natural, accident, suicide, homicide, or undetermined. 

This designation directs how a case is investigated and potentially prosecuted. Information about 

the proximate cause of trauma can help inform the medicolegal authority’s determination of 

manner of death. Multiple, high-energy cranial impacts involving a small, focal surface 

(proximate cause) may suggest the action of an assailant (i.e., a homicide) rather than the result 

of self-inflicted injuries (i.e., a suicide). If a decedent presents with extensive lower limb 

fractures, reconstruction of loading direction may help differentiate vertical deceleration injuries 

consistent with a jump or a fall from horizontal deceleration injuries consistent with a pedestrian-

vehicle collision (Rockhold and Hermann 1999; Crowder and Adams 2014; Tersigni-Tarrant 

2015). This information in concert with the physical context of the remains – e.g., recovery 

location and material evidence – would provide additional data to support one hypothesis over 

another. Proximate cause can also be evaluated against witness statements in order to shed light 

on the ultimate cause. In pediatric cases, inconsistencies between the pattern and severity of 

injuries and the caregiver’s explanation raise suspicion of child abuse (Christian and Committee 

on Child Abuse and Neglect 2015).  

In nonmodern contexts, the ultimate cause of skeletal trauma is open to broader 

interpretation. With the potential exceptions of historically documented cases, interpretations 

cannot be verified against witness accounts or through crime scene investigation as in forensic 

cases. The timing, pattern, and extent of trauma and the archaeological and taphonomic contexts 

are used to determine the most probable range of proximate causes. Subsequent reconstruction of 

the ultimate cause requires careful sociocultural and historical contextualization and 

consideration of several plausible alternate hypotheses. Broadly, hypotheses for the ultimate 
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cause of trauma include a non-human agent, a self-inflicted incident, an accident inflicted by 

another person, or an intentional act inflicted by another person (Trinkaus and Buzhilova 2012). 

Within this last category, a possible interpretation is violence.  

Definitions of violence tend to focus on intentional physical force involving direct, 

person-on-person activities, however violence can take other forms (Martin and Harrod 2015). 

Martin and Osterholtz define violence as a “diverse set of bioculturally embedded processes that 

employ power and force to harm others through physical violence and death, and through non-

lethal tactics involving intimidation, pain, domination, fear, and subordination (often through 

symbolism), or through structural violence and the restriction of access to necessary resources” 

(Martin and Osterholtz 2016, 472). Unlike other social science disciplines, which tend to view 

violence as abnormal and aberrant behavior, anthropology views violence as a culturally 

mediated form of complex social behavior (Martin and Harrod 2015, 118). Anthropologists are 

therefore well positioned to study violence in its various forms and culturally and historically 

contingent meanings. Inter-group violence includes warfare, raiding, feuding, ambushes, captive 

taking and slavery, and other activities. Intra-group violence occurs between family members, 

intimates, acquaintances, or strangers in the same cultural group (Martin and Harrod 2015). 

Research on intra-group violence includes studies of gendered violence (Stone 2012) and 

violence against children (Gaither 2012). Other areas of emerging scholarship include structural 

violence (Klaus 2012; de la Cova 2012) and the symbolic role of violence in ritual performance 

(Pérez 2012; Jones, Walsh-Haney, and Quinn 2015).  

The interpretation of trauma in the archaeological record typically takes a differential 

diagnosis approach used in paleopathology (Judd and Redfern 2012; Lovell and Grauer 2019). 

Fracture patterns are considered, the points for and against several alternative diagnoses are 
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evaluated, and a conclusion is proposed. These differential diagnoses often draw heavily on 

clinical literature, with modern data used as a baseline from which to extrapolate ancient 

behaviors (Judd and Redfern 2012; Lovell and Grauer 2019). Clinical data can be useful for 

establishing patterns of known accidental versus intentional injuries, but present limitations. 

Changes in technologies used in warfare, transportation, and other aspects of daily life make it 

difficult to extrapolate the causes of trauma in the archaeological record from modern causes 

(Judd and Redfern 2012). Furthermore, clinical studies tend to use eponyms and/or prioritize 

location and two-dimensional morphology to describe fracture patterns. This can inhibit 

interpretation by obfuscating biomechanical processes (L’Abbé et al. 2019; Caldwell, Shorten, 

and Morrell 2019). Consider parry fractures, transverse fractures of the distal ulna without 

involvement of the radius (Judd 2008). These can form when an individual uses a forearm to 

deflect a blow from an attack. As such, distal ulna fractures are often interpreted as defensive 

injuries and used to infer violence (Judd 2008; Spencer 2012). However, these fractures can also 

originate from a fall or other accident. Therefore, the presence of a transverse distal ulna fracture 

is not in itself diagnostic (Judd 2008). 

Along with clinical data, a biomechanical approach can help clarify the proximate cause 

of trauma and aid with differential diagnoses of ultimate cause. Continuing with the parry 

fracture example, information about mechanical variables such as the direction of loading could 

help weigh alternative diagnoses. Similarly, interpretations about other variables such as the 

implement, number, and severity of impacts have been used as evidence in support of a 

differential diagnosis of violence. The presence of fractures attributable to weapons is often cited 

as evidence of interpersonal violence (Kanz and Grossschmidt 2006; Jordana et al. 2009; 

Murphy et al. 2010; Nagaoka 2012; Spencer 2012). Recent studies have used experimental 
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approaches to investigate fracture patterns produced with historical and ancient weapons (e.g., 

Gordón and Bosio 2012; Downing and Fibiger 2017; Dyer and Fibiger 2017; Forsom and Smith 

2017). These studies demonstrate the benefit of experimental data for evaluating ancient trauma. 

Beyond weapon wounds, extensive fragmentation has been interpreted as evidence of multiple 

cranial blows, and in turn, evidence of violence (Spencer 2012). Similarly, the severity of 

fracture has been used to suggest “extreme force” and support an interpretation of violence 

(Robbins Schug et al. 2012, 140). These interpretations could be strengthened with baseline data 

connecting fracture patterns with known mechanical variables.  

Summary and Objectives 

In recent decades, trauma analysis has become a routine part of forensic anthropology 

casework. While timing and mechanism of fracture form the basic components of trauma 

analysis, anthropologists are often required to make higher resolution interpretations about 

factors such as the point or direction of impact, the minimum number and sequence of impacts, 

the energy involved, and characteristics of potential tools or objects used. However, forensic 

anthropologists currently operate without standard guidelines or methods to assist in 

reconstructing these details. This is an area of weakness considering recent calls for validation of 

basic premises and techniques in the forensic sciences (NAS 2009). Bioarchaeological and 

paleoanthropological studies also apply forensic methods of trauma analysis to make broader 

interpretations about complex social behaviors, human-environment interactions, and site 

formation processes. Experimental research aimed at documenting fracture formation and 

critically evaluating methodological strategies is needed to improve, inform, and provide new 

tools for determining the biomechanical causes of skeletal trauma. 
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This dissertation investigates the relationship between various independent extrinsic 

variables and fracture behavior in a series of blunt force impact experiments. Applying the multi-

level theoretical framework proposed by Berryman and colleagues, biomechanics serves as the 

high-level theory that is used to explain and hypothesize relationships between input variables 

and fracture behavior. Impact experiments are used to test hypotheses regarding these 

relationships, thereby contributing to the formation of interpretive theory connecting fracture 

patterns to their causes. Finally, this research addresses current methodological theories in 

trauma analysis, documenting fracture features according to various units of analysis.  

In order to maximize applicability to living subjects, the current experiments use crania 

and femora obtained from unembalmed postmortem human subjects (PMHS) in the perimortem 

interval. Biomechanical methods of experimentation are used to produce fractures and monitor 

mechanical responses. Three primary goals form the general approach of this project: 1) to 

investigate fracture behavior including mechanical response, fracture initiation and propagation, 

and various features of the resultant fracture patterns; 2) to document these results in relation to 

independent variables including point, direction, and number of impacts, impact surface area, 

and input energy; and 3) to evaluate fracture features described in reference literature and gather 

evidence of their utility in reconstructing these variables.  

Part one (Papers 1-3) investigates questions related to cranial fracture produced in blunt 

force lateral head impacts. Independent variables explored in this section include the location and 

number of impacts, the shape of the impact surface, and the kinetic energy of the impact. Paper 1 

investigates how and where cranial fractures form relative to the point of impact, as well as how 

impact surface shape influences this process. Paper 2 addresses the issues of identifying and 

sequencing impact sites in cases involving multiple impacts. Specifically, the effects of impact 
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surface shape and impact number on the type and location of cranial fractures are explored. 

Finally, Paper 3 explores the effects of impact surface shape and kinetic energy. These papers 

use skeletal material, photographs, diagrams, force-time-displacement impact data, and high-

speed video generated in 48 cranial impact experiments on 24 heads. Experiments were 

conducted from 2016 to 2018 as part of a National Institute of Justice grant (Award No. 2015-

DN-BX-K013) titled “Building a Science of Adult Cranial Fracture.”   

Part two (Papers 4 and 5) investigates the effects of impact direction on femur fractures 

produced in bending. Various units of analysis are explored including complete fractures, 

incomplete fractures, fracture surface morphology, and fractography. Paper 4 investigates 3-

point bending with axial compression, an impact configuration designed to simulate an impact to 

a standing individual. Meanwhile, Paper 5 investigates more complex fracture patterns produced 

in concentrated 4-point bending. These studies use skeletal materials, photographs, diagrams, 

mechanical data, and high-speed video generated in 22 bending experiments. 
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© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
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Abstract  

The relationship between the point of blunt impact and the location of cranial fracture initiation 

continues to be poorly understood. The current study used high-speed video to capture cranial 

fracture initiation and propagation in impact experiments on twelve unembalmed, intact human 

cadaver heads. Video footage provided direct evidence that blunt cranial impacts can produce 

linear fractures initiating peripheral to the impact site. Four tests produced only remote 

peripheral linear fractures with no damage at the known point of impact, demonstrating that the 

pattern of linear fractures does not necessarily indicate impact site. The range of variation 

observed in these experiments suggests that cranial fracture formation is more complex than it is 

typically described in the current literature. Differences in biomechanical and fracture results 

obtained with three different shaped implements provided evidence that impact surface is one 

important factor influencing the outcomes of blunt cranial impacts.  
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Introduction  

Anthropologists are often asked to assess skeletal fracture patterns and provide 

interpretations about the circumstances involved in their production. This analysis is based on a 

theoretical framework that regards fracture behavior as nonrandom and subject to the laws of 

physics (Berryman, Berryman, and Saul 2018). Therefore, fractures can be understood as the 

result of interactions between extrinsic factors influencing the forces placed on bone and intrinsic 

factors affecting bone’s ability to withstand these forces at the material, microstructural, and 

macrostructural levels. Anthropologists report using this framework to form hypotheses about 

the variables involved in producing the fracture patterns observed in forensic cases (Passalacqua 

and Rainwater 2015; Symes et al. 2012; Wedel and Galloway 2014; Symes et al. 2014; Kroman 

and Symes 2013; Berryman, Shirley, and Lanfear 2013; Berryman, Berryman, and Saul 2018; 

Kimmerle and Baraybar 2008; Hart 2005; Smith, Pope, and Symes 2003; Berryman and Symes 

1998; Christensen et al. 2018; Isa et al. 2018). However, there are currently few scientifically 

validated methods available to aid assessments of specific impact variables based on fracture 

pattern. Before such methods can be developed and tested, it is necessary to document how 

fractures form under known impact conditions and to consider the biomechanically relevant 

extrinsic and intrinsic variables involved in fracture initiation and propagation. As such, the 

NIST OSAC Anthropology subcommittee identifies controlled experimental bone trauma studies 

as a top need in research and development (OSAC 2016).  

One area in need of research is cranial fracture associated with blunt force impact. Blunt 

head trauma is a common finding in autopsy cases (Spitz, Spitz, and Clark 2006). Cranial 

fractures frequently occur in cases of fatal blunt head injuries resulting from assaults, falls, and 

motor vehicle accidents (Chattopadhyay and Tripathi 2010; Kiadaliri, Rosengren, and Englund 
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2018; Whyte et al. 2016). Because blunt cranial injuries often relate to the cause of death, they 

represent important areas of evaluation in medicolegal death investigations (Kranioti 2015). 

Despite the forensic relevance of this region, cranial fracture initiation and propagation remain 

poorly understood.  

Neurosurgeon Dr. Elisha Gurdjian and his coworkers conducted some of the earliest 

experimental investigations of blunt force fracture in the human cranium (Gurdjian and Lissner 

1945, 1947; Gurdjian, Lissner, and Webster 1947; Gurdjian, Webster, and Lissner 1949, 1950a, 

1950b, 1953). Throughout the 1940s and 1950s, Gurdjian et al. performed a series of impact 

experiments on human cadaver heads. These experiments included failure-level testing aimed at 

producing cranial fractures and sub-failure experiments using a stress-coat technique to assess 

cranial deformation and infer tensile stress during impact. Gurdjian et al. report high tensile 

stresses remote from the known impact site in the stress-coat experiments (Gurdjian and Lissner 

1945, 1947; Gurdjian, Lissner, and Webster 1947). Similarly, in failure-level experiments cranial 

fractures appeared to travel from these remote areas back toward the point of impact (POI) 

(Gurdjian, Webster, and Lissner 1949, 1950a, 1950b, 1953).  

Based on these results, Gurdjian et al. report the following expectations of cranial 

fracture initiation and propagation: a blunt blow will cause bone to deform inward (“inbend”) at 

the POI and deform outward (“outbend”) in peripheral areas. If the blow is severe enough to 

cause depression at the POI, radial fractures will initiate at the POI on the inbent internal surface 

of the skull. However, if the blow is not severe, the inbent area at the POI rebounds without 

fracture and linear fractures initiate in peripheral areas of out-bending under high tensile stresses 

(Gurdjian, Webster, and Lissner 1950b, 336). This understanding of cranial fracture development 

informs influential publications in forensic pathology (Moritz 1954; DiMaio and DiMaio 2001; 
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Saukko and Knight 2016) and early chapters on skeletal trauma in forensic anthropology 

textbooks (Berryman and Symes 1998; Stewart 1979; Maples 1986; Galloway 1999).   

Recent research by Dr. Anne Kroman and colleagues (Kroman 2007; Kroman, Kress, and 

Porta 2011) challenged Gurdjian’s findings, specifically the idea that cranial fractures can initiate 

peripherally in areas remote from the impact site. In order to investigate the relationship between 

impact site and location of fracture initiation, Kroman et al. performed impact experiments on 

five cadaver heads using a drop tower system. Impacts were delivered to the anterior parietal 

region and fracture initiation and propagation were captured with high-speed video. Video 

footage showed linear fractures initiating at the POI and radiating outward in all experiments that 

produced fracture. Based on this evidence, Kroman and colleagues refute Gurdjian’s findings 

and conclude that cranial fractures initiate only at the POI (Kroman, Kress, and Porta 2011). 

Kroman’s work has been widely cited and as such, influences current understanding of cranial 

fracture formation (e.g., Passalacqua and Rainwater 2015; Wedel and Galloway 2014; Kroman 

and Symes 2013; Berryman, Shirley, and Lanfear 2013; Symes et al. 2012; Kimmerle and 

Baraybar 2008; Kranioti 2015).  

However, researchers since Gurdjian have also presented evidence of peripheral fracture 

initiation. In experiments on human cadaver heads, Yoganandan et al. (Yoganandan et al. 1995) 

report fractures that were consistently wider further from the loading region. In at least one 

impact to the cranial vertex, fractures occurred peripherally in the frontal bone. Recent 

experimental research using a pediatric porcine model also provides evidence of peripheral 

fracture initiation (Baumer et al. 2010; Powell et al. 2013). In these studies, linear fractures 

consistently initiated peripheral to the impact site at adjacent sutures and often produced 
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multiple, unconnected linear fractures. However, it is unclear how these results apply to adult 

human crania.  

As a result of the Gurdjian-Kroman controversy there remain uncertainties surrounding 

cranial fracture initiation and the relationship between impact location and fracture location. This 

presents not only an academic issue, but also an interpretive one. In the absence of scientifically 

validated methods for identifying cranial impact sites, assumptions about fracture initiation 

directly inform how practitioners identify the point or points of impact. If it is assumed that 

cranial vault fractures initiate and radiate only from impact sites, it follows that individual linear 

fractures represent impact sites. Clarification of the initiation issue is therefore forensically 

relevant because it will provide data to inform how practitioners assess location and minimum 

number of cranial impacts.  

The purpose of the current study was to address the issue of cranial fracture initiation and 

propagation through impact experiments on fresh, unembalmed human cadaver heads. This study 

was conducted with two primary objectives: 1) to use high-speed video to investigate how 

fractures initiate and propagate relative to the known impact site, and 2) to document the 

relationship between cranial impact location and the location of fractures. For the experimentally 

manipulated variable of implement shape, this study aimed to document the range of variation 

observed in specimens subjected to different impact conditions, as well as different specimens 

subjected to the same impact conditions.  

Materials and Methods 

Human head specimens 

The materials in the current study included 12 unembalmed, fresh-frozen human head 

specimens obtained from male anatomical donors. All individuals were at least 50 years of age at 



www.manaraa.com

 

 46 

the time of death. For all donors included in this study, the procurement organizations obtained 

consent for the use of their remains in research in accordance with the Uniform Anatomical Gift 

Act (UAGA). Specimens were stored at -20 °C and thawed completely at room temperature 

before testing. Various studies have shown that storage at this temperature is unlikely to change 

bone mechanical properties significantly relative to the variability that exists within a typical 

experimental sample (Cowin 2001; Kaye et al. 2012; van Haaren et al. 2008). Prior to 

experimentation the skin, muscle, and periosteum were removed from the temporoparietal region 

to allow for visualization of fracture initiation and propagation during impact. A small area of 

scalp was preserved at the impact site to account for the influence of soft tissue.  

Cranial impact experiments  

Cranial impact experiments were designed to simulate a blow to an upright individual. 

Efforts were made to allow a realistic amount of movement during the impact. First, the neck of 

each specimen was secured to a horizontal support plate using clamps placed between the 3rd and 

6th cervical vertebra. Gross adjustments to head position were made through translation (x- and 

y-axes) and rotation (z-axis) of the support plate. Next, a positioning collar outfitted with 

breakaway tethers was affixed around the neck. The tethers were used to suspend the head in an 

upright posture and to provide fine adjustments of the head. These tethers, made of 4-lb fishing 

line, broke on impact and allowed the head to rotate about the neck.  

Blunt impacts were administered to the mid-parietal bone at a location superior to the 

squamosal suture and halfway between the lambdoidal and coronal sutures. Most specimens 

were impacted on the right side of the head. Two specimens (17-0006 and 17-3757) presented 

with pre-existing defects in the right temporoparietal region. Therefore tests were performed on 

the left side in these two cases. Impacts were produced using a custom-designed pneumatic 
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impact system (Figure 1.1). The system controlled pressure release of compressed nitrogen gas 

providing the initial velocity to a guide trolley that held the impactor. As the impactor made 

contact with the head, the support plate holding the head slid away from the impactor along 

frictionless bearings.  

 
Figure 1.1: Frontal view of the customized pneumatic impact system. The impactor shown here 

represented the hammer shape. 

 

Three aluminum implement shapes were selected for these experiments: the flat surface 

of a 1.125-inch diameter cylinder, the curved surface of a 2.5-inch long, 2.5-inch diameter hemi-

cylinder, and a 3-inch diameter flat surface (Figure 1.2). These shapes were modeled after blunt 

surfaces that may be implicated in forensic cases: a small, focal impact surface such as the face 

of a hammer, a broad, curved surface such as the barrel of a baseball bat, and a large, flat surface 

such as the broad side of a brick, respectively. For ease of reference, this paper will refer to these 

implements as the “hammer,” the “bat,” and the “brick.” However, these terms should be 

understood as shorthand for the impact surfaces tested in this study, and not as references to 

specific tools.   

  Because the implements were constructed from the same material and had similar masses 

(6.27 kg, 6.31 kg, and 6.30 kg, respectively), the primary manipulated variable in these 

experiments was the shape of the impact surface. Four impacts were performed with each of the 
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three implements. The goal of these experiments was to generate fracture initiation and 

propagation such that discernable fracture patterns were produced without complete destruction 

at the impact site.  

 
Figure 1.2: Implements used in the current experiments. From left to right: “hammer” (flat 

surface of a 1.125-inch diameter cylinder), “bat” (curved surface of a 2.5-inch long, 2.5-inch 

diameter hemi-cylinder), and “brick” (flat surface of a 3-inch diameter cylinder). The hemi-

cylinder was oriented such that the 2.5-inch long curved surface was centered on the point of 

impact and the flat bases faced anteriorly and posteriorly.  

 

Data collection 

All impacts were filmed at 10,000 frames per second using a high-speed video camera 

(Fastcam Mini AX 200, Photron Ltd; Tokyo, Japan). Each head was photographed and resultant 

fractures were recorded on standardized cranial diagrams immediately after impact, as specimens 

were later used in additional experiments as part of another study. Following completion of that 

study, specimens were cleaned of soft tissue using hot water maceration and reconstructed using 

acetone soluble adhesive.  

Photron software was used to generate still frames from the high-speed footage of each 

specimen just prior, during, and after impact. The locations of fracture initiation and propagation 

during the impact were assessed for each specimen using these images. Fracture photographs, 

diagrams and reconstructed specimens were used to confirm the video findings and assess the 
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relationship between impact location and fracture initiation and propagation for each impact 

experiment.  

Impact force-time response was recorded at a sample rate of 200,000 Hz using a 10,000 

lbf force transducer (model 1210AF-10K-B, Interface; Scottsdale, AZ) mounted to the guide 

trolley (Figure 1.1). These force data were synchronized with high-speed video for later 

identification of the force initiating fracture. A magnetic linear encoder (model 

LM15ICD50AB10F00, Renishaw Inc.; Hoffman Estates, IL), also mounted to the guide trolley, 

was used to collect position-time data at a sample rate of 200,000 Hz. The position-time data 

immediately prior to and after the impact were used to calculate the initial (vi) and final (vf) 

velocities (m/s) of the trolley. Energy absorbed by the cadaver head was determined as the 

kinetic energy change of the trolley during the impact based on the following equation, where E 

was the energy (J) absorbed and m was the mass (kg) of the trolley. 

E = ½m(vi2-vf2) 

In post-experiment data analyses, force-time data were downsampled to match the sample 

rate of high-speed video (10,000 Hz). Based on assessments of the synchronized video and force 

data, force at fracture initiation and its corresponding time were identified and documented. 

Contact duration was defined as the time from implement contact with the skull to initiation of 

cranial fracture. 

Statistical analysis 

General Linear Model ANOVA with Tukey post hoc test in Minitab 16 (State College, 

PA) was used to compare differences in energy absorbed, force at fracture initiation, and contact 

duration between implements, with p<0.05 considered significant. 
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Results 

Throughout this section results will be presented for the “hammer,” “bat,” and “brick.” 

These terms should be understood as shorthand for the three implements tested in this study, and 

specifically their respective impact surfaces. There exists a wide range of objects—each with 

multiple potential blunt impact surfaces—that may be implicated in forensic cases, making it 

difficult to match specific tools to blunt force trauma. Therefore, the following results are best 

conceptualized in terms of impact surfaces rather than specific tools.  

Mechanical results 

 The cranial impacts were performed at an average velocity of 5.80±0.24 m/s, translating 

to an average input energy of 106.1±8.8 J. This energy input produced cranial fractures in all 12 

experiments. Typical force-time curves for impacts with each implement are shown in Figure 

1.3.  

In most cases fracture initiation coincided with the first sudden drop in force-time 

response. Significant differences in energy absorbed (p=0.026), force at fracture initiation 

(p=0.009), and contact duration (p<0.001) were observed in impacts with the three implements. 

Specifically, while energy absorbed by the head in the bat impacts (56±8 J) was not significantly 

different from that in the hammer (p=0.083) or brick (p=0.750) impacts, the hammer delivered 

significantly lower energy to the head (36±6 J) than the brick (63±18 J, p=0.027) impacts (Figure 

1.4).  Furthermore, the hammer impacts required significantly lower force (2684±851 N) to 

initiate fracture than that required in the bat (5230±613 N, p=0.028) or brick (5720±1671 N, 

p=0.011) impacts, but no significant difference in force at fracture initiation was observed 

between the bat and brick impacts (p=0.819) (Figure 1.5). Finally, contact duration was 

significantly longer in the hammer impacts (0.8±0.1 ms) than in the bat (0.4±0.1 ms, p=0.004) or 
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brick (0.3±0.1 ms, p=0.001) impacts. However, contact duration was not found different between 

the bat and the brick impacts (p=0.258) (Figure 1.6). 

 

Figure 1.3: Typical force-time curves from impacts using the “hammer” (A), the “bat” (B), and 

the “brick” (C).  Points indicated with an “x” represent forces required to initiate cranial fracture 

based on synchronized high-speed video footage. 
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Figure 1.4: Mean energies (J ± 1 SD) absorbed during impact for different implements. 

*Indicates significant difference, p < 0.05. 

 

 

Figure 1.5: Mean forces (N ± 1 SD) required to initiate cranial fracture for different implements.  

*Indicates significant difference, p < 0.05. 

 

 

Figure 1.6.: Mean contact time (ms ± 1 SD) from implement contact with the skull to fracture 

initiation for different implements. *Indicates significant difference, p < 0.05. 



www.manaraa.com

 

 53 

Fracture initiation and propagation results 

Table 1.1 summarizes the fracture initiation and propagation results for each of the 12 

cranial impact experiments. The most notable finding of the current study was that the majority 

(10/12) of experiments, including tests with all three implements, produced peripheral linear 

cranial fractures initiating remote from the impact site (Figure 1.7). The following sections 

summarize fracture initiation and propagation results obtained with each implement.   

“Hammer” (small, focal impact surface)  

The only two experiments that did not produce peripheral fracture initiation were impacts 

with the hammer implement (Figure 1.8). One experiment (17-3827) produced only a shallow 

circular depression at the impact site. In the other experiment (16-3779), the first observed 

fracture event was a linear fracture that initiated at the POI and propagated anteriorly to the 

coronal suture. Ultimately, the implement penetrated the cranium at the impact site.  In the 

remaining two hammer experiments, high-speed video showed linear fractures initiating 

peripheral to the POI. One hammer impact (17-0006) produced initiation both at and peripheral 

to the impact site (Figure 1.7). In this case, the video from this impact clearly showed a 

peripheral linear fracture initiated in the inferior temporal bone and propagated back toward the 

POI. After this fracture encircled the impact site, another linear fracture initiated at the POI and 

traveled anteriorly toward the coronal suture. This sequence of fractures contrasted with typical 

portrayals of fracture sequence wherein linear fractures radiate from the POI and then concentric 

fractures form between the radial fracture lines.    
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Figure 1.7: Still frames in a temporal sequence (1-2-3-4) from the hammer impact experiment 

17-0006. Panel 1 shows a peripheral linear fracture initiating in the inferior temporal (A) and 

propagating toward the POI (B). Panel 2 shows fracture encircling the POI (A and B). Panel 3 

shows the implement beginning to penetrate the bone at the impact site. Panel 4 shows a linear 

fracture initiating at the POI and traveling anteriorly away. 

 

Finally, the other hammer experiment (17-3757) produced only peripheral linear 

fractures. In this experiment fractures initiated in the inferior temporal bone and propagated 

superiorly to the squamosal suture and parietal, and inferiorly to the external auditory meatus.    

For the two specimens impacted on the left side, the effect of the pre-existing right side 

defects on the current results is unknown.   
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Figure 1.8: Fracture diagrams from “hammer” impact experiments. From left to right: specimens 

17-3827, 16-3779, 17-0006, and 17-3757. The center of the mid-parietal impact site is indicated 

by a black dot.  

 

 “Bat” (broad, curved impact surface)  

All four experiments with the bat implement produced peripheral fracture initiation 

(Figure 1.9). In these experiments fracture initiation locations and the directions of propagation 

after peripheral initiation varied between specimens.  

One experiment (17-2067) produced initiation at two locations simultaneously. In this 

case a peripheral linear fracture initiated in the center of the temporal bone and traveled 

superiorly toward the impact site. At the same time, a linear fracture initiated at the POI and 

traveled anteriorly into the frontal bone. This impact also produced a hairline curvilinear fracture 
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partially surrounding the impact site, though this event could not be sequenced because it was 

obscured in the impact video.  

Another experiment (16-3803) produced a peripheral linear fracture that propagated in 

two directions simultaneously. This fracture initiated in the anterior-inferior parietal bone and 

traveled both posteriorly toward and anteriorly away from the POI. The impact also produced a 

short curvilinear fracture at the superior aspect of the impact site, though this event could not be 

sequenced because it was obscured in the impact video.  

The remaining two bat experiments produced multiple peripheral linear fractures. The 

experiment on specimen 17-3758 first produced a diastasis of the anterior squamosal suture. One 

peripheral linear fracture traveled superiorly from this diastasis into the parietal bone. 

Subsequently another peripheral linear fracture initiated at the posterior squamosal suture and 

traveled anteriorly into the temporal bone. In contrast, the experiment on specimen 17-4813 

produced multiple peripheral linear fractures, all of which initiated from the sphenotemporal and 

anterior squamosal sutures. These fractures propagated in various directions into the parietal, 

temporal, and sphenoid bones. Examination of this specimen after impact revealed no ectocranial 

damage at the impact site.  
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Figure 1.9: Fracture diagrams from “bat” impact experiments. From left to right: specimens 17-

2067, 17-3758, 16-3803, and 17-4813. The center of the mid-parietal impact site is indicated by 

a black dot.  

 

“Brick” (broad, flat impact surface) 

Similar to the bat, all four experiments with the brick implement produced peripheral 

fracture initiation (Figure 1.10). The experiment on specimen 16-3801 produced the most 

complex sequence of fractures of all the impact experiments. Fracture initiation occurred at 

multiple sites resulting in extensive comminution of the impact site. However, the first observed 

fracture event was a peripheral linear fracture initiating in the anterior temporal bone. This 

fracture propagated in two directions, both superoposteriorly toward and inferoanteriorly away 

from the POI.   
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In the experiment on specimen 17-2035, a peripheral linear fracture extended between the 

sphenoid and squamosal sutures and traveled toward the impact site. The experiment also 

produced a hairline curvilinear fracture around the posterior and inferior aspects of the impact 

site, though the fracture event was obscured in the video and could not be sequenced.  

Finally, the remaining two brick impact experiments produced only peripheral linear 

fractures with no ectocranial damage observed at the impact site. In one of these experiments 

(16-3805) a peripheral linear fracture initiated in the inferior temporal bone and propagated 

posteriorly toward the squamosal suture. The other experiment (16-3817) produced a slight 

diastasis of the sphenotemporal suture from which linear fractures propagated into the sphenoid 

bone.  

 

Figure 1.10: Fracture diagrams from “brick” impact experiments. From left to right: specimens 

16-3801, 17-2035, 16-3805, and 16-3817. The center of the mid-parietal impact site is indicated 

by a black dot. 
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Relationship between known impact location and fracture location 

 In addition to the location of cranial fracture initiation, the location of resultant fracture 

patterns in relation to the POI was also assessed. The following sections summarize these results 

by implement.  

“Hammer” (small, focal impact surface) 

Experiments with the hammer implement produced parietal bone fractures in all (4/4) 

specimens (Figure 1.8). In addition to the parietal bone, 3/4 specimens also exhibited fractures in 

the temporal bone.   

Three out of 4 hammer experiments produced circular depressed fractures at the POI, 

approximately the same size and shape of the implement’s impact surface. Within the current set 

of experiments this pattern was only observed in impacts using the “hammer” implement, which 

had the smallest and most focal impact surface of the three implements tested. In the one 

experiment that produced only linear fractures (17-3757) the fracture pattern involved peripheral 

linear fractures intersecting in the temporal bone with no ectocranial damage at the parietal bone 

impact site. Only one experiment (16-3779) produced a diastatic fracture, which occurred in the 

sphenotemporal suture.  

“Bat” (broad, curved impact surface)  

Experiments with the bat implement produced parietal bone fractures in all (4/4) 

specimens (Figure 1.9). All four experiments produced fractures in multiple cranial bones. In 

addition to the parietal bone, fractures were observed in the sphenoid bone in 3/4 tests, the 

temporal bone in 3/4 tests, and the frontal bone in 2/4 tests. The bat was the only implement that 

produced fractures extending into the frontal bone. 
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Three out of 4 bat experiments produced curvilinear fractures partially surrounding the 

impact site. Unlike the hammer impacts, which produced fairly regular depressed defects at the 

POI, impact site fractures differed in each bat experiment. One experiment (17-2067) produced a 

hairline curvilinear fracture surrounding the superior aspect of the impact site. Another 

experiment (17-3758) produced two curvilinear fractures anterior and posterior to the impact 

site. The third experiment (16-3803) produced curvilinear fractures superior and inferior to the 

impact site. The fourth experiment (17-4813) produced only peripheral linear fractures with no 

fractures at the POI. Three bat impacts produced diastases of the sphenotemporal and/or anterior 

squamosal sutures during impact, though examination of the crania after impact revealed 

discernable diastatic fractures only in one specimen (17-4813).  

A common feature of the bat experiments involved anteroposteriorly oriented linear 

fractures in the temporal bone. This result was observed in 3/4 bat experiments. Two specimens 

(17-3758 and 17-2067) exhibited intersecting linear fractures in the center of the temporal bone. 

Though these fractures appeared to radiate from a common point, they actually occurred remote 

from the known impact site. 

“Brick” (broad, flat impact surface) 

Experiments with the brick implement produced fractures of the impacted parietal bone 

in 3/4 tests, the sphenoid bone in 3/4 tests, and the temporal bone in 3/4 tests (Figure 1.10). All 

but one experiment (16-3817) produced fractures in multiple cranial bones.  

Two brick impacts produced fractures at the known impact site. One experiment (16-

3801) produced extensive fragmentation at the impact site, while the other (17-2035) produced a 

hairline curvilinear fracture surrounding the posteroinferior aspect at the POI. In contrast, the 

remaining two experiments produced only linear fractures remote from the impact site with no 
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ectocranial damage at the impact site. In specimen 16-3817 fractures occurred only in the 

sphenoid bone, while in specimen 16-3805 fractures occurred only in the posterior temporal and 

posterior parietal bones. Two brick experiments produced diastases of the sphenotemporal and 

anterior squamosal sutures during impact. However, examination of the crania after impact 

revealed discernable diastatic fractures in only one specimen (17-2035).    

Discussion 

The goals of the current study were to investigate cranial fracture initiation in human 

head impact experiments with different shaped implements and to assess the relationship 

between impact location and the location of fractures. High-speed videos in the current 

experiments showed that impacts with all three implements produced peripheral linear fractures. 

These fractures initiated remote from the impact site at the squamosal and sphenotemporal 

sutures, as well as within the body of the temporal, sphenoid, and anterior parietal bones. After 

initiation, peripheral linear fractures traveled back toward the POI, stayed peripheral to the POI, 

or both. These experiments also contributed data on the relationship between impact location and 

the location of resultant fracture patterns. Most mid-parietal impacts (11/12 experiments) 

produced fractures of the parietal bone. However, fractures of the temporal (9/12 experiments) 

and sphenoid (6/12 experiments) bones were also frequent and in some cases isolated from 

defects originating at the impact site. A key finding of this study was that as a result of peripheral 

initiation, four experiments (one hammer, one bat, and two brick) produced fracture patterns 

consisting only of linear fractures remote from the POI.  

These results support the findings of Gurdjian and colleagues (Gurdjian and Lissner 

1945, 1947; Gurdjian, Lissner, and Webster 1947; Gurdjian, Webster, and Lissner 1949, 1950a, 

1950b, 1953), demonstrating that linear fractures can initiate peripherally in areas remote from 
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the impact site. The impact site in the current study is most similar to Gurdjian and colleagues’ 

posterior parietal region (Gurdjian, Webster, and Lissner 1953). For impacts to this region 

Gurdjian et al. report the majority (86%) of fractures occurred peripherally in the temporal and 

inferior parietal regions (Gurdjian, Webster, and Lissner 1953). The results of the current study 

are comparable to Gurdjian et al. in that 10/12 (83%) of experiments generated peripherally 

initiating fractures and the temporal and parietal were the most frequently damaged bones.  

Meanwhile, the results of the current study contrast with Kroman and colleagues’ claim 

that cranial fractures only initiate at and radiate from the POI (Kroman 2007; Kroman, Kress, 

and Porta 2011). Our results do not necessarily refute Kroman et al., as some experiments in the 

study did produce linear fractures that radiated from the impact site. However, differences 

between our results and Kroman’s require further exploration. The majority of experiments in the 

current study produced at least one peripherally initiating linear fracture, while Kroman et al. 

obtained only POI initiation. This presents the question: how did different experimental cranial 

impact studies produce such different findings of fracture initiation and propagation?   

According to Gurdjian and colleagues (Gurdjian, Webster, and Lissner 1950b), fractures 

form peripherally when a blow produces areas of outbending (deformation) remote from the 

impact site, and at the POI when a blow produces sufficient local deformation to produce 

fracture at the impact site. Both extrinsic (impact-related) and intrinsic (anatomical) factors could 

influence whether excessive deformation occurs locally or peripherally and therefore provide 

potential explanations for the results obtained in the current study and those in Kroman (Kroman 

2007) and Kroman et al (Kroman, Kress, and Porta 2011).  

First, we can consider an explanation involving extrinsic factors. Given that both 

experiments were performed under laboratory conditions, most extrinsic variables are known in 
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both studies. One variable commonly used to explain fracture behavior is impact velocity. As a 

viscoelastic material, bone is stiffer when loaded rapidly than it is when loaded slowly. 

Therefore, under similar levels of impact energy less deformation may be expected in impacts 

performed at a higher velocity. Though Kroman et al. did not report impact velocity, it can be 

estimated using the formula v=√(2gh) where g is the acceleration of gravity constant and h is the 

reported drop height. For their experimental drop heights of 1.96 m and 2.82 m, the impact 

velocities are approximately 6.20 m/s and 7.43 m/s, respectively. As impact velocity in the 

current study (5.70 m/s) was slightly lower, it is possible that the current experiments involved 

slightly greater bone deformations. However, Delye et al. (Delye et al. 2007) report no 

significant differences in specimen deformation in cranial impact experiments performed at 

different velocities within this range. Therefore, it seems unlikely that loading rate played a 

major role in the reported differences between Kroman et al. and the current study.  

Another set of extrinsic variables to consider involves the implements used to generate 

fracture. Various researchers have reported implement effects on biomechanical parameters and 

fracture patterns (Hodgson and Thomas 1971, 1973; Allsop, Perl, and Warner 1991; Sulaiman et 

al. 2014; DeLand et al. 2016; Vaughan et al. 2016). Though Kroman and Kroman et al. report 

few details about the impactor, its mass (8.5 kg) is greater than that used in the current 

experiments (~6.3 kg). An implement of greater mass can be expected to generate more local 

deformation of the skull, potentially generating more POI initiation than a lighter implement. 

Therefore, mass could help explain the high frequency of POI fractures in the Kroman and 

Kroman et al. experiments.  

A second key difference between the impactors used in our studies may be the shape of 

the impact surface. The dimensions and curvature of an object’s impact surface affect the contact 
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area over which force is applied during an impact. An impact surface that generates a relatively 

small contact area can be expected to deform a similarly small area of bone and produce contact 

stresses localized to the impact site. However, a surface that generates a broader contact area 

may deform bone across a larger area, producing higher states of stress in areas distant from the 

center of impact. Therefore, peripheral initiation is relatively less likely in impacts involving a 

small contact area and more likely in impacts involving a large contact area.  

Kroman et al. do not report the dimensions of their impactor. However, photographs from 

their study suggest they used an impactor with a square, flat impact surface similar in size to the 

hammer of the present study. Of all the implements in the current study, the hammer had the 

smallest, most focal impact surface and was the only one to produce only POI fracture initiation. 

In contrast, the bat and brick implements had relatively broader impact surfaces and consistently 

produced peripheral fracture initiation. Additionally, Gurdjian’s impact experiments involved 

deceleration impacts onto a steel slab (Gurdjian and Lissner 1947; Gurdjian, Lissner, and 

Webster 1947; Gurdjian, Webster, and Lissner 1949, 1950a, 1950b, 1953). This broad, flat 

surface is most similar to that of the brick impact experiments in the current study. These large 

impact surfaces may help explain the similarly observed peripheral fracture initiation.  

While impact surface dimension may have some explanatory value, it does not account 

for all the differences observed between studies. In the current study the hammer still produced 

peripheral initiation in two tests, despite its relatively small, focal impact surface. Meanwhile, 

Kroman et al. report no peripheral initiation using what appears to be an implement of similar 

surface dimension, although they used a flat square impactor versus the flat circular impactor of 

the current study. It is not readily clear at this point how this difference (square vs. circular) may 

have produced such different results.  
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Intrinsic factors may also be considered to help explain differences in these studies. It is 

assumed most intrinsic variables were essentially similar, as both studies were performed using 

older adult samples of unembalmed postmortem human subjects. Scalp was also retained at the 

impact site to account for effects of soft tissue documented in other cranial impact studies 

(Yoganandan and Pintar 2004; Verschueren et al. 2007; Raymond et al. 2009). However, a 

potential key difference between studies is that impact location differed between studies. 

Anatomical differences between the impact sites, including cranial curvature, the proximity to 

the temporal bone, and the proximity to adjacent sutures may help explain differences in fracture 

initiation behavior.  

Kroman et al. performed impacts onto the anterior parietal bone near the parietal boss in 

an area of potentially increased cranial curvature. In contrast, the current experimental study 

avoided areas of pronounced curvature. As a result, the impact site was relatively flat in the 

current study and relatively curved in that of Kroman et al. Given flat impact surfaces in both 

studies, contact area is expected to be smaller at a more curved impact site and larger at a flatter 

site. Therefore, it is possible the current experiments involved larger contact areas and 

subsequently larger areas of bone deformation than those in Kroman et al, increasing the 

potential for stress generation and fracture initiation in peripheral areas.  

In addition to cranial curvature, the proximity of the impact site to the temporal bone may 

be important. Yoganandan and Pintar (Yoganandan and Pintar 2004) note that the changing 

geometry between the parietal and temporal bones means that loading of one region may engage 

the other. In the current study impacts were performed in the mid-parietal bone, relatively closer 

to the temporal bone than Kroman’s anterior parietal impact site. This difference in location may 

have involved greater engagement of the temporal bone in the current study. Additionally, the 
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temporal bone is weaker (exhibits lower mechanical strength) but more compliant (exhibits more 

deformation) than the parietal bone (Yoganandan et al. 1995). Due to the increased ability of the 

temporal bone to deform, greater outbending may be possible in impacts near this region 

compared to impacts further away. Furthermore, the squamous portion of the temporal region is 

much thinner than the parietal bone (Peterson and Dechow 2003). The thinness and reduced 

strength of the temporal bone compared to the parietal bone may help explain why some tests in 

the current study produced minimal or no damage at the POI, but produced peripheral linear 

fractures of the temporal bone.  

Finally, the proximity of the impact site to adjacent sutures may also be relevant. In the 

current study, the impact site was relatively close to the squamosal suture, while in the Kroman 

et al. study the impact site appears more centered within the parietal bone. Cranial sutures absorb 

more energy during impact than adjacent cranial bone (Jaslow 1990). The bending strength of 

sutural bone is positively correlated to sutural interdigitation (Jaslow 1990; Maloul, Fialkov, and 

Whyne 2013), possibly because more irregular sutures provide more surface area over which 

energy can be released. The squamosal suture and sutures of the pterion region are typically not 

highly interdigitated and are therefore expected to be more susceptible to fracture. In the current 

study, video footage often showed slight separation (diastases) of these sutures. Although few 

diastatic fractures persisted after impact, linear fractures frequently initiated from these 

temporary diastases. This provides support for the role of sutures in absorbing energy, but also as 

areas of stress concentration from which linear fractures can initiate.  

In summary, the authors believe differences in fracture behavior observed between the 

current experiments and those of Kroman and her colleagues, and between the studies of Kroman 

et al. and Gurdjian et al., may not actually represent contradictory results. Therefore, the current 
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state of the Gurdjian-Kroman controversy is that there may be no actual controversy. Both POI 

and peripheral initiation of linear fractures is possible, and various extrinsic and intrinsic factors 

may influence this process. Specifically, comparison of the methodology between the current 

study and that of Kroman et al. suggests that contact area between the impact surface and 

cranium, as well as structural variables at the anatomical location of impact, could have 

influenced the location of fracture initiation. However, an interesting finding of the current study 

was that even within tests conducted at the same location, with the same implement, and 

according to the same experimental protocols, there were differences between specimens in the 

location of fracture initiation and the resultant fracture patterns. This variation suggests that 

intrinsic factors unique to an individual including but not limited to bone density, skull thickness, 

curvature, and degree of cranial suture fusion may also play an important role in determining 

fracture behavior. Additional research is needed to assess the relative effects of each of the 

above-mentioned factors.   

The mechanical results of the current study were comparable with findings in the 

literature and in concert with principles of mechanics. With the different shapes of implements 

used in the current study, it was assumed that the hammer would have the smallest contact area 

with the skull during impact, while the brick would have the largest contact area and the contact 

area for the bat would be of an intermediate surface area. Using adult monkey skulls, a study by 

Sulaiman et al. (Sulaiman et al. 2014) has shown that the production of cranial fractures may 

depend on impact intensity in combination with surface area of contact, with larger contact areas 

requiring a higher intensity of impact. This supports the findings in the current study that the 

brick delivered more energy to the head than the hammer. In addition, a study using pediatric 

porcine skulls dropped on variously shaped interfaces has shown that it takes less energy to 
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create a cranial fracture against a focal surface than a flat surface (Vaughan et al. 2016). 

Similarly, the results of the current study also showed a significantly lower force to initiate 

fracture in the hammer versus the bat or brick impacts. This may be explained by the stress, 

defined as the force divided by the contact area, being at the same level to initiate cranial fracture 

in these impact experiments. Finally, contact duration was determined in the current study to be 

longer in the hammer impacts than that in the bat or brick impacts, implying that more local bone 

deformation prior to fracture initiation might have occurred in the hammer versus the bat or brick 

impacts to cause more focal fracture initiation. Future studies are needed to test this hypothesis, 

where strain sensors can be attached to various locations of the skull for measurements of local 

bone deformation during blunt force impacts to the human cadaver head. 

As in most experimental studies, there are limitations in the current study. Direct 

observation of the fracture events at the POI was limited because the impactor obscured fractures 

that developed directly beneath it. Therefore it was not possible to sequence fractures localized at 

the impact site itself. Additionally, since the experimental method involved the use of intact 

heads, we could not film fracture formation on the internal cranial surface. Linear fractures are 

expected to initiate in tension on the internal surface of the cranium directly beneath the impact 

site, and on the external surface of the cranium in areas of peripheral outbending. We were 

unable to test this expectation in the current study, nor evaluate the relative timing of such 

potential events. Furthermore, because the heads were later used in additional impact 

experiments to study the effects of multiple cranial impacts, fractures on the internal surface 

could not be associated with a single impact after the fact. Finally, while the older male adult 

sample used in this study is typical of the anatomical donor population, it does not necessarily 

represent a forensic sample. Age-related changes to bone may occur, including but not limited to 
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loss of bone density, changes in deformability, and increased fusion of the cranial sutures. As 

such, it is unknown whether the results obtained in the current study are typical of blunt force 

fracture patterns sustained by younger adults.  

Conclusions 

This study contributes new experimental data toward the characterization of fracture 

formation in blunt cranial impacts. The results demonstrate that cranial fracture initiation, 

propagation, and sequence of multiple fractures are more complex than typically depicted in the 

literature and various intrinsic and extrinsic factors may influence the process. Specimens subject 

to different extrinsic input parameters (namely, implement shape) exhibited differences in 

fracture initiation and propagation. However, the study demonstrated variation even between 

specimens subject to similar input parameters. 

Most importantly, the study provides direct, definitive evidence that blunt cranial impacts 

can produce linear fractures initiating remote from the impact site. This finding is significant 

because assumptions about how fractures initiate and propagate may affect how practitioners 

evaluate the point and minimum number of cranial impacts in forensic cases. If practitioners 

assume that linear fractures initiate only from the point of impact then they must also assume that 

individual linear fractures represent individual impact sites. However, the current results 

demonstrate that cranial fractures can initiate at the point of impact, peripheral to the impact site, 

or at multiple locations simultaneously. The implications of these findings for forensic practice 

are as follows: 

1. Practitioners are likely to encounter peripheral linear fractures in forensic cases. The 

majority of experiments in the current study, including impacts with three different 

shaped implements, produced peripherally initiating linear fractures. This suggests that at 
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least some forensic cases involving blunt force cranial trauma will exhibit peripherally 

initiating fractures. Therefore, practitioners cannot assume all linear cranial fractures to 

radiate from impact sites.   

2. As a result of peripheral initiation, linear fractures may occur remote from the actual 

impact site. In several mid-parietal impact tests, linear fractures initiated peripherally and 

stayed peripheral to the impact site as they propagated. The resulting fracture patterns 

included one or more peripheral linear fractures in the sphenoid, temporal, and/or inferior 

parietal bones with no damage at the mid-parietal impact site. In these cases, traditional 

understanding of fracture initiation could lead practitioners to misidentify impact sites. 

Practitioners should be aware that one or more linear fractures in the temporoparietal 

region can result from a single mid-parietal impact.   

3. As a result of peripheral initiation, linear fractures may converge peripheral to the 

impact site. Some mid-parietal impacts produced multiple peripherally initiating fractures 

that converged in the temporal, away from the impact site. In these cases traditional 

understanding of fracture initiation could lead practitioners to interpret the point of 

convergence as a separate temporal impact site. Practitioners should be aware that 

converging fractures in the temporal can result from a mid-parietal blunt impact and do 

not necessarily represent a separate temporal impact site.  

4. In summary, the assumption that cranial fractures initiate only from the point of impact is 

inaccurate and could lead to misidentification of the impact site or potentially, 

overestimation of the minimum number of impacts.   
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Interface Specimen Initiation and Propagation Summary 

Hammer 17-3827 Not visible on camera, the impact produced a shallow circular 

depression at the POI. 

 16-3779 A linear fracture initiated at the POI and traveled to the coronal 

suture. Next, a diastatic fracture of the sphenotemporal suture 

formed. The implement began to penetrate the bone at the impact 

site, eventually producing a circular depression at the POI. 

Meanwhile, the initial linear fracture branched inferiorly and 

traveled into the temporal bone. This fracture branched within the 

temporal, fragmenting that bone.  

 17-0006 A peripheral-linear fracture initiated in the temporal and traveled 

superiorly toward the POI. Then, a concentric fracture continuous 

with the first linear fracture encircled the POI. Next, a linear 

fracture initiated at the POI and propagated anteroinferiorly toward 

pterion. Simultaneously, the first linear fracture branched within the 

temporal, traveling anteriorly. Finally, the implement penetrated the 

bone at the impact site. Though not visible on camera, this impact 

also produced depression and fragmentation of the bone at the 

impact site and three short linear fractures extending anteriorly, 

posteriorly, and inferiorly from the edge of the depressed defect. 

 17-3757 A peripheral-linear fracture initiated in the inferior temporal bone 

and propagated superiorly to the squamosal suture. Within the 

temporal bone, additional fractures branched from this initial 

fracture and traveled superiorly into the parietal and inferiorly 

toward the external auditory meatus.  

Bat 17-2067 A slight diastasis of the sphenotemporal suture formed. Next, a 

linear fracture initiated peripherally in the center of the temporal 

and traveled superiorly toward the POI. Simultaneously, a linear 

fracture initiated at the POI and traveled inferiorly and anteriorly 

into the sphenoid and frontal. Finally, several linear fractures 

formed within the temporal bone, fragmenting that bone. Though 

not visible on camera, the impact also produced a hairline 

curvilinear fracture surrounding the superior aspect of the POI.  

 16-3803 A peripheral-linear fracture initiated superior to the sphenoidal 

angle of the parietal and traveled in two directions, posteriorly back 

to the POI and anteriorly into the frontal. This fracture branched and 

traveled inferiorly into the sphenoid. Though not visible on camera, 

the impact also produced a hairline curvilinear fracture superior to 

the POI.    

Table 1.1 Summaries of fracture initiation and propagation for each cranial impact experiment.  
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Table 1.1 (cont’d)  

 17-3758 A diastasis of the sphenotemporal suture and anterior squamosal 

suture formed. A peripheral-linear fracture initiated from this 

diastasis and traveled superoposteriorly into the parietal anterior to 

the impact site. Next, a linear fracture initiated at the posterior 

squamosal suture and traveled anteriorly into the temporal. This 

fracture then branched within the temporal, fragmenting that bone. 

Though not visible on camera, the impact also produced a 

curvilinear fracture in the parietal extending between the squamosal 

suture and the posterior aspect of the impact site.  

 17-4813 A diastatic fracture of the sphenotemporal and anterior squamosal 

sutures formed. Peripheral-linear fractures traveled from this 

diastatic fracture posteriorly and inferiorly into the temporal, 

superiorly into the parietal, and anteriorly into the sphenoid. 

Examination of the specimen revealed no ectocranial defects at the 

POI.  

Brick  16-3801 Slight diastases of the sutures of the pterion region formed. A 

peripheral-linear fracture initiated in the anterior temporal and 

propagated in two directions, superoposteriorly toward the POI and 

inferoanteriorly away from the POI. After this point, fracture 

initiation and propagation was difficult to sequence due to the 

presence of multiple initiation sites resulting in severe 

comminution.  

 17-2035 

 

A peripheral linear fracture extended between the sphenoid and 

squamosal suture, eventually traveling posteriorly toward the POI. 

Though not visible on camera, examination of the specimen after 

impact revealed a hairline semicircular fracture surrounding the 

posterior aspect of the POI.     

 16-3805 A peripheral linear fracture initiated in the inferior temporal, 

superior to the mastoid process. This fracture propagated posteriorly 

toward the squamosal suture. Examination of the specimen after 

impact showed the inferoanterior extent of the fracture was the 

external auditory meatus and the superoposterior extent was the 

posterior parietal bone, superior to the cranial landmark asterion. 

No ectocranial defects were present at the POI.  

 16-3817 

 

A diastasis of the sphenotemporal suture formed. Peripheral-linear 

fractures traveled from this suture into the sphenoid. Examination of 

the specimen after impact revealed no ectocranial defects at the 

POI.  
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PAPER 2: IDENTIFICATION OF IMPACT SITES IN MULTIPLE BLUNT FORCE 

CRANIAL TRAUMA 

 

Abstract 

In cases of multiple blunt force cranial trauma, identification of impact sites is the first step in 

assessing the minimum number and sequence of impacts. This study examines cranial fractures 

obtained in multiple blunt force impact experiments on 12 postmortem human subjects (PMHS). 

Fractures were evaluated after one, two, and three impacts to the mid-parietal region. The results 

suggest that the number of impacts and the impact surface may influence fracture behavior and 

likelihood of correct impact site identification. After initial fracture, subsequent blows required 

less force to fracture and more frequently produced damage at the impact site. A small, focal 

surface produced more circumferential and depressed defects localized to the impact site, while 

implements with broader surfaces produced more linear fractures and tended to extend and 

complicate preexisting fractures. Therefore, accurate identification of cranial impact sites will be 

less likely following multiple broad surface impacts to the same region.  
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Introduction 

Blunt force cranial fractures are produced in a variety of contexts including falls, 

transportation accidents, assaults, child abuse, elder abuse, and human rights abuses (Galloway 

and Wedel 2014a; Kranioti 2015; Lee and Lathrop 2010; Gibbs 2014; Ta’ala, Berg, and Haden 

2006; Fleischman 2019). Head injuries are often implicated in homicidal fatalities and may relate 

to the cause of death (Galloway and Wedel 2014b; Kranioti 2015). When these injuries are 

complex or when decomposition is advanced, the results of skeletal trauma analysis present 

important evidence in the death investigation. In cases of blunt force cranial trauma, questions of 

forensic relevance include the location, minimum number, and sequence of impacts (Symes et al. 

2012; Galloway and Wedel 2014b; Kranioti 2015; Blau 2017). These assessments are all 

predicated on the identification of impact sites from cranial fracture patterns.  

Several extrinsic factors such as impact velocity, mass, kinetic energy (a function of both 

mass and velocity), contact area of the impacting object, and whether a body was supported or 

unsupported during impact are expected to influence how bone fractures in response to the 

application of blunt force (Symes et al. 2012; Gurdjian, Webster, and Lissner 1950a; Gurdjian 

1975; Berryman, Berryman, and Saul 2018; Yoganandan and Pintar 2004; Bass and Yoganandan 

2015; Hamel et al. 2013; Motherway et al. 2009). Additionally, intrinsic factors such as cortical 

and diploic bone thicknesses and densities, the radius of curvature at the impact site, the degree 

of cranial suture closure, and the presence of defects or irregularities in the bone are all thought 

to affect cranial fracture formation (Symes et al. 2012; Gurdjian 1975; Gurdjian, Webster, and 

Lissner 1953; Berryman, Berryman, and Saul 2018; Bass and Yoganandan 2015; Hamel et al. 

2013). Due to these myriad sources of variation, the appearance of blunt force cranial impact 

sites is variable, particularly compared to gunshot impact sites (Hart 2005). 
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Expectations for how fractures form in response to a blunt force impact directly inform 

the interpretation of cranial fractures. The foundational research on the mechanism of cranial 

fracture was performed in the 1940s and 1950s by Gurdjian and colleagues (Gurdjian and 

Lissner 1945, 1947; Gurdjian, Lissner, and Webster 1947; Gurdjian, Webster, and Lissner 1949, 

1950a, 1950b, 1953). Gurdjian et al. used sub-failure stresscoat experiments to assess how the 

cranium deforms after impact. They found that an impact causes bone to inbend (deform inward) 

at the point of impact (POI), generating tensile stress on the inner table. Meanwhile, inbending at 

the POI also causes noncontinuous areas peripheral to the POI to outbend (deform outward) 

generating tensile stresses on the outer table (Gurdjian and Lissner 1945; Gurdjian, Lissner, and 

Webster 1947; Gurdjian and Lissner 1947). In failure-level experiments, cranial fractures formed 

in these same areas of high tensile stress (Gurdjian, Webster, and Lissner 1950a, 1950b, 1953). 

Based on these findings, Gurdjian and colleagues predict how cranial fractures form 

relative to an impact site (Gurdjian, Webster, and Lissner 1950a, 1953; Gurdjian 1975). If impact 

energy is insufficient, the inbent area at the POI will rebound without fracture. In this case, linear 

fractures will initiate peripherally on the outer table and propagate toward areas of stress 

concentration: the impact site, which becomes a region of tensile stress as it rebounds, and/or 

structural discontinuities such as foramina or sutures. However, given sufficient energy, fractures 

will form at the POI. Depressed fractures may form at the boundary of the inbent area underlying 

the point of impact (Gurdjian, Webster, and Lissner 1953). Linear fractures may initiate 

internally within the inbent area at the impact site and radiate externally. Additionally, 

semicircular or curvilinear fractures may form at various distances from the POI. These fractures 

initiate externally at the junction of inbent and not-inbent bone and propagate internally 

(Gurdjian, Webster, and Lissner 1950a). Moritz (Moritz 1954), a forensic pathologist and 
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another historically influential source on the mechanism of skull fracture, presents a largely 

similar description of cranial fracture formation. 

Until recently there was some question as to whether linear fractures could initiate in 

areas peripheral to the POI as Gurdjian and colleagues describe. Kroman et al. (Kroman, Kress, 

and Porta 2011) performed impact experiments on intact heads from postmortem human subjects 

(PMHS) in order to test this finding using modern methods. In a series of parietal impact 

experiments, they report all fractures initiated at the POI and radiated outward. However, in a 

more recent study of mid-parietal impacts, Isa et al. (Isa et al. 2019) demonstrated linear 

fractures of the cranial vault can form both at and peripheral to the POI. This result suggested 

that linear fractures in the absence of other features are unreliable indicators of impact site.  

The mechanism of skull fracture as presented by Gurdjian and colleagues (Gurdjian, 

Webster, and Lissner 1949, 1950a, 1950b, 1953; Gurdjian 1975) and Moritz (Moritz 1954) is 

frequently referenced in forensic anthropology texts. As a result, these texts contain similar 

descriptions of cranial fracture formation and expectations for the appearance of blunt force 

impact sites (E.H. Kimmerle and Baraybar 2011; Stewart 1979; Berryman and Symes 1998; 

Galloway 1999; Hart 2005; D.A. Komar and Buikstra 2008; Smith, Pope, and Symes 2009; 

Maples 1986; Symes et al. 2012; Galloway and Wedel 2014b; Christensen, Passalacqua, and 

Bartelink 2014; Love 2015; Blau 2017; Lovell and Grauer 2019). Linear fractures are expected 

to radiate from a central point at the point of impact, followed by semicircular or curvilinear 

fractures circumscribing the impact site. Therefore, “…identifiable points of impact are 

determined by noting areas of fracture with surrounding (hoop) or radiating fracture lines” 

(Byers 2017, 316). Additionally, depressed fractures are expected to be localized at and around 

the point of impact.  
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These features form the basis for interpreting blunt force impact sites in the cranial vault. 

However, they have yet to be assessed systematically in cases of multiple blunt force cranial 

trauma in which the impacting object as well as the number, locations, and sequence of impact 

sites are precisely known.    

Following identification of cranial impact sites, determination of impact sequence is also 

of forensic relevance. Sequencing is typically discussed in terms of Puppe’s rule (Symes et al. 

2012; E.H. Kimmerle and Baraybar 2011; Berryman and Symes 1998; Madea and Staak 1988; 

D.A. Komar and Buikstra 2008; Lovell and Grauer 2019; Spitz 1993; Christensen, Passalacqua, 

and Bartelink 2014; Saukko and Knight 2016; Smith, Pope, and Symes 2009). Puppe’s rule 

states that fractures from subsequent impacts will be arrested at fracture lines generated during 

previous impacts (Madea and Staak 1988). Preexisting fractures are expected to dissipate energy 

such that new fractures do not cross them. Puppe’s rule has been applied to sequence fractures 

associated with gunshot entrance and exit wounds in forensic cases (Madea and Staak 1988; 

Smith, Berryman, and Lahern 1987; Dixon 1984). The rule has also been tested experimentally 

in blunt force experiments to human crania (Schüttrumpf 1966). Puppe’s rule was verified in 

experiments involving two sequential impacts with a round mallet (25 cm2 in area). However, the 

application of Puppe’s rule in cases involving more than two blunt force impacts and with 

different surface shapes should also be explored.    

To address the issues of cranial site identification and sequence, this study assesses 

fracture patterns produced in experimental multiple blunt force cranial impacts. Isa et al. (Isa et 

al. 2019) previously described cranial fracture formation for a series of single impacts to twelve 

unembalmed heads. The current research builds on this work, assessing fracture patterns after 

two additional impacts to the same crania. The goals of this study were: 1) to document cranial 
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fracture behavior after one, two, and three impacts, 2) to compare the appearance and severity of 

fractures produced in impacts 1, 2, and 3, and 3) to compare the appearance and severity of 

fractures produced in experiments with three different blunt surfaces. It was hypothesized that 

commonly described impact site features would be more frequent with a focal impact surface 

compared to broader surfaces, and that subsequent impacts would produce more severe fracture 

than initial impacts.    

Materials and Methods 

Specimens 

The experimental sample includes twelve intact heads from unembalmed PMHS acquired 

from outside procurement agencies (university anatomy departments). These agencies obtained 

permissions for research according to the Uniform Anatomical Gift Act. The twelve heads in this 

sample were the subject of a recent study by Isa et al. (Isa et al. 2019) investigating single 

impacts to the mid-parietal. Immediately after that initial impact, two additional impacts were 

delivered to the same heads. For the purposes of the original study, soft tissue was removed from 

areas adjacent the impact site to allow for video documentation of fracture initiation and 

propagation following impact. For subsequent impacts a patch of skin from the area 

corresponding to the impact site was replaced prior to experimentation.  

Impact experiments  

The method of impact delivery has previously been described in detail (Isa et al. 2019). 

In brief, impacts were designed to simulate blows to an upright individual while allowing for a 

reasonably realistic degree of post-impact movement. Impacts were administered using a 

pneumatic system (Figure 1.1). Controlled pressure release of nitrogen gas provided the initial 
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velocity to the guide trolley holding the impactor. After impact, the support plate, to which the 

head was mounted, was free to slide along frictionless bearings away from the impactor.   

To investigate impact surface effects, three aluminum impactors of different surface 

shapes were chosen for these experiments (Figure 1.2). These included a flat surface of a 1.125-

inch diameter cylinder (6.27 kg), a curved surface of a 2.5-inch diameter, 2.5-inch long cylinder 

(6.31 kg), and a flat surface of a 3-inch diameter circular implement (6.30 kg). These shapes 

were selected to represent blunt surfaces within the range of those implicated in forensic cases: a 

small, focal impact surface (e.g., the face of a hammer), a broad, curved surface (e.g., the barrel 

of a baseball bat), and a broad, flat surface (e.g., the broad side of a brick), respectively. The 

terms “hammer,” “bat,” and “brick” will be used to refer to these implements. However, these 

should be understood only as shorthand references to impact surfaces investigated in this study 

and not as specific tools.  

Three sequential impacts were administered to each of the twelve heads, for a total of 36 

experiments. The same implement was used for all three impacts to a single subject, and each 

implement was tested on four subjects. Blows were delivered at the following locations: first to 

the low mid-parietal bone between the squamosal suture and the parietal boss; second to a point 

halfway between the first impact and the coronal suture; and third to a point halfway between the 

first impact and the lambdoidal suture. Heads were positioned such that all impactors contacted 

the cranium at an angle normal (perpendicular) to the impact site.  

Data collection 

A 10,000 lbf force transducer (model 1210AF-10K-B, Interface; Scottsdale, AZ) attached 

to the guide trolley recorded impact force-time response at a sample rate of 200,000 Hz. 

Position-time data was recorded at a sample rate of 200,000 Hz using a magnetic linear encoder 
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(model LM15ICD50AB10F00, Renishaw Inc.; Hoffman Estates, IL), also attached to the guide 

trolley. Position-time data at the moments immediately before and after the impact were used to 

calculate the initial (vi) and final (vf) velocities (m/s) of the guide trolley. The energy absorbed 

by the head was then calculated as the change in kinetic energy of the trolley. Based on previous 

studies of cranial trauma by this research team, including Isa et al. (Isa et al. 2019), the energy 

absorbed by a PMHS is a critical parameter that may help determine the initiation of a fracture. 

As a result, in the current study initial velocity of the guide trolley was carefully controlled and 

selected to ensure that the energy absorbed was (1) sufficient to initiate cranial fracture, and (2) 

within the same level across the three implements. 

Fracture patterns were documented with photographs and diagrams after each impact 

(Figure 2.1). Following the third and final impact, heads were cleaned of soft tissue using hot 

water maceration and reconstructed using an acetone-soluble adhesive. Additionally, the 

opposing side of the cranial vault was removed using a bone saw to allow for visualization of 

endocranial fractures (Figure 2.2).   

 
Figure 2.1: Impact photos and diagrams from experiments with specimen 16-2067. From left to 

right: impact 1, impact 2, and impact 3.  
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The presence and appearance of fractures were assessed for each impact site. Special 

attention was given to the presence of commonly described impact site characteristics: radiating 

linear fractures, circumferential fractures, and depressed fractures. Two types of radiating linear 

fractures were scored: primary radiating linear fractures (rad1) were scored as present if multiple 

fractures extended from and/or converged at a common point at the center of impact on either the 

inner or outer table. Secondary radiating linear fractures (rad2) were scored as present if 

fractures extended from the edge of a circumferential or depressed fracture. Circumferential 

fractures (circ) were scored as present if semicircular or curvilinear fractures circumscribed the 

impact site, either completely or incompletely. Depressed fractures (depr) were scored as present 

if the impact caused localized internal displacement of bone. Additionally, fracture 

characteristics associated with severity including depression, comminution (comm) and 

delamination of the outer and/or inner table (delam) were assessed.  None of these features was 

considered exclusive and multiple features could be marked present for the same impact site. 

Finally, photos and diagrams recorded after each impact were used to assess how new fractures 

behaved in relation to preexisting ones.   
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Figure 2.2: Reconstructed cranium 17-0006 (left) and internal view (right). 

 

Statistical Analysis 

Two-way factorial ANOVA with Tukey post hoc test was used to compare the main 

effects of implement shape (factor one) and impact number (factor two), and their interaction 

effects on energy absorbed (Ea) and peak force. Results were considered significant at p<0.05. 

For each fracture type, Fisher’s exact tests were used to assess the significance of associations 

between implement and fracture type, and between impact number and fracture type, with 

p<0.05 considered significant.  

Multiple correspondence analysis (MCA) was used to visualize associations among 

variables assessed in this study. MCA is an extension of correspondence analysis (CA) that 

allows for the exploration of relationships among multiple dependent categorical variables (Abdi 

and Valentin 2007). MCA applies standard CA to an indicator matrix where the rows represent 

individuals and the columns are dummy variables representing nominal variable categories. Row 

and column factor scores are represented graphically as points in n-dimensional space where 

dimensions represent linear combinations of the variables of a data table. Interpretations of the 
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resulting factor maps are based on the distances between points and on the distribution of points 

along each dimension. Individuals with more similar profiles are closer together, while 

individuals with more dissimilar profiles are further apart. Likewise, categories with similar 

profiles are closer together, and dissimilar categories are further apart (Abdi and Valentin 2007).  

Factor maps were used to visualize patterns within the dataset. Fracture characteristic 

variables were treated as active variables and were used in the MCA. Experimental input 

variables number (categories: impact 1, impact 2, impact 3) and implement (categories: hammer, 

bat, brick) were treated as supplemental (illustrative) variables, meaning they did not participate 

in the MCA and were projected onto the analysis. This projection was used to visualize how 

impact number and implement relate to the distribution of fracture characteristic variables.  

All statistical analyses were conducted in R (R Core Team 2020). The MCA was 

conducted using the FactoMineR package (Lê, Josse, and Husson 2008).  

Results 

Mechanical results 

Impact experiments were performed at an average initial velocity (vi) of 5.700.51 m/s, 

translating to an average input energy (Ei) of 103.1517.45 J. This input produced cranial 

fractures in all experiments. Energy absorbed by the head (Ea) ranged from 17.31–77.66 J 

(mean= 53.713.9 J). The main effects for impact number (F(2,33)=1.07, p=.36) and implement 

(F(2,33)=2.23, p=.12) were not significant. The interaction effect was also nonsignificant 

(F(4,27)=0.43, p=.78). Peak force ranged from 1786.4–10855.6 N (mean=5258.702018.53 N). 

The main effect for impact number was significant (F(2,33)=3.87, p=.03). Peak force was 

significantly higher in impact 1 (6415.822155.92N) than in impact 2 (4326.581588.03 N); 

however, peak force in impact 3 (5033.701825.01N) was not significantly different from 
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impact 1 or 2. The main effect of implement (F(2,33)=0.24,  p=.79) and the interaction effect of 

implement and number (F(4,27)=0.33,  p=.86) were not significant.  

 
Figure 2.3: Energy absorbed by implement.  

 

 
 

Figure 2.4: Peak force by impact number. 
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Impact site features 

Twenty-eight of the 36 impact sites displayed at least one of the features under 

investigation. Radiating linear fractures were observed in association with 19/36 impact sites 

(rad1=12, rad2=13, both=6). Primary radiating fractures were typically longer internally than 

externally, consistent with initiation on the endosteal surface. Circumferential fractures were 

produced at 23/36 impact sites. In ten cases, circumferential fractures affected only the outer 

table of bone. In the other 13 cases, circumferential fractures penetrated both tables. Most of 

these beveled (widened) internally (Figure 2.5). This is consistent with fractures initiating in 

tension on the outer table and propagating internally and away from the impact site. 

Circumferential fractures are often described as forming secondary to radiating linear fractures. 

In this scenario, radial fractures emanating from a central point (“primary radiating linear 

fractures” in this study) are expected to form first, and circumferential fracture arcs are expected 

to form perpendicularly between these. However, in some of the current experiments, 

circumferential fractures formed in the absence of primary radiating linear fractures. In other 

cases, radiating and circumferential fractures did not intersect on either the inner or outer table. 

Finally, in some cases, primary radiating linear fractures were arrested at circumferential 

fractures, indicating the circumferential fractures formed or were completed first. These results 

suggest circumferential and radiating fractures form independently and in a variety of sequences.   
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Figure 2.5: Internal view of cranium 17-0006. White arrows indicate delamination at impact site 

1. Black arrows indicate internal beveling at impact sites 2 and 3.  

 

Depressed fractures occurred at 15/36 impact sites. A one-way ANOVA was conducted 

to assess whether group means for peak force differed when depressed fractures were produced 

vs. when they were not produced. There were significant differences in peak force to fracture 

between groups (F(1,34)=16.77, p<.0003). Peak force was lower in the group with depressed 

fractures present (mean=3905.331235.56 N) compared to the group with depressed fractures 

absent (mean=6225.391925.30 N) (Figure 2.6).   

Eight out of 36 impact sites did not exhibit any of the features under investigation. This 

occurred when linear fractures formed peripheral to the impact site, when single linear fractures 

formed at the impact site, and/or when new fractures formed between preexisting ones, 

complicating the overall fracture pattern.   
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Figure 2.6: Peak force to fracture in impacts that did not produce depressed fractures (absent) vs. 

impacts that produced depressed fractures (present).  

 

Fracture sequence 

After impact 1 produced fracture, new fractures from impact 2 were arrested at 

preexisting fractures (10/12 experiments) and/or extended preexisting fractures (7/12 

experiments). Fractures from impact 3 were arrested at preexisting fractures in 10/12 

experiments and extended preexisting fractures in 8/12 experiments. When a prior impact 

produced fractures that did not penetrate both tables of cranial bone, new fractures from 

subsequent impacts occasionally crossed these hairline fractures. This occurred in 2/12 impact 2 

experiments and 3/12 impact 3 experiments. Hairline fractures never crossed complete fractures. 

Impact number 

As previously reported (Isa et al. 2019), impact 1 produced peripheral linear fracture 

without damage at the impact site in 4/12 experiments. In contrast, all impacts 2 and 3 produced 

impact site damage. Statistical analyses (two-sided Fisher’s exact tests) were applied to assess 
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whether the frequencies of each feature under investigation differed by impact number. None of 

these differences was significant. However, depressed fractures were more frequent in impact 2 

(6/12) and impact 3 (6/12) than impact 1 (3/12) experiments (p=0.42). Considering only impacts 

2 and 3 (n=24), depressed fractures were produced more frequently when a prior impact 

produced depressed fracture than when there was not a preexisting depressed fracture (p=0.01).  

In the three subjects for which impact 1 produced depressed fractures, both subsequent impacts 

to the same subject also produced depressed fractures.   

The results show a slight trend toward increased severity of fracture with subsequent 

impacts. In addition to depressed fractures, the presence of comminuted fractures was more 

frequent in impact 2 (6/12) and impact 3 (5/12) than impact 1 (3/12). Similarly, the presence of 

delamination was more frequent in impact 2 (4/12) and impact 3 (4/12) than impact 1 (2/12). 

However, these differences were not significant.   

Some patterns emerged in the relationship between impact number and fracture location. 

Frontal fractures were more frequent in impact 2 (7/12) than impact 1 (2/12) and impact 3 (1/12) 

experiments (p=0.04). Diastatic fractures of the sphenofrontal and coronal sutures were only 

observed in impact 2 experiments. In contrast, occipital fractures and diastatic fractures of the 

occipitomastoid and lambdoidal sutures were only observed in impact 3 experiments. These 

results likely reflect the location rather than the sequence of impact; impact 2 experiments were 

administered to the anterior parietal and impact 3 experiments to the posterior parietal.  

Implement   

Two-sided Fisher’s exact tests were conducted to assess whether the frequencies of each 

fracture type differed by implement. None of these differences were significant. However, 

secondary radiating linear fractures, circumferential fractures, and depressed fractures were most 

frequent in impacts with the hammer (small, focal implement), least frequent in impacts with the 
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brick (broad, flat implement), and intermediate in impacts with the bat implement (broad, curved 

implement). Additionally, hammer impacts tended to produce more severe fractures than the bat 

and brick including a higher frequency of depression, comminution, and delamination.    

The results of sequential hammer (small, focal) impact experiments are shown in Figure 

2.7. Hammer impacts typically produced circumferential (9/12) and/or depressed fractures (7/12) 

localized at the impact site. These remained distinct even after multiple impacts. Primary 

radiating linear fractures were produced in 5/12 hammer impacts and secondary radiating linear 

fractures in 7/12 hammer impacts. Half of the impact sites (6/12) featured delamination.  

The results of sequential bat (broad, curved) impact experiments are shown in Figure 2.8. 

The majority of bat impacts produced circumferential fractures partially surrounding the impact 

site (7/12). Primary radiating linear fractures were produced in 5/12 impacts, and secondary 

radiating linear fractures in 4/12 impacts. Depressed fractures were obtained at 5/12 impact sites; 

three of these sites also featured delamination. None of the impact 1 bat experiments produced 

depressed fractures; depressed fractures were obtained only in impacts 2 and 3. Similarly, 

comminuted fractures were only obtained in impacts 2 and 3 with the bat. Generally, the bat 

produced more diffuse fracture patterns than those obtained with the hammer. Impacts 2 and 3 

tended to extend or complicate pre-existing fracture patterns, particularly when they produced 

comminution.  

The results of sequential brick (broad, flat) impact experiments are shown in Figure 2.9. 

Brick impacts produced circumferential fractures in 5/12 impacts, primary radiating linear 

fractures in 2/12 impacts, and secondary radiating linear fractures in 2/12 impacts. These 

experiments generally produced more linear fractures and less destruction of the cranial vault 

than the bat and hammer experiments, with one exception. The first impact to subject 16-3801 
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produced a large comminuted depressed fracture. Subsequent impacts extended and further 

fragmented this area of depression. This subject accounts for all three depressed fractures, all 

cases of delamination, and all but one of the comminuted fractures produced in brick 

experiments. As in the bat experiments, brick impacts 2 and 3 tended to produce fractures that 

extended, complicated, or joined pre-existing fracture patterns. 

 



www.manaraa.com

 

 96 

 
Figure 2.7: Fracture patterns after 1, 2, and 3 impacts with the hammer (small, focal) implement. 

Fractures from impact 1 are shown in red, impact 2 in green, and impact 3 in blue. Shaded areas 

represent areas of depression. 
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Figure 2.8: Fracture patterns after 1, 2, and 3 impacts with the bat (broad, curved) implement. 

Fractures from impact 1 are shown in red, impact 2 in green, and impact 3 in blue. Shaded areas 

represent areas of depression. 
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Figure 2.9: Fracture patterns after 1, 2, and 3 impacts with the brick (broad, flat) implement. 

Fractures from impact 1 are shown in red, impact 2 in green, and impact 3 in blue. Shaded areas 

represent areas of depression. 
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Multiple correspondence analysis 

Multiple correspondence analysis (MCA) assists in visualizing these results (Figure 

2.10). MCA reduced the data such that the first two dimensions retain 76% of the total inertia 

(variation) in the dataset. Dimension 1 has the most inertia (55%) and therefore contributes most 

of the variation. All variables under investigation contributed to dimension 1 including (in order 

of squared correlation r2) depressed, delamination, secondary radiating linear, comminuted, 

primary radiating linear, and circumferential. These variables are distributed such that the 

presence categories cluster on the positive side of dimension 1 while absence categories cluster 

on the negative side. Dimension 2 retains 21% of the inertia. The variables of dimension 2 are 

circumferential, primary radiating linear, and depressed. The absence of circumferential and 

primary radiating features and presence of depressed fractures cluster on the positive side of this 

axis, while the opposite categories cluster on the negative side.   

Projection of supplementary elements onto the model provides insights about the 

relationships between implement, impact number, and fracture characteristics. MCA results 

indicate that brick and hammer impacts are dissimilar. On dimension 1, hammer impacts are on 

the positive side of the axis, which is associated with the presence of impact site features and 

features associated with more severe cranial vault damage. Brick impacts are on the negative 

side, which is associated with the absence of these features. On dimension 2, hammer impacts 

are on the negative side of the axis (presence categories) while brick impacts are on the positive 

side (absence categories). These results are consistent with the observation that hammer impacts 

more frequently produced significant localized damage, while brick impacts more frequently 

produced diffuse linear fractures with less destruction of the cranial vault. The placement of the 
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bat is not well described by the model. This, too, is consistent with data showing bat impacts 

produced fracture characteristics at a frequencies intermediate between the hammer and brick.  

MCA results also suggest that impact 1 is dissimilar from impacts 2 and 3, while impacts 

2 and 3 are similar. Specifically, impact 1 is on the negative side of dimension 1 (absence 

categories) and impacts 2 and 3 on the positive side (presence categories). This is consistent with 

the finding that impact 1 tended to produce fewer impact site features and less severe fractures 

than impacts 2 and 3.  

 

Figure 2.10: Results of the MCA where the plot of category points for the first two dimensions 

shows the associations between fracture characteristics, implement, and impact number. The 

squared cosine (cos2) value measures the degree of association between variable categories and 

dimensions, with values closer to 1 indicating stronger associations. High cos2 values indicate 

that the variable categories are well represented by the two dimensions presented in this model.  
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Discussion 

The goals of the current study were to investigate cranial fracture behavior in multiple 

impact experiments with different shaped implements and to assess the appearance of and 

relationships between cranial impact sites. Most impact sites (78% or 28/36) featured at least one 

of the following: depressed fractures, circumferential fractures, and/or radiating linear fractures. 

However, 22% (8/36) of impact experiments produced none of these features. In these cases, 

linear fractures formed peripheral to the impact or formed between and extended preexisting 

fracture lines, complicating the overall fracture pattern. These impact sites would likely be 

unidentifiable in a forensic context. Multiple correspondence analysis provided visual 

confirmation of the descriptive results regarding the effects of impact number and surface on the 

appearance and severity of fracture patterns. An initial impact causing fracture (impact 1) 

produced fracture patterns dissimilar to subsequent impacts (impacts 2 and 3), and a broad, flat 

impact surface produced fracture patterns dissimilar to a small, focal surface. Finally, in the 

current study, all subsequent impacts produced cranial fractures that extended, initiated from, or 

were arrested at fracture lines generated in previous impacts. New fractures only crossed 

preexisting hairline fractures that had not perforated both tables of cranial bone. These results 

support the use of Puppe’s rule to sequence cranial impacts.   

A key finding of this research is that the number of impacts may affect fracture behavior, 

and therefore the ability of analysts to identify and sequence impact sites. Specifically, the results 

indicate that an initial impact causing damage to the cranial vault makes the bone more 

susceptible to damage by subsequent impacts. In the current experiments, peak force was lower 

in impacts 2 and 3 than in impact 1. This suggests is that the introduction of a discontinuity in 

bone lowers the force required to produce additional fracture. Furthermore, whereas an initial 
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impact to the mid-parietal region did not always produce impact site fracture, all subsequent 

impacts produced damage at the impact site. Gurdjian et al. (Gurdjian, Webster, and Lissner 

1950a, 1950b) suggest that linear fractures form peripherally when the impact site rebounds 

without fracture. As a result of lowered fracture force, cranial bone is potentially less likely to 

rebound without damage in subsequent impacts to the same region. Additionally, a preexisting 

fracture presents a discontinuity in bone, which in turn produce stress concentrations. New 

fractures are likely to initiate from or be directed toward these areas of high stress. Because 

impacts 2 and 3 were administered adjacent to the first impact site, the presence of fractures at 

the first impact site likely directed and helped localize the formation of new fractures from 

subsequent impacts.  

Depressed fractures were also more frequent in impact 2 and 3 than in impact 1 

experiments. They were significantly more frequent when a prior impact produced depressed 

fracture. These results suggest that production of a depressed fracture in one impact may increase 

susceptibility to depressed fracture in subsequent impacts; alternatively, certain individual crania 

may be at increased risk to depressed fracture as a result of intrinsic factors. Variables such as 

cortical and overall skull thickness, cortical rigidity, cortical density, cranial bossing, and cranial 

location have been shown to affect fracture susceptibility (Hamel et al. 2013; Ruan and Prasad 

2001; Hodgson and Thomas 1971; Motherway et al. 2009).  

The results of the study also suggest potential relationships between impact surface shape 

and fracture behavior. This is consistent with findings reported in other studies (Hodgson and 

Thomas 1971, 1973; Allsop, Perl, and Warner 1991; Hamel et al. 2013; Sulaiman et al. 2014; 

Vaughan et al. 2016). Among the three implements tested, depressed fractures, circumferential 

fractures, and secondary radiating fractures were most frequent in experiments with the small, 
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focal “hammer” implement and least frequent in experiments with the broad, flat “brick” 

implement. Conversely, impacts with the brick produced simple linear fractures more frequently 

than impacts with the hammer or the broad, curved “bat” implement. With the focal implement, 

impacts 2 and 3 produced fractures that tended to remain localized to the impact site. With the 

two broader implements, impacts 2 and 3 produced fractures that tended to intersect or extend 

pre-existing fractures.   

The shape of an object and particularly the dimensions and curvature of its impact surface 

may influence the contact area over which the force of an impact is applied. An impact 

generating a relatively small contact area can be expected to deform a small area of bone. In this 

case, contact stresses remain localized at the impact site. This is consistent with the more focal 

distribution of fractures and higher frequency of depressed fractures in hammer impacts. In 

contrast, an impact generating a relatively broad contact area can be expected to deform a larger 

area of bone, producing stresses both at and remote from the impact site. This is consistent with 

the more diffuse distribution of fractures observed in brick and, to a lesser extent, bat impacts.  

There are a few limitations to the current study that merit discussion. First, the current 

study was limited to the mid-parietal region. Different cranial regions and even different regions 

of the same cranial bone are associated with different cortical thicknesses, densities, and elastic 

properties (Peterson and Dechow 2003, 2002). All of these represent variables that may affect 

fracture behavior. Future research is needed to assess multiple impacts in other regions of the 

cranium. Second, impacts were performed at the same locations and in the same sequence in 

each set of experiments. Effects of impact number therefore cannot be separated entirely from 

the effects of impact location. Of particular interest is the fact that composition (relative 

thicknesses of the inner and outer cortical tables) differs between the anterior and posterior 
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parietal, the locations of impacts 2 and 3, respectively (Peterson and Dechow 2002). Third, the 

results of the current study suggest that the type of fracture produced in an initial impact may 

affect the type of fracture produced in subsequent impacts. Any experiment that involves 

administering multiple impacts to the same head compounds variation with each impact.  

As discussed in the introduction, understanding of the mechanism of cranial fracture 

formation is directly relevant to the identification and interpretation of impact sites. Gurdjian et 

al. (Gurdjian, Webster, and Lissner 1950a, 1950b, 1953; Gurdjian 1975) and others present 

expectations for how cranial fractures form on both the outer and inner table. Because this study 

used intact crania, it was not possible to record endocranial fracture patterns after each impact. 

Therefore, endocranial fractures – particularly linear fractures – could not always be confidently 

associated with impact 1, 2, or 3. Future research is needed to shed light on the relationship 

between cranial fracture formation on the inner and outer table.    

Finally, the sample of PMHS in the current study consists of older adult males, a 

demographic that is not representative of a forensic sample. Fusion of the cranial sutures, losses 

in bone density, and changes in cortical thickness may occur with age and potentially affect the 

cranium’s response to impact. Future studies are needed to assess whether the results presented 

here are typical of fracture patterns seen in younger adults.  

Conclusions  

The current study contributes new experimental data characterizing fracture behavior in 

multiple blunt force cranial trauma to PMHS heads. Fracture patterns, specifically those related 

to the appearance of impact sites, were evaluated after one, two, and three impacts to known 

locations in the mid-parietal region in experiments with three differently shaped blunt 

implements. Impact site identification is the first step in conducting forensically relevant 
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analyses including assessment of minimum number and sequence of impacts. The implications 

of this study for assessing impact site in unknown cases of trauma are as follows. 

Depressed fractures and circumferential fractures occur only at known points of impact 

and are typically unambiguous. These features are therefore useful for identifying impact sites in 

cases involving multiple blunt force trauma. Linear fractures also radiate from known impact 

sites, however, peripherally-initiating linear fractures may also intersect in areas remote to the 

impact site, particularly in the temporal squama (Isa et al. 2019). Furthermore, repeated impacts 

complicate the appearance of radiating fractures. Therefore, intersecting linear fractures in the 

absence of circumferential and/or depressed fractures are unreliable indicators of impact sites. 

The current experiments provide evidence that Puppe’s rule can be used to sequence 

fractures from multiple blunt force impacts. New fractures from subsequent impacts initiated 

from, were arrested at, or extended preexisting fracture lines. New fractures only crossed hairline 

fractures (i.e., those affecting only the outer table) produced in previous impacts. Because 

multiple blunt force impacts to the same region produce complex fracture patterns, using 

circumferential or depressed fractures rather than radiating linear fractures to establish sequence 

would provide a more conservative assessment.  

The number of impacts will likely influence impact site identification and sequencing in 

cases involving multiple impacts. After an initial impact produces cranial fracture, subsequent 

impacts require less force to fracture and are more likely to produce fractures at the impact site. 

Production of a depressed fracture, in particular, may increase the likelihood of additional 

depressed fractures useful for identifying impact sites. However, impact sites become more 

complex and may be less identifiable after multiple blows to the same region.  
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Implement shape is also likely to influence site identification and sequencing in cases 

involving multiple impacts. Impacts with a focal surface can be expected to produce 

circumferential and depressed defects localized to the impact site. Broader surfaces can be 

expected to produce more linear fractures and to extend and complicate pre-existing fractures. 

Therefore, impact sites will likely be identifiable even after multiple impacts with a more focal 

implement, but may not be identifiable after multiple impacts with a broader implement.  
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PAPER 3: EFFECTS OF IMPACT SURFACE AND ENERGY ON CRANIAL FRACTURE 

PATTERNS 

 

Abstract 

This study contributes data documenting the effects of impact surface and energy on human 

cranial fracture patterns. Using previously reported impact experiments (Isa et al. 2019) as a 

baseline, a 67% increase in input energy was achieved for the current experiments (n=12). 

Present and previous results were compared to evaluate three impact surfaces and two levels of 

input energy. A small, focal surface produced smaller defects and less variation in fracture 

patterns than a broad, flat impact surface. Two surfaces tested (small, focal and broad, curved) 

produced more severe fractures in higher energy compared to lower energy impacts. However, a 

broad, flat surface produced similar fracture severity at both energy levels. As reported for lower 

energy experiments, remote cranial fracture initiation was also observed in the current higher 

energy experiments. This provides additional evidence that multiple linear fractures in the 

temporoparietal region do not necessarily reflect multiple impacts.  
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Introduction 

Blunt force trauma (BFT) involves a relatively low-velocity impact from a blunt object or 

surface (Passalacqua and Fenton 2012). BFT to the skull is of particular concern in a forensic 

context. Skull fractures are associated with increased severity of injury and fatality in assaults 

and accidents and therefore may reflect evidence relevant to the cause of death (Chattopadhyay 

and Tripathi 2010; Kranioti 2015; Galloway and Wedel 2014a). Several variables are thought to 

influence cranial fracture patterns including the magnitude and duration of the force applied, the 

mass and velocity of the impact, and the contact area between impact and target surface 

(Gurdjian, Webster, and Lissner 1950a; Gurdjian 1975; Berryman and Symes 1998; E.H. 

Kimmerle and Baraybar 2011; Symes et al. 2012; Berryman, Berryman, and Saul 2018; 

Galloway and Wedel 2014b). An assumption of skeletal trauma analysis is that these variables 

can be inferred from fracture patterns in order to address questions relevant to the death 

investigation. To some degree, these relationships can be theorized using thought experiments 

(Berryman, Berryman, and Saul 2018). However, experimental data provides an important link 

between known impact variables and fracture patterns.  

To date, most experimental studies of blunt force cranial trauma using postmortem 

human subjects (PMHS) have been undertaken in the field of biomechanics within the context of 

the automotive industry (Bass and Yoganandan 2015). This research has primarily aimed to 

document impact force-deflection curves and acceleration-time histories in order to derive head 

injury criteria relevant to vehicle safety testing. Because fracture patterns are rarely the focus of 

these studies, they often provide limited data regarding fracture formation, fracture type, or 

defect size of interest to forensic practitioners. Recent experimental studies have aimed to fill 

this gap using animal models to investigate the relationship between different manipulated 
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variables and fracture patterns (Otero and Béguelin 2019; Sharkey et al. 2012; Sulaiman et al. 

2014; Baumer et al. 2010; Powell et al. 2012, 2013; Vaughan et al. 2016; Mole, Heyns, and 

Cloete 2015). Given structural differences between human and nonhuman crania, it is yet unclear 

how these results apply to humans. PMHS studies present the closest analogues to forensic cases 

and therefore provide important comparative data. However, the availability of this type of data 

is currently limited. 

One relevant question in a death investigation may include “what object caused the 

injury?” It is likely impossible to determine specific tools or objects based on blunt force fracture 

patterns (Dirkmaat et al. 2008; Symes et al. 2012; Berryman and Symes 1998). There exists a 

wide range of blunt objects, each of which may present multiple potential impact surfaces. 

Additionally, the cranium varies in shape and structure depending on the location and individual 

in question (Peterson and Dechow 2003, 2002; Got et al. 1983). However, it is assumed possible 

that general interpretations can be made about whether fracture patterns are consistent with a 

given impact surface (Symes et al. 2012; Berryman and Symes 1998).   

Contact area between impact and target surface has been shown to be important in 

fracture response (Bass and Yoganandan 2015; Yoganandan and Pintar 2004). In the 

temporoparietal region, lower fracture forces are reported with smaller impact surfaces (Melvin 

et al. 1969; Nahum et al. 1968; Schneider and Nahum 1972; Allsop, Perl, and Warner 1991) 

compared to larger, flat surfaces (Allsop, Perl, and Warner 1991; Hodgson and Thomas 1971). 

Recent experimental studies using animal models also suggest differences in fracture patterns 

obtained with different impact surfaces. Otero and Béguelin performed impact experiments on 

adult pig heads and report identifiable differences in fracture types and defect sizes obtained with 
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four different objects. Similarly, Vaughan et al. (Vaughan et al. 2016) report differences in 

fracture types obtained with broader vs. more focal impact surfaces in a juvenile porcine model.   

Another relevant question in a death investigation may include “how hard was the blow 

administered?” There are various means of quantifying input, including force and energy. Force 

is a mechanical disturbance that can move or deform an object. The transfer of energy required 

to move an object with a given force is called work, and energy is the ability to do work (Kieser 

2013). An impact transmits forces to the skull, which produce deformations (strains) across the 

skull and subsequent fracture at critical levels of strain. The magnitude of the force depends on 

the relative velocities and properties of the hitting object and target surfaces (Melvin and Evans 

1971) and is measured at the impact surface. Meanwhile, the magnitude of the input energy is 

independent from surface properties, geometries, and contact areas between surfaces 

(Siegenthaler et al. 2018) and is therefore more convenient to manipulate experimentally. Input 

energy is often measured as kinetic energy, a function of mass and velocity.   

Studies specifically focusing on the relationship between input energy or force and 

fracture patterns are limited in human subjects, but have been explored in animal models 

including pig (Mole, Heyns, and Cloete 2015; Powell et al. 2012; Sharkey et al. 2012) and 

macaque (Sulaiman et al. 2014). Generally, increased inputs produce higher frequencies of 

fracture (Baumer et al. 2010; Sharkey et al. 2012; Sulaiman et al. 2014). However, an interaction 

with impact surface may affect specific results (Sharkey et al. 2012; Sulaiman et al. 2014).  

Experimental investigations of blunt force cranial fracture in PMHS have focused 

primarily on how and where cranial fractures form relative to the impact site. Gurdjian et al. 

were among the first to investigate the mechanism of cranial fractures using stresscoat 

experiments on PMHS (Gurdjian and Lissner 1947; Gurdjian, Webster, and Lissner 1949, 1950a, 
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1950b, 1953). Performing head drop experiments onto a flat surface, they report deformation and 

failure occurred first in areas peripheral to the point of impact (POI), and with additional input 

energy, in secondary and tertiary areas at and surrounding the POI (Gurdjian, Webster, and 

Lissner 1950a, 1950b). However, as they used dry skulls and embalmed heads to perform 

experiments, it was unclear how these results apply to the formation of fracture in 

biomechanically fresh bone.  

More recently, Kroman et al. (Kroman, Kress, and Porta 2011) investigated cranial 

fracture formation using modern methods and unembalmed, intact PMHS heads. Using a focal 

impact surface of unknown dimensions, they obtained failure only at the POI. However, this 

study did not account for the influence of impact surface. In order to account for impact surface 

effects, we previously performed experiments on 12 PMHS using three blunt surfaces with 

different expected contact areas (Isa et al. 2019). These experiments provided evidence that 

fractures can form peripheral to the impact site and indicated that impact surface is one variable 

influencing fracture formation.  

The current study builds on this work. New impact experiments were performed using the 

previous sample (Isa et al. 2019) as a baseline for investigating the effects of both input energy 

and impact surface on fracture behavior. The goals of the current study were 1) to deliver cranial 

impacts at a higher kinetic energy than that assessed in the previous study (Isa et al. 2019); 2) to 

report mechanical response, fracture initiation, and fracture pattern data for these experiments; 3) 

to compare results obtained at different input energies, and 4) to compare results obtained with 

different implements. It was hypothesized that different impact surfaces would produce different 

cranial fracture types and defect sizes, and that higher energy impacts would produce more 

severe fracture than lower energy impacts. 
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Materials and Methods  

Specimens 

The current experimental sample included 12 male adult PMHS heads. Heads were stored 

at a temperature of -20°C and allowed to thaw completely before testing began. Storage of 

specimens at this temperature is understood to have minimal effects on the biomechanical 

properties of bone (Cowin 2001; van Haaren et al. 2008; Kaye et al. 2012; Torimitsu et al. 2014). 

Prior to experimentation, the skin, muscle, and periosteum were removed from the parietal 

region in order to allow for visualization of cranial fracture initiation and propagation during and 

after impact. A small area of scalp was retained at the impact site to account for soft tissue 

effects. The results of the current experiments were compared to the previously reported results 

of experiments performed on another 12 male adult PMHS heads (Isa et al. 2019).   

Impact experiments 

The impact methodology is described in detail in a previous publication (Isa et al. 2019). 

Experiments were designed to approximate a blow to an upright individual and to allow for 

rotation of the head about the neck and translation of the head away from the impactor after 

contact. Impacts were administered to the parietal at a location superior to the squamosal suture 

and halfway between the coronal and lambdoidal sutures. The impact system used in these 

experiments is shown in Figure 1.1.  

In order to allow for comparison with previous work (Isa et al. 2019), the current study 

evaluated the same three aluminum impactors (Figure 1.2). These included a small, focal surface 

(the base of a 1.125-inch diameter cylinder); a broad, curved surface (the curved surface of a 

horizontally oriented 2.5-inch diameter, 2.5-inch long cylinder); and a broad, flat surface (3-inch 

diameter). These impactors were selected to represent a range of blunt surfaces implicated in 
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forensic cases, such as the face of a hammer, the barrel of a baseball bat, and a flat surface such 

as the broad side of a brick, respectively. The current and previous studies refer to the impactors 

as the “hammer,” “bat,” and “brick.” However, these are intended as shorthand references and 

are not meant to implicate specific tools.  

 Input energy in this study was increased relative to the previous experiments. This was 

accomplished primarily by increasing the mass of the impact. Weighted plates were added to the 

guide trolley that held and travelled with the impactor, so that an increase of the mass by a factor 

of approximately 1.5 compared to the previous (Isa et al. 2019) experiments was achieved. The 

masses used in the current experiment were 9.41 kg, 9.61 kg, and 9.60 kg for the hammer, bat, 

and brick, respectively. The input energy (Ei) was calculated from the mass (m) and initial 

velocity (vi) using the formula:  

Ei = ½mvi2 

This paper will refer to the previous experiments as “low energy” and the current 

experiments as “high energy” impacts. However, the designations of low and high are relative 

terms used to describe the experimental samples assessed in this study and should not be 

considered absolute measures.  

Data collection 

Force-time and position-time data was collected at a sample rate of 200,000 Hz as 

described by Isa et al. (Isa et al. 2019). Position-time data pre- and post-impact were used to 

calculate the initial (vi) and final (vf) velocities of the guide trolley, which in turn were used to 

calculate the initial and final kinetic energy of the trolley based on the above formula. The 

energy absorbed by the head (Ea) was calculated as the change in kinetic energy pre- and post-

impact.  
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Each impact was filmed at a rate of 10,000 frames per second using a high-speed camera 

(Fastcam Mini AX 200, Photron Ltd; Tokyo, Japan). Photron software was used to examine 

footage frame by frame in order to evaluate the location of fracture initiation and sequence of 

propagation in each experiment. Immediately after each impact, photographs were taken and 

fracture patterns were documented. 

The heads were later used in additional experiments aimed at examining the effect of 

multiple high energy impacts on cranial fracture patterns. After these experiments, heads were 

cleaned of remaining soft tissue using hot water maceration. If necessary, cranial fragments were 

reconstructed using acetone soluble adhesive. Additionally, the side of the cranial vault opposing 

the impact was removed in order to allow for visualization of endocranial fracture patterns 

(Figure 2.2). Characteristics related to the location of fracture relative to the impact site and the 

complexity and severity of fracture were assessed for each experiment. The following were 

scored as present or absent: damage at the point of impact (poi), primary radiating linear 

fractures (rad1), secondary radiating linear fractures (rad2), circumferential fractures (circ), 

depressed fractures (depr), comminuted fractures (comm), and delamination (delam). If 

circumferential or depressed defects were present, the maximum defect diameter was measured 

with sliding digital calipers. The diameter of the defect perpendicular to the maximum was also 

measured.  

Statistical analysis 

One-way ANOVA was used to verify differences in input energy (Ei) between low and 

high energy experiments. Two-way factorial ANOVA with Tukey post hoc test was used to 

assess the main and interaction effects of energy group (factor 1) and impact surface (factor 2) on 
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energy absorbed by the head (Ea), peak force, maximum defect diameter (MDD), and 

perpendicular defect diameter (PDD). Results were considered significant at p<0.05.  

Multiple correspondence analysis (MCA) was used to explore associations among 

variable categories assessed in this study. MCA is a technique for visualizing and summarizing 

datasets involving multiple dependent categorical variables. Nominal data are represented 

graphically as points in n-dimensional space where each dimension represents a linear 

combination of the variables and each point represents a factor score for an individual or variable 

category. The resulting factor maps are interpreted based on the distances between points and on 

the distribution of points along each dimension. The distance between points represents a 

measure of their similarity such that individuals (or categories) with more similar profiles are 

closer together, while individuals (or categories) with more dissimilar profiles are further apart 

(Abdi and Valentin 2007).  

Factor maps were used to visualize patterns within the current dataset. Fracture 

characteristics were treated as active variables and were used in the MCA. Experimental input 

variables energy (categories: high, low) and implement (categories: hammer, bat, brick) were 

treated as supplemental (illustrative) variables, meaning they did not participate in the MCA and 

were projected onto the analysis after the fact. This projection was used to visualize how 

implements and energy levels relate to the distribution of fracture characteristics.  

All statistical analyses were conducted in R (R Core Team 2020). The MCA was 

conducted using the FactoMineR package (Lê, Josse, and Husson 2008).  
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Results   

Mechanical results  

High energy experiments were performed at an average vi of 6.13±0.42 m/s, translating 

to an average Ei of 180.07±23.02 J. The current experiments achieved a significantly higher Ei 

than the previous lower energy experiments (106.11±8.80 J, F(2,22)=108, p=.60e-10), increasing 

the average Ei by a factor of approximately 1.67.  

In high energy experiments, Ea ranged from 40.47 J to 130.27 J (mean=86.31±25.31 J). 

At this energy level, differences between impact surfaces approached significant (F(2,9)=3.70, 

p=.067). The bat (100.31±20.42 J) and brick (95.01±23.47 J) delivered more energy than the 

hammer (Ea: 63.50±17.91 J).  

The main effect of energy was significant for Ea (F(1,22)=15.52, p=.0007). As expected, 

heads absorbed more energy in high (mean=86.31±25.31 J) compared to low 

(mean=55.21±10.35 J) energy impacts (Figure 3.1). The main effect of implement (F(2,21)=1.34, 

p=.28) and the interaction effect of implement and energy (F(2,18)=2.88, p=.08) were not 

significant for Ea. Because the interaction approached significant, these results were explored 

further. High energy bat and brick impacts delivered significantly higher energy than low energy 

hammer, bat, and brick impacts (p<.05). However, there was no significant difference between 

the high energy hammer and any of the low energy impacts (p>.90).   

In high energy experiments, peak force ranged from 4178.3 N to 10806.8 N 

(mean=6980.8±2036.9 N). At this energy level, differences between hammer (6121.90±1372.64 

N), bat (6458.56±1524.77 N) and brick (8361.81±2667.13 N) impacts were not significant 

(F(2,9)=1.55, p=.27).  
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When high and low energy experiments were considered together, the main effect of 

energy on peak force was not significant (F(2,22)=0.44, p=.52). This indicates similar peak forces 

obtained at both energy levels tested (6415.82±2155.92 N). The main effect of implement on 

peak force was also nonsignificant (F(2,21)=0.53, p=.60), indicating no differences between 

hammer (6501.44±2000.41 N), bat (6281.53±1535.68 N), and brick (7311.89±2657.87 N) 

impacts. The interaction effect of energy and implement was not significant for peak force 

(F(2,18)=0.89, p=.43).  

 
Figure 3.1: Energy absorbed by the head (Ea) in high energy (current) experiments compared to 

low energy (Isa et al. 2019) experiments.   
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Fracture initiation and propagation results 

Fracture initiation and propagation results of the current cranial impact experiments were 

summarized in Table 3.1 and in Figures 3.2-3.5. Most high energy experiments produced failure 

at the impact site. However, videos also indicated peripheral deformation and failure with all 

three surfaces tested. When present, peripherally initiating linear fractures traveled back toward 

the POI. The following sections summarize results obtained with each impact surface.  

“Hammer” (small, focal impact surface) 

In the current experiments, the hammer generally produced circular depressed fractures at 

the POI (Figure 3.2). Impact video also showed peripheral deformation and failure in three of 

four experiments. Two of these (17-2075 and 17-2082) produced depressed fractures at the POI 

and diastatic fractures peripheral to the impact site. In 17-2082, a diastasis of the squamosal 

suture continued as a linear fracture toward the POI. In the third experiment (17-2071), the first 

observed failure event was a peripheral linear fracture that initiated in the temporal and traveled 

back to the POI (Figure 3.3). Next, a circumferential fracture formed around the POI. Several 

linear fractures initiated at the edge of this circumferential fracture and traveled both toward and 

away from the impact center. As the impact progressed, the bone at the impact site was displaced 

inwardly and fragmented, producing a comminuted depressed fracture. The fourth experiment 

(18-2359) produced only POI fracture. Radiating linear fractures traveled away from the POI. 

The implement then completely penetrated the cranial vault.  
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Figure 3.2: Impacts with the small, focal “hammer” implement. Top row: Low energy impacts. 

Bottom row: Current, high energy impacts. Areas of depression are shaded. Three of the high 

energy experiments produced circular depressed fractures at the POI, approximately the same 

size and shape of the impact surface. Two of these experiments (17-2075 and 17-2082) also 

produced diastases of the squamosal suture. The fourth experiment (17-2071) produced an 

irregularly shaped comminuted depressed fracture larger in area than the impact surface. 

 

“Bat” (broad, curved impact surface) 

All four experiments with the bat produced circumferential fractures surrounding the POI 

(Figure 3.4). Impact videos indicate areas of peripheral deformation and failure in three out of 

four experiments. Experiment 18-0386 produced one POI linear fracture and one peripheral 

linear fracture, as well as circumferential fractures partially encircling the POI. Experiment 17-

2081 produced a POI linear fracture, a circumferential fracture around the POI, and diastatic 

fractures peripheral to the impact site. Experiment 18-0364 produced a peripheral linear fracture 

in the anterior temporal and several POI linear fractures. This experiment also produced a 

circumferential fracture. This area of bone was then displaced inward at the impact site, 

producing a comminuted depressed fracture. The fourth experiment (17-2118) produced several 
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POI linear fractures and a comminuted depressed fracture similar to 18-0364. However, there 

was no evidence peripheral engagement in this case.  

 
Figure 3.3: Fracture initiation and propagation in hammer experiment 17-2071. Fracture initiates 

peripherally in the temporal and travels back toward the POI (1). A circumferential fracture 

forms around the impact site (2-3). Linear fractures initiate from the edge of the circumferential 

fracture and travel away (4). Linear fractures initiate from the edge of the circumferential 

fracture and travel back to the impact center (5).   

 



www.manaraa.com

 

 127 

 
Figure 3.4: Impacts with the broad, curved “bat” implement. Top row: Low energy impacts. 

Bottom row: Current, high energy impacts. Areas of depression are shaded. All four high energy 

bat experiments produced circumferential fractures partially or completely encircling the POI. In 

two experiments (18-0364 and 17-2118) the area of bone at the impact site was displaced inward, 

producing comminuted depressed fractures. These two experiments also produced radiating 

linear fractures that crossed the midline and extended into the left parietal.  

 

“Brick” (broad, flat impact surface) 

Impacts with the brick produced the most variation in fracture initiation and propagation 

results (Figure 3.5). One experiment (18-0361) produced only peripheral linear fractures in the 

temporal and posterior parietal. Two experiments produced primarily POI fractures. In one case 

(17-2132), the impact produced several POI linear fractures that traveled inferiorly into the 

temporal. The second case (17-2095) exhibited a similar sequence, however this impact also 

produced a circumferential fracture partially encircling the POI. The fourth experiment (18-

0300) produced both POI and peripheral fractures. In this experiment, a peripheral linear fracture 

formed in the sphenoid as a circumferential fracture formed around the POI. Several linear 

fractures initiated at the POI and radiated away from the impact site. As the impact progressed 

the bone at the impact site was displaced inward, forming a comminuted depressed fracture. 
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Figure 3.5: Impacts with the broad, flat “brick” implement. Top row: Low energy impacts. 

Bottom row: Current, high energy impacts. Areas of depression are shaded. Brick impacts 

produced two general patterns of fracture in the high energy impacts. Two experiments (18-0361 

and 17-2132) produced primarily linear fractures of the inferior parietal and temporal. The other 

two experiments (17-2095 and 18-0300) produced large circumferential fractures around the 

POI. Bone fragments were displaced inwardly in 18-0300, forming a comminuted depressed 

fracture. In this case, a radiating linear fracture crossed the midline into the left parietal. 

 

Comparison of fracture patterns in low and high energy impacts (n=24) 

The appearance and severity of fractures observed in low and high energy experiments 

were compared in order to investigate potential effects of energy and implement on cranial 

fracture patterns.    

Energy effects    

Generally, high energy impacts tended to completely fracture both tables of bone, while 

low energy impacts often produced fractures affecting only the outer table. Assessment of 

fracture patterns generated in these experiments demonstrate greater severity in higher energy 

impacts. High energy impacts more frequently produced circumferential fractures (high: 9/12, 

low: 7/12), depressed fractures (high: 7/12, low: 3/12) and comminuted fractures (high: 6/12, 
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low: 3/12) than lower energy impacts. High energy impacts also produced delamination more 

frequently than low energy impacts (E2: 7/12, E1: 2/12). Additionally, only impacts performed at 

the higher energy level produced fractures crossing the midline (high: 3/12, low: 0/12). While 

these results suggest general trends, none of these differences was statistically significant 

(Fisher’s exact test, p>.05). 

High energy impacts produced larger average maximum defect diameters (51.03±17.39 

mm) than low energy impacts (39.73±16.03 mm, F(1,16)=2.01, p=.18). Similarly, high energy 

impacts produced larger average perpendicular defect diameters (38.31±16.97 mm) than low 

energy impacts (28.93±13.30 mm, F(1,16)=.1.63, p=.22). However, these differences were not 

statistically significant and likely reflect the higher frequency of measurable defects produced 

with broader implements at the higher compared to the lower energy level.    

Impact surface effects  

The results suggest some trends in fracture patterns obtained with different impact 

surfaces. Depressed fractures were more frequent in hammer (6/8) than in bat (2/8) or brick (2/8) 

experiments. Circumferential fractures were more frequent in bat (7/8) and hammer (7/8) than in 

brick (4/8) experiments. Finally, brick experiments more frequently produced patterns involving 

only linear fractures (hammer: 1/8, bat 1/8, brick 4/8). Despite these trends, none of these 

differences was statistically significant (Fisher’s exact test, p>.05). Similar frequencies of 

delamination (hammer: 4/8, bat: 3/8, brick: 2/8) and comminution (hammer: 4/8, bat: 2/8, brick: 

3/8) were obtained across impact surfaces.  

The results also suggest relationships between impact surface and defect diameter. There 

was a significant relationship between impact surface and MDD (Figure 3.6, F(2,15)=4.98, p=.02). 

Specifically, MDD was smaller in hammer (35.02±10.25 mm) than in brick defects (63.15±7.21 
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mm, p=.02). MDD in bat defects (47.21±19.45 mm) was not significantly different from hammer 

or brick defects and exhibited a wide range. There was also a significant relationship between 

impact surface and PDD (Figure 3.7, F(2,15)=4.09, p=.04). PDD in brick defects (51.44±22.78 

mm) was significantly larger than PDD in bat defects (28.91±10.44 mm, p=.04) and nearly 

significantly larger than hammer defects (29.66±9.32 mm, p=.06). The difference between 

hammer and bat impacts was not significant (p=.99).  

 

Figure 3.6: Maximum defect diameters obtained with the three implements tested. 



www.manaraa.com

 

 131 

 

Figure 3.7: Perpendicular defect diameters obtained with the three implements tested. 

 

Multiple Correspondence Analysis (MCA) 

Multiple correspondence analysis (MCA) helps to visualize and summarize these results 

(Figure 3.8). MCA reduced the data such that the first two dimensions retain 73.2% of the inertia 

(variation) in the sample. Dimension 1 has the most inertia (58.6%) and therefore accounts for 

most of the variation. All variables under investigation contributed to dimension 1 including (in 

order of squared correlation r2) depressed, secondary radiating, comminuted, circumferential, 

primary radiating, delamination, and POI damage. The presence of these features cluster on the 

negative side of this axis while the absence of these features cluster on the positive side. 

Dimension 2 accounts for 14.6% of the variation. This dimension can be understood as the 

appearance of the impact site. The variables contributing to dimension 2 are POI damage and 

circumferential fractures. The presence of these features cluster on the negative side of this axis 

while their absence cluster on the positive side.   
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Projection of the supplementary elements onto the model provides insights as to the 

relationships between fracture characteristics, energy, and implement. MCA results indicate high 

energy and low energy impacts are dissimilar. The differences between high and low energy can 

be described almost entirely along dimension 1. On this dimension, high energy is on the 

negative side of the axis, which is associated with the presence of features related to the 

complexity and severity of fracture. In contrast, low energy impacts are on the positive side of 

the dimension 1 axis, which is associated with the absence of these features. This is consistent 

with the finding that high energy impacts generally produced more damage at the impact site 

than low energy impacts.  

The MCA results also suggest differences by implement. The distribution of hammer, 

bat, and brick can be described along two dimensions. The placement of the hammer on the 

negative side of dimension 1 (presence of features) and the brick on the positive side (absence of 

features) is consistent with the finding that hammer impacts more frequently produced complex 

(non-linear) fractures at the impact site with significant damage (e.g., depression, comminution, 

delamination) to the cranial vault. In comparison, brick impacts more frequently produced linear 

fractures and minimal damage to the cranial vault. Bat impacts are not well described by 

dimension 1, but are projected onto the negative side of dimension 2 (presence of circumferential 

fractures and POI damage). This is consistent with the finding that nearly all bat impacts 

produced nonlinear impact site fractures, but the severity varied by individual and energy level.   
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Figure 3.8: Results of the MCA where the plot of category points for the first two dimensions 

shows the associations between fracture characteristics, energy, and implement. The squared 

cosine (cos2) value measures the degree of association between variable categories and 

dimensions, with values closer to 1 indicating stronger associations. High cos2 values indicate 

that most of the variable categories are well represented by the two dimensions presented in this 

model, in particular the presence and absence of POI damage, depression, and circumferential 

fractures.  

 

Discussion 

The goals of this study were to perform blunt force cranial impacts at a higher input 

kinetic energy than in previously reported experiments (Isa et al. 2019), and to evaluate potential 

effects of input energy and impact surface on mechanical response, fracture initiation, and 

fracture patterns. The current experiments attained significantly higher input energy than the 

previous study. A 67% increase in energy was achieved primarily through the addition of mass to 

the impactor. Comparison of results obtained in the current and previous study suggest some 

effects of energy and implement on the parameters investigated.   
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The results demonstrate that given a higher input energy, more energy is absorbed by the 

head. However, the impact surface may limit the amount of energy absorbed. In the current 

study, Ea was lower in experiments with a more focal impact surface compared to the two 

broader surfaces tested. This is consistent with the results of the previous study conducted at a 

lower input energy (Isa et al. 2019). The current study found no significant differences in peak 

force based on input energy or impact surface. This contrasts with the previous study, in which 

the hammer (small, focal surface) required significantly lower force to initiate fracture than the 

bat or brick (broad surfaces). Various studies in human and non-human material have reported 

lower force to fracture in impacts with smaller contact surfaces (Allsop, Perl, and Warner 1991; 

Hodgson and Thomas 1971; Vaughan et al. 2016; Yoganandan and Pintar 2004; Bass and 

Yoganandan 2015; Sulaiman et al. 2014).  

The current study provides additional evidence that cranial fractures initiate both at the 

POI and in peripheral areas. These results are consistent with the findings of Gurdjian et al. 

(Gurdjian, Webster, and Lissner 1950a, 1950b) and with the results obtained in lower energy 

impacts (Isa et al. 2019). However, nearly all of the current higher energy impact experiments 

produced failure at the impact site. Even when linear fractures formed peripherally, they tended 

to travel toward the POI.  In contrast, a third of lower energy impacts produced peripheral linear 

fractures with no damage at the impact site.  

In the current experiments, energy was increased primarily through the addition of mass. 

Impacts involving greater mass can be expected to generate more local deformation, and 

subsequently more local failure, than impacts involving less mass. In the previous experiments, 

the impact mass was approximately 6.3 kg. We previously hypothesized that the greater mass 

(8.5 kg) used in the Kroman et al. (Kroman, Kress, and Porta 2011) experiments may be one 
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factor explaining why they obtained only POI fracture in their study. The current study used 

masses of approximately 9.5 kg and produced more POI failure; however, fractures also initiated 

peripherally in the majority of experiments. This supports the hypothesis that intrinsic factors 

such as the anatomical location of impact also influence fracture formation (Isa et al. 2019). 

Specifically, an impact to the inferior parietal may involve engagement of the adjacent temporal 

bone, which is more compliant than the parietal and thus has a greater ability to deform and 

produce outbending (Yoganandan et al. 1995). This impact location also appears to engage 

adjacent sutures, which are known to absorb energy and are potentially more susceptible to 

fracture than surrounding cranial bone (Maloul, Fialkov, and Whyne 2013; Jaslow 1990).   

The results suggest effects of input energy on the appearance and severity of cranial 

fractures. Descriptive results and the results of multiple correspondence analysis suggest that 

high energy impacts and low energy impacts produce dissimilar fracture patterns, with the 

former producing more severe, localized fractures than the latter. This is consistent with animal 

and human studies that have reported increased frequency and complexity of fracture with 

increased energy (Powell et al. 2012; Sharkey et al. 2012; McIntosh et al. 1993; Yoganandan et 

al. 1993; Delye et al. 2007; Raymond et al. 2009). However, there were similarities in fracture 

patterns obtained in higher and lower energy experiments. In particular, impacts with the broad, 

flat (brick) impact surface produced similar fracture patterns at both energy levels. In both lower 

and higher energy impacts, fracture patterns ranged from peripheral linear with minimal damage, 

to comminuted depressed with destruction of the cranial vault. This suggests that the severity of 

fractures obtained in impacts with broader surfaces may be more strongly influenced by 

properties of individual crania.   
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While the current experiments examined the effects of increased input energy attained via 

increase in mass, most other studies report on the effects of increased energy attained via 

increased velocity (Delye et al. 2007; McIntosh et al. 1993; Yoganandan et al. 1993; Raymond et 

al. 2009; Mole, Heyns, and Cloete 2015; Powell et al. 2012). On the one hand, the current results 

contribute unique data regarding the effect of increased mass on resultant fracture patterns. 

However, future experiments should also evaluate the effect of increased velocity on fracture 

results in PMHS.  

Descriptive results and multiple correspondence analysis highlighted differences between 

the three impact surfaces tested. A small, focal surface (hammer) and a broad, curved surface 

(bat) produced impact site features more frequently than a broad, flat surface (brick). Meanwhile, 

severe fractures were most frequent with a small, focal surface, least frequent with the broad, flat 

surface, and intermediate with the broad, curved surface.   

The results also indicate differences in the size of defects obtained with different impact 

surfaces. A broad, flat surface produced larger defect diameters than impacts with a focal, flat 

surface, while impacts with a broad, curved surface produced a wide range of variation. 

However, all three impact surfaces produced defects that were either larger or smaller than the 

actual impact surface. Overlap in fracture types and defect sizes obtained with different impact 

surfaces has also been reported in animal models (Sharkey et al. 2012; Vaughan et al. 2016; 

Otero and Béguelin 2019; Sulaiman et al. 2014). In experiments on pig crania, Otero and 

Béguelin (Otero and Béguelin 2019) also report greater variation in larger and more irregular 

impact surfaces compared to smaller and more regular surfaces.  

The increased variation in fracture type and size with increased impact surface size is 

likely due to individual differences in contact area between the head and the impact surface. For 
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a more focal implement like the hammer, the entire impact surface is likely to contact the head. 

This impact surface can therefore be expected to produce relatively similar localized areas of 

deformation and contact stresses even in different individuals. For broader implements like the 

brick and curved implements like the bat, the entire surface does not contact the head during 

impact. Contact area in these cases is more dependent on the curvature of the head and likely 

varies more between individuals. Additionally, surfaces that generate broader contact areas may 

distribute deformations across a larger area. The location of fractures may therefore be more 

strongly influenced by stress concentrations developed at local irregularities (e.g. foramina, 

sutures, areas of relatively thick or thin bone) that differ between individuals.  

Variation in contact area could also explain the overlap in fracture patterns and defect 

sizes obtained with different impact surfaces in this study. While the three blunt surfaces tested 

have different expected contact areas, they may produce similar effective contact areas on 

different specimens due to individual variation in cranial curvature. A limitation of the current 

study is that actual contact area was not directly measured during impact experiments. Future 

research should investigate the correlation between defect size and shape and the size and shape 

of the measured contact area.   

Finally, a limitation of this research is that it is restricted to investigating the effects of 

two extrinsic variables – input energy and impact surface – on fracture behavior. Experiments on 

PMHS are valuable in that they demonstrate a known range of potential outcomes for a given set 

of applied variables. This data is useful for comparison to unknown cases, and for demonstrating 

limits to interpretations that can be made from fracture patterns. However, differences in 

fractures obtained in similar impacts and similarities in fractures produced under different 

conditions demonstrate the likely important role of intrinsic factors in influencing fracture 
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patterns. Previous studies have investigated the effect of individual variation on impact and 

fracture response (e.g., Got et al. 1983). Future research is needed to assess the effects of 

different aspects of individual variation on fracture patterns. This will require large sample sizes 

and investigation of a narrow set of extrinsic variables.  

Conclusions 

This study contributes new data on blunt force impacts performed at a higher input 

energy than those reported in our previous work (Isa et al. 2019). Results are presented from 

impacts with three known surfaces and two levels of input energy. As these experiments were 

performed on human material, they may provide a useful comparative sample for unknown 

human cases.  

As reported in previous experiments, the current higher energy experiments also 

produced linear fractures initiating both at the point of impact and in areas peripheral to the 

impact site. This provides further evidence that isolated linear fractures in the temporoparietal 

region cannot be considered separate impact sites. However, current higher energy impacts more 

frequently produced impact site damage and depressed fractures than lower energy impacts. This 

may imply that impact sites are more likely to be accurately identified in higher energy impacts 

compared to similar lower energy impacts. 

Impacts performed at a higher energy produced more damage at the impact site and 

across the cranial vault than that from impacts performed at a lower energy. This was evidenced 

by the increasing complexity and depth of fractures, as well as the distance traveled by radiating 

fractures. Overlap in the results obtained between the two studies suggests the degree of damage 

likely involves both individual properties of the cranium and the forces generated by input 

energy, particularly for broader impact surfaces. However, radiating fractures crossing the 
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midline were only obtained in higher energy impacts and may represent stronger evidence of 

higher input energy.  

Finally, implement size correlated with defect size such that a more focused implement 

produced smaller, more consistent defects than those produced by broader implements. This 

suggests that general conclusions about contact area may be made based on the appearance and 

size of defects obtained. Focal, penetrating depressed fractures are associated with similarly focal 

contact areas. Defects are similar in size, though may be larger, than the impact surface. While 

larger circumferential and depressed fractures likely indicate broader impacts, the relationship 

between impact surface and defect size can be highly variable, are more dependent on cranial 

curvature, and therefore probably cannot be reconstructed.  
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Interface Specimen Initiation  

 

Hammer 

(n=4) 

 

17-2075 

 

The impact produced a diastatic fracture of the squamosal 

suture and a depressed fracture at the POI.    

 17-2082 The impact produced a diastatic fracture of the squamosal 

and sphenotemporal sutures. A short peripheral linear 

fracture traveled from the suture toward the POI. The 

impact also produced a depressed fracture at the POI.     
18-2359 Linear fractures initiated at the POI and traveled anteriorly 

toward the coronal suture and posteriorly to the lambdoidal 

suture. The impactor penetrated the cranial vault.  

 17-2071 A peripheral linear fracture initiated in the temporal and 

propagated back to the POI. Next, a circumferential fracture 

formed around the POI. Finally, several linear fractures 

initiated at this circumferential fracture and traveled both 

toward and away from the POI.   

Bat  

(n=4) 

18-0386 A peripheral linear fracture initiated at the sphenotemporal 

suture and traveled back toward the POI. Another linear 

fracture initiated at the POI and traveled anteriorly toward 

the coronal suture. The impact also produced 

circumferential fractures partially encircling the POI.    

 17-2081 A linear fracture initiated at the POI and traveled anteriorly 

into the frontal. The impact also produced a circumferential 

fracture around the POI and diastatic fractures of the 

squamosal and sphenotemporal sutures.    
18-0364 A peripheral linear fracture initiated in the anterior temporal 

and propagated in two directions, back to the POI and 

inferiorly to the sphenotemporal suture. Several linear 

fractures traveled posteriorly, superiorly, and anteriorly 

away from the POI. The impact also produced a 

circumferential fracture around the POI. As the impact 

progressed the bone at the impact site was displaced 

inwardly, producing depression.   
17-2118 Several linear fractures initiated at the POI and traveled 

posteriorly, superiorly, and inferiorly. This impact also 

produced a circumferential fracture around the POI. As the 

impact progressed the bone at the impact site was displaced 

inwardly, producing depression. 

Brick  

(n=4) 

18-0361 A peripheral linear fracture initiated in the inferior temporal 

and propagated superiorly toward the POI. Another short, 

peripheral linear fracture initiated at the squamosal suture, 

anterior to asterion, and propagated superiorly. 

Table 3.1: Initiation results from the high energy impact experiments.  
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Table 3.1 (cont’d) 

 17-2132 Linear fractures initiated at the POI and propagated toward 

pterion. Additional linear fractures traveled from the POI to 

the temporal.  
17-2095 Linear fractures initiated at the POI and propagated toward 

pterion. Additional linear fractures traveled from the POI 

into the temporal, fragmenting the bone. The impact also 

produced a circumferential fracture partially encircling the 

POI.  
18-0300 The impact produced separation of the sphenofrontal suture 

that did not persist as a diastatic fracture. A peripheral linear 

fracture formed in the sphenoid as a circumferential fracture 

formed around the POI. Several linear fractures traveled 

from the POI inferiorly, anteriorly, and superiorly, resulting 

in extensive fragmentation of the parietal and temporal. As 

the impact progressed the bone at the impact site was 

displaced inwardly, producing depression.  
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PAPER 4: ASSESSING IMPACT DIRECTION IN 3-POINT BENDING OF HUMAN 

FEMORA: INCOMPLETE BUTTERFLY FRACTURES AND FRACTURE SURFACES  

 

This is the peer-reviewed version of the following article [Isa, M.I., T.W. Fenton, T.S. Deland, 

and R.C. Haut. 2018. “Assessing Impact Direction in 3-Point Bending of Human Femora: 

Incomplete Butterfly Fractures and Fracture Surfaces.” Journal of Forensic Sciences 63 (1): 38–

46.], which has been published in final form at https://doi.org/10.1111/1556-4029.13521. This 

article may be used for non-commercial purposes in accordance with Wiley Terms and 

Conditions for use of self-archived versions.  

 

Abstract 

Current literature associates bending failure with butterfly fracture, in which fracture initiates 

transversely at the tensile surface of a bent bone and branches as it propagates toward the impact 

surface. The orientation of the resulting wedge fragment is often considered diagnostic of impact 

direction. However, experimental studies indicate bending does not always produce complete 

butterfly fractures, or produces wedge fragments variably in tension or compression, precluding 

their use in interpreting directionality. The present study reports results of experimental 3-point 

bending tests on thirteen unembalmed human femora. Complete fracture patterns varied 

following bending failure, but incomplete fractures and fracture surface characteristics were 

observed in all impacted specimens. A flat, billowy fracture surface was observed in tension, 

while jagged, angular peaks were observed in compression. Impact direction was accurately 

reconstructed using incomplete tension wedge butterfly fractures and tension and compression 

fracture surface criteria in all thirteen specimens.  
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Introduction 

Direction of blunt force impact is often a factor of interest in forensic death 

investigations. In the absence of soft tissue evidence, forensic anthropologists may be asked to 

assist forensic pathologists by assessing skeletal fractures and interpreting injury mechanisms. 

Anthropologists draw on basic principles of biomechanics and bone strength asymmetry to 

analyze blunt injuries in terms of failure in tension and compression. From this understanding, it 

is possible to infer the direction of impact (Passalacqua and Fenton 2012; Symes et al. 2012).  

One pattern of injury often discussed in these terms is the butterfly fracture (Passalacqua and 

Fenton 2012; Symes et al. 2012; Smith, Pope, and Symes 2003; Berryman, Shirley, and Lanfear 

2013).  

Biomechanical and anthropological literature associates butterfly fracture with long bone 

bending (Smith, Pope, and Symes 2003; Gozna, Harrington, and Evans 1982; Nordin and 

Frankel 2012; Kimmerle and Baraybar 2008). When a bone is bent, maximum compressive 

stress is generated on the concave impact surface and maximum tensile stress on the opposing 

convex surface. Because cortical bone is weaker in tension than compression, failure initiates in 

tension opposite the impact (Gozna, Harrington, and Evans 1982). As the initial fracture crack 

approaches the compressed side of the neutral axis, it has been suggested that shear stresses 

exceed the bone’s shear strength and cause the crack to bifurcate along 45-degree planes of 

maximum shear (Martin et al. 2015). The expected result of bending failure is thus a “butterfly” 

fracture consisting of a transverse segment on the tension side of the neutral axis and a triangular 

wedge fragment formed by the propagation of oblique fractures on the compression (impact) side 

(Smith, Pope, and Symes 2003; Berryman, Shirley, and Lanfear 2013; A. Galloway 1999). This 

pattern of fracture is also known as a “tension wedge” because the wedge forms with the apex 
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toward the side of the bone in tension (Kress 1996).  Based on this understanding of butterfly 

fracture production, wedge orientation is often regarded as diagnostic of impact direction (Smith, 

Pope, and Symes 2003; Rockhold and Hermann 1999; Ubelaker and Adams 1995; Kroman and 

Symes 2013; Emanovsky 2015).  

Research validating this understanding of butterfly fracture suggests that the relationship 

between long bone bending and butterfly fractures is more variable than typically presented in 

the literature (Kress 1996; Teresinski and Madro 1999; Martens et al. 1986; Fenton et al. 2012; 

Reber and Simmons 2015; Thomas and Simmons 2011; Khalil, Raymond, and Miller 2015). In a 

key engineering study, Kress (Kress 1996) reports several complete fracture types generated in 

bending in a large sample of human femora and tibiae. Tension wedge butterfly fractures and 

oblique fractures were most prevalent, but bending also generated transverse and comminuted 

fractures. Additionally, some butterfly fractures occurred in a “compression wedge” orientation 

with the apex pointing toward the compression side of the bone. Similarly, in an actualistic study 

of femur and tibia fractures in pedestrian-vehicular impacts, Teresinski and Madro (Teresinski 

and Madro 1999) report butterfly fractures occurring in both tension and compression wedge 

orientations.    

Other experimental studies provide different reports on the expected prevalence of 

complete fracture types following bending failure, and on the circumstances surrounding the 

production of compression wedge butterfly fractures (Martens et al. 1986; Fenton et al. 2012; 

Reber and Simmons 2015; Thomas and Simmons 2011; Khalil, Raymond, and Miller 2015). 

Martens et al. (Martens et al. 1986) report 4-point bending of posterior-loaded human femora 

produced only oblique or compression wedge butterfly fractures. Fenton et al. (Fenton et al. 

2012) report no complete butterfly fractures of either wedge orientation in 3-point bending of 
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anterior- and posterior-loaded dry human femora. In the Fenton et al. study, complete fracture 

patterns involved 60% oblique fractures, 27% transverse fractures, and 13% comminuted 

fractures. In 3-point bending experiments on sheep femora, Reber and Simmons (Reber and 

Simmons 2015) report butterfly fractures in about half the sample; of these 60% were tension 

wedges and 40% were compression wedges. Even in synthetic bone, Khalil et al. (Khalil, 

Raymond, and Miller 2015) report variation in complete fracture patterns. Three-point bending 

experiments in the Khalil et al. study produced some tension wedges, but no compression wedge 

butterfly fractures.    

The inconsistency in the presence and orientation of complete butterfly fractures 

generated in experimental studies indicate this fracture pattern may be an unreliable indicator of 

directionality in forensic cases. L’Abbé and colleagues (L’Abbé et al. 2014) caution that simple 

recognition of a butterfly fracture does not necessarily lead to successful interpretation of 

injuries. In response to this problem, Fenton et al. (Fenton et al. 2012) investigated the presence 

and orientation of four incomplete fracture characteristics, drawn from the anthropological 

literature (particularly from Symes, Berryman, and their colleagues (Symes et al. 2012; 

Berryman et al. 1991; Symes et al. 1996; Berryman 2014)), in dry human femora failed under 3-

point bending. These characteristics appeared frequently, in up to 80% of the sample, and could 

be used to reconstruct loading direction accurately in most specimens. However, it was unclear 

how these results might apply to the evaluation of perimortem trauma because the materials used 

in the experiments (dry bones) were outside the perimortem interval.  

In addition to incomplete fractures, Symes and colleagues (Symes et al. 2012; Berryman 

et al. 1991; Symes et al. 1996) and Berryman (Berryman 2014) cite fracture surface morphology 

as indicative of failure in tension vs. compression for blunt trauma to long bones. In tension, 
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Symes et al. (Symes et al. 1996) describe “bone tears,” a fracture surface with a “pulled apart” 

appearance also described as mottled, billowy, and similar in appearance to an unfused epiphysis. 

In compression, the presence of “dog-eared notches” delineates corresponding “breakaway 

spurs” (Symes et al. 1996). Compression surfaces are described as splintery, macroscopically 

jagged, angular, and irregular, with longitudinal alignment with the grain of the bone (Rockhold 

and Hermann 1999; Symes et al. 1996; Berryman 2014). Rockhold and Hermann (Rockhold and 

Hermann 1999) report using these fracture surfaces to reconstruct failure in tension and 

compression and subsequently infer impact directionality in a case involving a vehicular hit-and-

run fatality. Problematically, assertions about fracture surface morphology appear to originate 

largely from the authors’ (e.g. Symes et al. (Symes et al. 1996) and Berryman (Berryman 2014)) 

forensic anthropology case experience and have not been validated through controlled 

experimentation on human material.  

The purpose of the current study was to perform controlled 3-point bending impact 

experiments on fresh human femora and document the incidence and patterns of complete 

fractures, incomplete fractures, and fracture surface characteristics. The study was conducted 

with two primary objectives. The first objective was to test whether the incomplete fracture 

characteristics Fenton et al. (Fenton et al. 2012) documented in dry material also apply to 

reconstructing loading direction in fresh human bone. The second objective was to determine if 

fracture surface characteristics, as discussed by Berryman (Berryman 2014), Symes (Symes et al. 

2012, 1996), and others (e.g., Rockhold and Hermann (Rockhold and Hermann 1999)), are 

useful for interpreting loading direction in bones failed in laboratory-controlled impact 

experiments.  
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Materials and Methods 

Impact experiments 

Three-point bending experiments were conducted to simulate a transverse impact to the 

lower limb of a standing subject (methods also described in DeLand’s thesis (DeLand 2013)). 

Thirteen fresh, unembalmed femora from seven male cadavers ranging in age between 52 and 66 

years (mean age at death 57.2±4.9 years) were selected for the study. All specimens were stored 

at -20°C and thawed at room temperature for two days before testing. Prior to impact, the skin 

and muscle was excised from each femur in order to facilitate manipulation of the specimens in 

the impact fixture and ensure consistent anatomical orientation. The proximal and distal ends of 

the femur were left intact and potted in polyester resin (Martin Senour Fibre Strand Plus 6371, 

Sherwin-Williams; Cleveland, OH) to create attachment points for installing the bone into the 

fixture (Figure 4.1). At the distal end, a cup was attached at a point just above the knee as the 

knee joint itself, including the distal femur, was later used in a different set of experiments.   

Mechanical testing was performed using a 3-point bending fixture mounted on a 

servohydraulic materials testing machine (MTS; Eden Prairie, MN). Femora were installed into 

the fixture using the resin pots as attachment points. The fixture allowed both ends of the bone to 

pivot freely, while an X-Y table allowed planar translation of the distal end. Springs at both ends 

of the bone were used to apply a static axial compressive preload of 450 N, to approximately 

simulate one leg supporting one half of normal body weight. Impacts were performed using a 30 

mm-diameter solid steel cylinder anvil oriented perpendicular to the bone’s long axis. A preload 

of 50 N was applied mid-diaphysis to eliminate any potential residual system compliance. 
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Figure 4.1: Potting the proximal and distal ends of a femur. 

 

Failure was induced via a position-controlled 2 Hz 30 mm haversine displacement of the 

impact anvil into the bone. Force and displacement data were recorded at 10,000 Hz by an 

actuator-mounted load transducer (3210AF-5K, 5000 lb capacity, Interface; Scottsdale, AZ) and 

a linear variable differential transformer (LMT-711P35, ±3.5” stroke, G.L. Collins Corporation; 

Long Beach, CA). Energy to failure was calculated as the area under the load-displacement 

curve up to the peak load.  Figure 4.2 shows the impact setup with one of the specimens in the 

materials testing machine. Paired impacts were performed to account for potential influences of 

impact surface geometry (such as the linea aspera on the posterior femur) on fracture results. The 
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left femur of each individual was impacted on the anterior surface (anterior to posterior or A-P 

bending), while the right femur was loaded on the posterior surface (posterior to anterior or P-A 

bending). 

 

Figure 4.2: Impact setup with a femur installed in the 3-point bending fixture on the materials 

testing machine. 

 

High-speed video was recorded of one impact experiment to document fracture initiation 

and propagation. Fracture was recorded at 40,000 frames per second, allowing for observation of 

fracture from initiation to complete failure of the bone.  

Fracture analysis  

Following impact, any remaining adhering soft tissue was removed using warm water 

maceration (Fenton, Birkby, and Cornelison 2003). Subsequently, specimens were examined 
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macroscopically for the presence of complete fractures, incomplete fractures, and fracture 

surface features. Each specimen was reconstructed from its constituent bone fragments to allow 

for the photographic and diagrammatic documentation of complete and incomplete fracture 

outlines. Medial and lateral views were recorded to account for potential asymmetry.   

Specimens were first assessed for complete fractures. Complete fractures were classified 

as “transverse” (running approximately perpendicular to the bone’s long axis), “oblique” 

(running diagonal to the bone’s long axis), or “comminuted” (dividing the bone into more than 

two pieces) (Galloway 1999).  Fractures classified as comminuted were further examined for the 

presence of triangular-shaped fragments. If present, these were further classified as “tension 

wedge” or “compression wedge” butterfly fractures. 

 Each specimen was reconstructed, then assessed for the presence of four fracture 

characteristics previously described by Fenton et al. (Fenton et al. 2012) (Figure 4.3):  

1) A transverse crack at initiation; 

2) Incomplete tension wedge butterfly fractures formed as incomplete fracture lines branch 

off the main crack at approximately 45-degree angles;  

3) Failure angle shifts occurring as fracture branches shift to run parallel to the bone’s 

long axis; and  

4) A breakaway spur in which the fracture angle sharply changes direction just prior to 

fracture completion.  
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Figure 4.3: Incomplete fracture features. 1: Transverse crack. 2: Incomplete tension wedge 

butterfly fracture. 3: Failure angle shift. 4: Breakaway spur.  

 

Prior to reconstruction, the fracture surfaces of each bone fragment were assessed for 

characteristics described in the literature (Symes et al. 2012; Rockhold and Hermann 1999; 

Symes et al. 1996; Berryman 2014). Surfaces were categorized as 1) relatively flat with shallow 

topography and a “pulled apart,” mottled, billowy appearance similar to an unfused epiphysis; or 

2) angular, jagged or irregular peaks with steep topography and longitudinal alignment with the 

grain of the bone. The presence and anatomical location of these surfaces were noted for each 

specimen.  

Results 

 Load-displacement plots to failure showed a linear response of each bone with abrupt 

failure in all cases (Figure 4.4). Failure loads ranged from 399 to 920 N. No significant 

differences were observed between failure loads recorded for anterior impacts (576±118 N) and 

posterior impacts (644±216 N). Anvil displacement prior to failure ranged from 5.8 mm to 13.2 

mm. No significant differences were observed between anterior impacts (8.83±2.67 mm) and 

posterior impacts (10.21±1.57 mm). Input energy to failure ranged from 15.0 to 66.3 J.  While 

the energy was generally higher for posterior impacts (39.4 ±18.4 J) than anterior impacts 

(29.0±11.7 J), the difference was also non-significant.  
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Figure 4.4: Load-displacement graph of one impact experiment. 

 

Complete fracture characteristics  

Controlled 3-point bending experiments produced complete fracture in 100% (13/13) of 

anterior- and posterior-impacted human femora. Several complete fracture types were observed 

including transverse fractures in 6/13 (46.2%) impacts, oblique fractures in 3/13 (23.1%) 

impacts, and comminuted fractures in 4/13 (30.8%) impacts. No complete butterfly fractures 

were observed in any impact. Anterior impacts produced transverse fractures in 3/6 (50%) 

specimens, oblique fractures in 2/6 (33.3%) specimens, and comminuted fractures in 1/6 (16.7%) 

specimens. Posterior impacts produced transverse fractures in 3/7 (42.9%) specimens, oblique 

fractures in 1/7 (14.3%) specimens, and comminuted fractures in 3/7 (42.9%) specimens. These 

results support previous experimental studies of long bone bending that report high incidences of 

oblique and transverse fractures (Kress 1996; Fenton et al. 2012).  
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 Interestingly, the results demonstrate that complete fracture types vary both between 

subjects loaded in the same direction and within subjects with femur pairs loaded in different 

directions. In each of the paired impact experiments the anterior-loaded left femur exhibited a 

different complete fracture type than the corresponding posterior-loaded right femur. However, 

no consistent, significant difference in complete fracture type was observed between anterior and 

posterior impacts (p=.633).  

Incomplete fracture characteristics  

While complete fracture types varied across impact experiments, the presence and 

orientation of incomplete fractures were consistent across impact experiments (Figures 4.5, 4.6). 

The four features investigated by Fenton et al. (Fenton et al. 2012) in dry femora were 

consistently observed in this sample in a particular sequence and location relative to the impact. 

Transverse cracks were present in 100% (13/13) of impacted specimens. In each case this feature 

was observed on the tensile side of the bone opposite the applied load, that is, anteriorly in 

posterior-loaded femora and posteriorly in anterior-loaded femora. Contrasting with conventional 

depictions of butterfly fracture in the literature, the transverse cracks were short in this 

experimental set. Incomplete butterfly fractures formed through the branching of incomplete 

fractures off the main crack occurred in 13/13 (100%) impacts. The number and location of 

branch points varied between specimens, but branching began from the tension side in each case. 

Branch points occurred on the anterior side in all posterior impacts and the posterior side in all 

anterior impacts. Failure angle shifts were also observed in 13/13 (100%) impacts. These were 

observed most often in incomplete fracture branches. Finally, clear breakaway spurs were 

observed in 11/13 (84.6%) impacts. This includes 6/6 (100%) A-P impacts and 5/7 (71.4%) P-A 
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impacts. For each case in which breakaway spurs were present, they were observed on the 

compression (impact) side of the bone.  

When medial and lateral views were compared, some asymmetry was observed within 

specimens. Only incomplete butterfly fractures were easily identified in both medial and lateral 

views in all thirteen A-P and P-A impacts. Failure angle shifts were observed in both medial and 

lateral views in 6/6 (100%) A-P specimens, but only 5/6 (83.3%) P-A specimens. Transverse 

cracks were visible in both medial and lateral views in 5/6 (83.3%) A-P specimens and 5/7 

(71.4%) P-A specimens. Breakaway spurs exhibited the most asymmetry within specimens. 

These were visible in both views in only 2/6 (33.3%) A-P specimens. Of the P-A specimens, 

breakaway spurs were observed in both medial and lateral views in all five of seven cases in 

which they were present (71.4%). This asymmetry underscores the importance of viewing 

incomplete fractures carefully across all surfaces of the bone.  
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Figure 4.5: Results of anterior (A-P) impacts to left femora; impact side is up. Solid lines 

represent complete fractures and dotted lines represent incomplete fractures. 
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Figure 4.6: Results of posterior (P-A) impacts to right femora; impact side is up. Solid lines 

represent complete fractures and dotted lines represent incomplete fractures. 
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High-speed video: production of incomplete butterfly fractures 

 High-speed video footage of one 3-point bending experiment may exhibit how fractures 

initiate and propagate during failure in bending. In the video, production of the four incomplete 

fracture characteristics (Figure 4.3) was observed as four “events” or directional changes the 

fracture takes during propagation (Figure 4.7). The video showed the fracture initiating as a short 

transverse crack on the side of the bone opposite impact. This supported the prediction based on 

basic principles of biomechanics and bone anisotropy that bent bone will fail initially in tension 

on the side opposite impact. However, fracture initiation did not occur directly opposite the 

impact site. This suggests the location of initial tensile failure does not necessarily reflect the 

location of impact along the shaft. Immediately following initial failure, a secondary incomplete 

fracture branched off the initial transverse crack. This branching began on the tension side of the 

bone. As they propagated toward the impact (compression) side, both complete and incomplete 

fractures shifted to parallel the bone’s long axis (failure angle shifts). The incomplete fracture 

terminated in this position. Meanwhile, the primary complete fracture sharply shifted directions 

as it propagated toward the impact (compression) side, resulting in a short fracture segment 

(breakaway spur) that reached completion on the impact side of the bone.   
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Figure 4.7: Stills from high-speed video of impact experiment 16-2001. Frame 1: tensile 

initiation. Frame 2: branching of incomplete and complete fractures. Frame 3: failure angle 

shifts. Frame 4: formation of breakaway spur. 

 

Fracture surface characteristics 

 The appearance and location of two distinct fracture surface features were consistent 

across all anterior and posterior impacts. In all thirteen (100%) specimens, the tension surface 

was relatively flat and epiphysis-like with shallow billowing and was observed on the non-

impact side. In 6/6 (100%) of A-P impacts the tension surface was observed on the posterior 

portion of the bone, and in 7/7 (100%) of P-A impacts the tension surface was observed on the 

anterior portion. Similarly, the compression surface was macroscopically jagged with angular, 

longitudinally oriented peaks and steep topography on the impact side in all thirteen specimens. 

In 6/6 (100%) of A-P impacts the compression surface was observed on the anterior portion of 

the bone, and in 7/7 (100%) of P-A impacts it was observed on the posterior portion (Figures 4.8 

and 4.9). Assessment of the fracture surfaces in some cases helped to differentiate between the 

transverse crack and the breakaway spur; the transverse crack was associated with the flat, 

billowy surface while the breakaway spur was associated with the jagged, peaked surface.  

When viewing the fracture surface looking down the medullary cavity, the tension feature 

occupied most of the fracture surface in all specimens. Jagged compression features were most 
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pronounced close to the impact surface. When the complete fracture type was oblique, the 

compression surface was sometimes observed as a single peak on one portion of the bone and a 

notch on the corresponding surface.  The transition of surface morphology from tension to 

compression characteristics was typically abrupt. A line demarcating between the two surfaces 

could often be drawn across the medullary cavity from medial to lateral, roughly perpendicular 

to the direction of the applied load.  

 
Figure 4.8: Fracture surface in an A-P impacted specimen (13-1026). The compression surface 

occurs on the anterior side of the bone (image right). The tension surface occurs on the posterior 

side of the bone (image left). 

 

 
Figure 4.9: Fracture surface in a P-A impacted specimen (12-1466). The compression surface 

occurs on the posterior side of the bone (image left). The tension surface occurs on the anterior 

side of the bone (image right). 
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Discussion 

The current experimental study of thirteen cases of controlled 3-point bending in the 

human femur demonstrated the expected range of variation in fracture characteristics that have 

been discussed previously in the trauma literature. While the results did show considerable 

variation in complete fractures, there was a consistency in the incidence and location of 

incomplete fractures and fracture surface characteristics.   

The current results support previous experimental research (Kress 1996; Fenton et al. 

2012; Reber and Simmons 2015) demonstrating that long bone bending produces a variety of 

complete fracture patterns. This complicates the simple relationship between long bone bending 

and butterfly fractures often presented in the literature (e.g., (Passalacqua and Fenton 2012; 

Symes et al. 2012; Smith, Pope, and Symes 2003; Berryman, Shirley, and Lanfear 2013)). The 

results also highlight the limitations of relying on butterfly fracture wedge orientation to 

diagnose impact direction (Smith, Pope, and Symes 2003; Rockhold and Hermann 1999; 

Ubelaker and Adams 1995; Berryman 2014), as the present study demonstrates bending may not 

produce complete butterfly fractures. Because none of the specimens in the current study 

exhibited complete butterfly fractures, these results neither support nor contradict the results of 

previous investigators (Martens et al. 1986; Reber and Simmons 2015) that complete butterfly 

fragments are more likely to occur on the posterior femur, regardless of impact direction. In the 

present study, incomplete butterfly fractures occurred exclusively as tension wedges with no 

fracture patterns suggestive of compression wedges. The incomplete wedge fragment occurred 

on the impact side in both anterior- and posterior-loaded specimens.  Bending experiments in the 

present study did produce different complete fracture patterns in paired femora loaded on the 
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anterior vs. the posterior surface. However, the relationship between loading surface and 

complete fracture type was non-significant in this experimental set. 

The four incomplete fracture characteristics Fenton et al. (Fenton et al. 2012) report in 

dry bones were also observed in the present set of fresh, unembalmed human femora. As 

observed in high-speed video footage, incomplete fracture characteristics appear to reflect 

directional changes in the fracture as it propagates from initiation on the tension side to 

completion on the compression side of the long bone. Although video footage was not taken of 

all impact experiments, the incomplete fractures in the filmed impact appear similar to those 

observed in the experiments not filmed. Transverse cracks were consistently observed where the 

bone was initially in tension. In all specimens, incomplete butterfly fracture branches began 

closer to the side of fracture initiation and widened as they propagated toward the compression 

side of the bone. Failure angle shifts tended to occur toward the compression side, and 

breakaway spurs were consistently observed on the impact side where the bone was initially in 

compression. Understanding incomplete fractures as artifacts of fracture propagation from 

tension to compression allowed for an accurate interpretation of impact directionality in the 

current experimental set.   

Incomplete fracture characteristics were observed more consistently in the current sample 

of fresh bones than in dry bones failed under the same loading conditions. Transverse cracks, 

incomplete tension wedge butterfly fractures, and failure angle shifts occurred in 100% of fresh 

specimens in the present study, but only in 80-87% of dry bone specimens reported by Fenton et 

al. (Fenton et al. 2012). In both fresh and dry specimens, however, breakaway spurs were 

observed less frequently than the other three features. The lower incidence of incomplete fracture 

characteristics in dry material may indicate that postmortem changes in bone material properties 
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affect the production of incomplete fracture characteristics. Effects of postmortem drying on 

fracture results have been reported in some experimental studies (Wieberg and Wescott 2008; 

Wheatley 2008). Bone moisture content has been shown to decrease rapidly in the months after 

death (Wieberg and Wescott 2008). Wieberg and Wescott (Wieberg and Wescott 2008) report a 

low, but significant correlation between moisture content and some fracture characteristics. Of 

note, wet bones tend to exhibit more fracture lines than dry bones. This may help explain why 

incomplete tension wedges, formed by the branching of two or more fracture lines, were 

observed more frequently in the current fresh bone sample than in the dry bone sample. 

Additionally, wet bone fractures tend to exhibit more curved or V-shaped outlines than dry bone 

fractures, which tend toward transverse outlines (Wheatley 2008). Two incomplete fracture 

characteristics relevant to the current study, incomplete tension wedges and failure angle shifts, 

are the direct results of changes in fracture angle and curvature away from the transverse.  

The current three-point bending experiments generated fracture surface features 

consistent with those described by Symes (Symes et al. 1996), Berryman (Berryman 2014), and 

others (Rockhold and Hermann 1999; Emanovsky 2015). Flat, shallow, epiphysis-like billowing 

was observed opposite the impact where the bone was in tension in all specimens regardless of 

loading surface. Jagged, angular peaks were consistently observed on the impact (compression) 

side. These results lend support to the validity of fracture surfaces described in the literature and 

indicate the transition of fracture surfaces from flat to jagged likely reflects a transition from 

initial failure in tension to failure on the compression side of the bone.   

As these bending experiments were performed in a laboratory setting, there were some 

limitations to the study. The current study reflects a small sample of bones that failed under a 

particular set of loading conditions (3-point bending with axial compression). The effect of 
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different impact variables, including loading rate, implement type, or different loading 

configurations, on the incomplete fractures and fracture surface characteristics described here is 

yet untested. Still, consistency in the incidence and orientation of incomplete fractures and 

fracture surfaces observed in this experimental set suggest these features may make more reliable 

units of analysis than complete butterfly fractures.    

For the current study the authors found the following steps most useful for assessing 

fracture and reconstructing loading direction. In the experimental set, fracture surface 

morphology was found to be reliable for reconstructing failure on the tension vs. compression 

side of the bone, and subsequently accurately reconstructing loading direction. To best observe 

these features, the authors focused on the fractured cortical surfaces surrounding the medullary 

cavity and noted the presence and anatomical location of the two surface textures. The relatively 

flat surface characterized by shallow billowing occurred on the tension side and the jagged 

surface, consisting of sharp, angular peaks, occurred on the compressed side in the current study. 

Typically, the abrupt transition between these two contrasting surfaces could be demarcated with 

a line across the medullary cavity, approximately perpendicular to the direction of loading.   

Next, the bone was reconstructed to best observe incomplete fractures. The anatomical 

location and orientation of the branch points of the incomplete butterfly fractures were noted.  

While all four incomplete fracture characteristics were observed consistently in this experimental 

set, branching of incomplete butterfly fractures was the single most reliable and unambiguous of 

these features to identify and interpret. In all experimental cases, incomplete or complete 

secondary fractures branched off the primary complete fracture line and formed branch points 

whose apex pointed toward the tension side of the bone.  The other incomplete fracture features 

helped confirm direction of impact. The location of the transverse crack helped identify the 
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tension side of the bone, while the breakaway spur helped identify the compressed side. Failure 

angle shifts were typically observed as the fracture progressed to the compressed side of the 

bone, which provided further evidence of directionality. When the anatomical orientation of the 

incomplete butterfly fracture and the anatomical orientation of the tension and compression 

fracture surfaces agreed, this provided a good indication of the impact direction. Using these 

steps the authors reconstructed impact direction accurately in 100% of cases.   

These features were useful in the present sample of specimens failed under 3-point 

bending with axial loading. However, this data cannot confirm whether the same incomplete 

fractures and fracture surfaces will be present or equally useful for estimating loading direction 

in human long bones when impact conditions involve other variables. The method presented here 

should be blind tested on external samples with known impact direction in order to establish 

error rates. Until then, practitioners should remain cautious about applying this method for 

estimating loading direction in forensic cases.  

Conclusion 

  This study of controlled 3-point bending using fresh human bone responds directly to the 

“Current Needs in Forensic Anthropology” document generated by the Gap Analysis Committee 

of the Scientific Working Group for Forensic Anthropology (SWGANTH) which calls for 

“collaborative research with a biomechanist doing controlled experimental trauma studies, 

preferably on human remains” (SWGANTH 2011).  The results of this study lead to the 

conclusion that exclusive reliance on complete fractures would limit an observer’s ability to 

assess loading direction, as complete fracture types varied even under these laboratory controlled 

conditions. If practitioners consider only the presence and orientation of complete butterfly 

fractures, they may be unable to accurately interpret impact direction in all trauma cases.  
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The understanding of fracture propagation presented here allowed for the reconstruction 

of impact direction in this experimental set of bending impacts using incomplete fractures and 

fracture surface characteristics. In this set, incomplete tension wedge butterfly fractures and 

fracture surface features occurred in consistent locations corresponding to where the bone was 

likely initially in tension or compression. The results of this study therefore suggest that these 

features may be more useful for reconstructing loading direction than simply the generation of 

complete butterfly fractures alone. 
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PAPER 5: FRACTURE CHARACTERISTICS IN CONCENTRATED 4-POINT BENDING OF 

HUMAN FEMORA 

 

Abstract 

This paper reports the results of concentrated 4-point bending experiments on nine human 

femora. Martens and colleagues’ (Martens et al. 1986) experimental method was replicated with 

the goals of producing similar complex fracture patterns and evaluating them using three 

analytical strategies: fracture morphology, failure mode analysis, and fractography. Fracture 

morphologies included oblique (3/9) and comminuted (6/9) fractures. Both compression and 

tension wedge fragments were produced, demonstrating the interpretive limitations of 

butterfly/wedge morphology. Failure mode analysis could be used to identify compression, 

tension, and shear features and interpret loading direction in 7/9 experiments. At least one 

fractographic feature was identified in all femora, but sufficient features to interpret crack 

propagation were present in only 7/9 experiments. In these cases, interpretations matched actual 

crack propagation. The results suggest failure mode analysis and fractography can help resolve 

cases involving extensive fragmentation. However, relevant features must be present to interpret 

fractures using these strategies.   
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Introduction 

Anthropologists have traditionally used a comparative morphological approach to 

describe and interpret long bone fractures (L’Abbé et al. 2019). Using this strategy, analysts 

classify fracture patterns using shape-based (e.g. butterfly, transverse, oblique, spiral) categories 

or clinical eponyms (e.g., Colles, Messerer, Monteggia). These patterns are often associated with 

particular types of loading (e.g., bending, torsion) or injury scenarios (e.g., a fall onto an 

outstretched hand). This terminology can be useful for providing concise, universally understood 

descriptions of the degree and pattern of trauma (Galloway, Zephro, and Wedel 2014). However, 

research has shown that morphology is only reliable for describing fractures and not necessarily 

for interpreting their cause (L’Abbé et al. 2019; Isa et al. 2018; Agnew et al. 2020).  

Butterfly fractures present an example of the interpretive limitations of the morphological 

approach. Butterfly fractures are associated with blunt force impacts causing a bone to bend 

(Sharir, Barak, and Shahar 2008; Martin et al. 2015; Galloway, Zephro, and Wedel 2014; Gozna, 

Harrington, and Evans 1982; Smith, Pope, and Symes 2003; Kimmerle and Baraybar 2008a; 

Levine 1986). Because cortical bone exhibits lower material strength in tension than 

compression, fracture is expected to initiate at the point of greatest tensile stress opposite the 

applied load. As the crack progresses, shear stresses exceed the bone’s shear strength, causing 

the crack to branch in the direction of maximal shear before total fracture on the compression 

side (Sharir, Barak, and Shahar 2008; Martin et al. 2015). The expected result of long bone 

bending is a triangular fragment with its apex on the tension side. This pattern is sometimes 

called a “tension wedge” because initial failure occurs on the tension side (Kress et al. 1995), but 

is more often described as a butterfly fracture due to its winged shape (Rockhold and Hermann 

1999; L’Abbé et al. 2019; Ubelaker and Adams 1995; Galloway, Zephro, and Wedel 2014). 
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Based on this understanding, the presence and orientation of butterfly fractures are often used to 

infer loading direction (e.g. Rockhold and Hermann 1999; Love and Christensen 2018).  

In reality, however, recognition of butterfly morphology is insufficient to interpret this 

pattern of trauma (L’Abbé et al. 2019). Fractures produced in bending may not exhibit classic 

butterfly morphology (Kress et al. 1995; Martens et al. 1986; Reber and Simmons 2015; Khalil, 

Raymond, and Miller 2015; Teresinski and Madro 1999; Agnew et al. 2020; L’Abbé et al. 2019; 

Isa et al. 2018). Several authors even report butterfly fractures in a reverse orientation (Kress et 

al. 1995; Martens et al. 1986; Teresinski and Madro 1999). These have been described as 

“compression wedges” because the apex occurs on the compression side (Kress et al. 1995). 

These fracture patterns deviate from expectations for long bone bending and cannot be 

interpreted using traditional comparative morphology. While small percentages have been 

reported in 3-point bending (Kress et al. 1995), Martens et al. (Martens et al. 1986) report a high 

frequency of compression wedges in concentrated 4-point bending. This raises two questions: 

how do these fractures form, and what analytical strategies be applied to interpret them?  

A limitation of the morphological approach is that it makes simplistic associations 

between broad fracture pattern categories and specific injury scenarios. Modern approaches to 

the analysis of blunt force trauma instead use smaller units of analysis to reconstruct how a bone 

failed. One strategy involves failure mode analysis, wherein analysts identify fracture 

characteristics associated with tension, compression, and shear failure. While there is currently a 

lack of standardized terminology for these features, various authors have discussed similar 

fracture characteristics (Symes et al. 2012; L’Abbé et al. 2019; Berryman 2014; Rockhold and 

Hermann 1999; Emanovsky 2015; Isa et al. 2018). In a recent publication L’Abbé et al. (L’Abbé 

et al. 2019) describe fracture characteristics associated with failure in tension as “[…] straight (in 
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2-dimensions) with a mottled bone surface in cross-section where perpendicular edges of pulled 

apart bone are noticeable”; compression characteristics as “zipper-like tears in bone (2-

dimensional) with distinct ridges and valleys in cross-section”; and shear characteristics as 

“curved, diagonal lines across a long bone” (L’Abbé et al. 2019, 190). Using these features, 

anthropologists were able to determine the direction the bone was bent and, along with soft tissue 

evidence, determine the impact site in a case study involving a pedestrian-vehicle accident.  

Isa et al. (Isa et al. 2018) describe similar fracture characteristics in a sample of femora 

broken in 3-point bending experiments. Fracture characteristics associated with the path of 

fracture propagation included a transverse crack at initiation in tension, incomplete fractures 

branching from the main crack along principal shear planes, failure angle shifts as fracture 

branches curve to run parallel to the bone’s long axis, and breakaway spurs at the point of total 

fracture in compression. Fracture surfaces were mottled and billowy with relatively flat 

topography toward the side of the bone under tension, and jagged with steep topography toward 

the side under compression. Using these features, loading direction could be accurately 

interpreted for all cases in the experimental sample (Isa et al. 2018).  

A recent advance in the analysis of blunt force trauma is the formal application of 

fractography (Christensen et al. 2018; Love and Christensen 2018; Christensen and Hatch 2019). 

Fractography is the study of fracture surface features and the relationship of these features to 

crack propagation (Hull 1999). Fractographic methods have been applied to a variety of 

industrial materials including metal, glass, and ceramics to interpret the causes of failure. While 

failure mode analysis could be considered a form of fractography, Christensen et al. (Christensen 

et al. 2018) recently proposed a method for applying formal, standardized terminology and 

visualization techniques from the field of fractography to describe and interpret features 
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observed on fractured bone surfaces. They report the presence of fractographic features in the 

same 3-point bending sample assessed by Isa et al. (Isa et al. 2018), including bone mirror, bone 

hackle, wake features, arrest ridges, and cantilever curl, and obtain low inter- and intra-observer 

error using these features to determine crack propagation direction. As expected, crack 

propagation opposed loading direction in all cases.   

Recent studies suggest the promise of failure mode analysis and fractography for 

interpreting skeletal trauma in forensic cases. However, continued research on the applications of 

these methods is useful to clarify their strengths and limitations. In the 3-point bending sample 

investigated by Isa et al. (Isa et al. 2018) and Christensen et al. (Christensen et al. 2018), 

experiments generally produced one primary fracture. This meant that assessment included one 

of two complementary fracture surfaces (proximal and distal), and crack propagation was 

evaluated in one direction (e.g., posterior to anterior). It is of interest to evaluate whether these 

methods can be applied to resolve more complex cases, like the compression wedge fractures 

produced using Martens and colleagues’ loading configuration (Martens et al. 1986).  

In order to investigate the phenomenon of compression wedge fractures, the current study 

replicated the experimental methods of Martens et al. (Martens et al. 1986) with the goal of 

generating similar fracture patterns in human femora. Subsequently, three analytical strategies 

(comparative morphology, failure mode analysis and forensic fractography of bone) were applied 

to interpret the resulting fractures. The specific goals of this study were 1) to perform Martens-

style concentrated 4-point bending experiments on human femora; 2) to document fracture 

formation in these experiments using high-speed video; 3) to apply each analytical strategy to 

describe and interpret fractures; and 4) to compare interpretations to documented fracture 

propagation and loading direction.  
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Materials and Methods 

Specimens 

The experimental sample included nine whole, biomechanically fresh human femora 

obtained from adult male donor cadavers. These included five unpaired femora and two pairs of 

femora from seven individuals. The procurement organizations obtained consent for research on 

donor remains in accordance with the Uniform Anatomical Gift Act. Femora were stored at -20 

°C and thawed completely at room temperature before testing. Storage at this temperature has 

been shown to have a negligible effect on the mechanical properties of bone (Cowin 2001; Kaye 

et al. 2012; van Haaren et al. 2008). Prior to experimentation, each femur was dissected and 

carefully cleaned of soft tissue. This enabled proper anatomical orientation of specimens within 

the experimental fixture and allowed for visualization of fracture propagation during testing. 

Concentrated 4-point bending experiments 

Bending is the most common method used to test the mechanical performance of whole 

bones (Sharir, Barak, and Shahar 2008). Testing is typically performed using one of two 

methods: 3-point and 4-point bending. In 3-point bending the bone is positioned on two supports. 

A one-pronged loading device is applied to the opposite surface at a point halfway between the 

two outer supports. In this type of test, the maximum load occurs at the point of load application. 

In 4-point bending, however, a two-pronged loading device is applied to the opposing surface 

equidistant from the two outer supports. This testing method subjects the entire section of bone 

between the two loading prongs to a uniform moment (Sharir, Barak, and Shahar 2008).  

In the current study, experiments were performed with a custom-built fixture (Figure 5.1) 

installed onto a servo-hydraulic machine (Instron; Norwood, MA). This fixture was used to 

apply concentrated 4-point bending loading according to the specifications reported by Martens 
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et al. (Martens et al. 1986). Each femur was placed onto adjustable outer supports positioned at a 

distance equivalent to 60% of the maximum length. Two inner loading probes were placed at the 

midshaft at a distance equivalent to 10% of the maximum length. This paper refers to the current 

experiments and those of Martens et al. as “concentrated” 4-point bending because the loading 

points are more closely positioned than in typical 4-point bending tests.  

 
Figure 5.1: Concentrated 4-point bending fixture following the specifications described by 

Martens et al. (1986). Image depicts posterior loading.  

 

The five unpaired femora were placed in the impact fixture such that the anterior 

diaphysis rested on the outer supports and the loading probes were applied to the posterior 

diaphysis. For the two sets of paired experiments, the left femur was loaded on the posterior 

surface and the right femur was loaded on the anterior surface.  
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Failure was induced via position-controlled displacement of the loading probes at a rate 

of 2 Hz over 20 mm. Force and displacement data were recorded by an actuator-mounted load 

transducer (3210AF-5K, 5000 lb capacity, Interface; Scottsdale, AZ) and a linear variable 

differential transformer (LMT-711P35, ±3.5” stroke, G.L. Collins Corporation; Long Beach, 

CA). Energy to failure was calculated as the area under the load-displacement curve up to the 

peak load.  

All experiments were filmed with a high-speed camera (Fastcam Mini AX 200, Photron 

Ltd; Tokyo, Japan) at 40,000 frames per second. All images were oriented such that the distal 

end of the femur was at image left and the impact surface was up. Photron software was used to 

generate still frames of fracture propagation throughout each experiment. These images were 

used to assess fracture initiation and termination relative to the loading sites for each experiment. 

Fracture assessment 

Following experimentation, femora were cleaned of remaining soft tissue using hot water 

maceration. Relevant features of the fractures and their surfaces were subsequently documented 

and assessed. Complete fracture morphology was assessed to allow for comparison of results 

with other long bone bending studies. Fractures were classified as “transverse” (approximately 

perpendicular to the bone’s long axis), “oblique” (diagonal to the bone’s long axis), or 

“comminuted” (dividing the bone into more than two pieces) (Galloway, Zephro, and Wedel 

2014). Comminuted fractures were further assessed for the presence of wedge fragments. 

Following Kress et al. (Kress et al. 1995), these were classified “tension wedge” if the apex was 

positioned toward the tension side (opposing the applied load) and “compression wedge” if the 

apex was positioned toward the compression (loading) side.  
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Femora were also assessed for the presence of fracture characteristics associated with 

tension, compression, and shear failure modes (Table 5.1). While there is currently no standard 

terminology for these fracture characteristics, descriptions are based on those provided by 

L’Abbé et al. (L’Abbé et al. 2019) and Isa et al. (Isa et al. 2018) as discussed above.  

Failure mode Fracture characteristics 

Tension Straight fracture margin (viewed in 2 dimensions) with perpendicular 

edges and a mottled, billowy fracture surface  

Shear Fractures angle and/or branch from the main crack at initial angles of 30-

45 degrees and may eventually curve along the long axis of the bone   

Compression  Saw-toothed or zipper-like fracture margin (viewed in 2 dimensions) with 

triangular ridges and valleys in cross-section 

Table 5.1: Failure mode fracture characteristics. Adapted from L’Abbé et al. (L’Abbé et al. 

2019) and Isa et al. (Isa et al. 2018).  

 

Fracture surfaces were examined for the presence of fractographic features described by 

Christensen et al. (Christensen et al. 2018) and Love and Christensen (Love and Christensen 

2018) (Table 5.2). Prior to examination, the fracture surfaces of each bone fragment were coated 

with dual-contrast fingerprint powder in order to enhance visualization of the features of interest. 

These surfaces were then examined macroscopically using oblique lighting. 

Feature Definition 

Bone mirror A relatively featureless region of a fractured bone surface near the fracture 

initiation site 

Bone hackle Angular or rounded ridges aligned in the direction of propagation resulting 

from increasing crack speed and instability 

Arrest ridges Large raised ridges or peaks perpendicular to the direction of crack 

propagation resulting from drastic changes in crack propagation velocity 

Cantilever 

curl 

A curved lip that occurs just before total fracture of a bone loaded in 

bending.  

Table 5.2: Fractographic features. Definitions follow Love and Christensen (Love and 

Christensen 2018). 

 

Interpretation  

Failure mode analysis was applied to interpret failure in tension, compression, and shear. 

The orientation of these fracture characteristics was used to interpret the direction the bone bent 
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prior to failure. Given prior knowledge of unidirectional bending, loading direction was inferred 

from bending direction. Fractography was applied to interpret fracture propagation including the 

location of crack initiation and termination sites. Given prior knowledge of unidirectional 

bending, loading direction was interpreted opposite the direction of initial crack propagation. 

Finally, interpretations were compared to the actual loading direction and fracture propagation 

sequences captured in experiment videos.  

Results 

All 4-point bending experiments produced fracture. Maximum failure loads ranged from 

5039.4 to 9040.8 N (mean=7195.7±1408.6 N). Maximum displacement prior to failure ranged 

from 6.4 to 10.9 mm (mean =8.4±1.7 mm). The energy absorbed prior to failure ranged from 

17.9 to 57.2 J (mean=35.9±15.4 J). Results for each experiment are shown in Table 5.3.  

Specimen Side Load 

Max Load 

(N) 

Max Displacement  

(mm) 

Energy Absorbed 

(J) 

16-2048 L PA 5039.4 6.55 17.9 

16-2031 L PA 5864.4 6.43 20.4 

16-2021 L PA 6405.1 7.66 26.9 

17-0006 R AP 6812.2 6.50 22.7 

16-2047 R PA 6959.5 8.46 33.2 

16-0044  R AP 7056.1 8.46 28.3 

16-2073 R PA 8565.0 10.85 57.2 

17-0006  L PA 9019.1 10.28 53.1 

16-0044 L PA 9040.8 9.95 50.0 

Table 5.3: Mechanical results.   

 

Fracture initiated from a single location in all nine experiments. While propagation 

sequence differed in each experiment, two general patterns were observed. In 7/9 experiments 

initial failure occurred within the midshaft loading region, opposite one of the loading probes or 

between probes. In 2/9 experiments (16-2031 and 16-2048) fractures initiated in the distal shaft 

and terminated on the loading surface near the distal probe. Crack propagation for each 

experiment is shown in the Appendix of this chapter.  
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Fracture morphology 

Complete fracture types included oblique and comminuted fractures (Figures 5.2 and 

5.3). Among the seven posterior loading experiments, two produced oblique fractures of the 

distal shaft and five produced comminuted midshaft fractures, three of which exhibited wedge 

fragments. Two experiments (16-2073 and16-2021) produced compression wedge fragments 

while the third (17-0006 L) produced a tension wedge fragment. One anterior loading experiment 

(17-0006 R) produced comminuted midshaft fractures without wedge fragments. The other 

anterior loading experiment (16-0044 R) produced an oblique midshaft fracture.  

Failure mode analysis  

Fracture characteristics indicative of tension, compression, and shear were present in 7/9 

experiments. These were identified in cases involving midshaft failure but not in the two 

experiments involving failure in the distal shaft (16-2031 and 16-2048). In each of the seven 

cases in which they were present, tension characteristics (straight margins, mottled fracture 

surface) were identified at one location corresponding to the site of fracture initiation. In 

contrast, compression characteristics (zipper-like margins, ridges and valleys) were often 

identified at multiple locations. These occurred only where fractures terminated on the loading 

surface; they were not observed where fractures terminated on the opposing surface.  

Fracture angulation and curvature indicative of shear failure occurred between the areas 

of tension and compression. Incomplete fracture branches were always concentrated near the 

tensile initiation site. Incomplete fracture branches terminated as they approached the 

longitudinal axis. However, complete fracture branches often continued to curve, terminating on 

the surface opposite the applied load.   
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Figure 5.2: Unpaired experiments. Loading was applied posterior to anterior at the location indicated by the arrows. The solid lines 

indicate complete fractures while the dashed lines indicate incomplete fractures.  
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Figure 5.3: Paired experiments. Loading was applied to left femora posterior to anterior and to right femora anterior to posterior at the 

locations indicated by the arrows. The solid lines indicate complete fractures while the dashed lines indicate incomplete fractures.  
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Fractography 

Nine bending experiments produced 35 bone fragments examined for fractographic 

features. Table 5.4 summarizes the presence of these features on each fragment. The number of 

features observed in a single fragment ranged from 0 to 4 (m=2.5±1.1).  

Bone mirror was the least frequently observed fractographic feature in the sample. It was 

present in at least one fragment in 7/9 femora and in 10/35 total fragments examined (Table 5.4; 

Figure 5.4). Mirror occurred only in the area corresponding to initial failure. Because fracture 

initiated from exactly one location in each experiment, only fracture surfaces at that location 

exhibited bone mirror. Articulating fracture surfaces did not always display mirror. It is possible 

that this is due to the loss of small fragments of bone at the initiation site (see Appendix).  

 
Figure 5.4: Examples of bone mirror in the the 4-point bending sample. Anterior is image left. 

Brackets denote bone mirror and dashed lines denote direction of crack propagation. Fragments 

pictured: 16-2021 D; 17-0006 L D; 16-2073 C; 17-0006 R A; 16-2047 A.  

 

Bone hackle was the most frequently observed fractographic feature. It was present in at 

least one fragment in all nine femora and in 32/35 total fragments examined (Table 5.4; Figure 

5.5). Because fractures propagated in multiple directions after initiation, hackle was often 

observed in multiple planes within a single specimen.  
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Figure 5.5: Examples of bone hackle in the the 4-point bending sample. Anterior is image left. 

Solid lines denote bone hackle and dashed lines denote direction of crack propagation. 

Fragments pictured: 16-2021 D; 17-0006 L D; 16-2021 A; 16-2021 B; 17-0006 R A.  

Arrest ridges were present in at least one fragment in 7/9 femora and in 23/35 total 

fragments examined (Table 5.4; Figure 5.6). This feature occurred in areas approaching total 

fracture. Because there were often multiple sites of fracture termination in a single femur, arrest 

ridges were present on multiple fragments and in multiple locations. 

 
Figure 5.6: Examples of arrest ridges in the the 4-point bending sample. Anterior is image left. 

Solid arrows denote arrest ridges and dashed lines denote direction of crack propagation. 

Fragments pictured: 16-2021 D; 17-0006 R D; 17-0006 L C; 17-0006 R A; 16-2047 A.  

Cantilever curl was present in at least one fragment in 7/9 femora and in 21/35 total 

fragments examined (Table 5.4; Figure 5.7). Like arrest ridges, cantilever curl was often present 

on multiple fragments in a single femur due to the production of multiple termination sites. 

Interpretations 

Table 5.5 summarizes the interpretations made using failure mode analysis and 

fractography for the 4-point bending sample. Loading direction was accurately interpreted using 

failure mode analysis in 7/9 experiments. Figure 5.8 provides examples of interpretations made 

using failure mode analysis.   
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Figure 5.7: Examples of cantilever curl in the 4-point bending sample. Anterior is image left. 

Solid arrows denote cantilever curl and dashed lines denote direction of crack propagation. 

Fragments pictured: 16-2021 D; 17-0006 R A; 16-2047 D; 16-2047 A.  

 

Crack propagation was accurately interpreted using fractography in 7/9 experiments. In 

each of these cases, interpreted initiation sites matched initiation sites observed in experiment 

video. Many femora exhibited multiple termination sites. When fractographic features were 

present at these locations, termination sites were accurately interpreted. However, some 

termination sites could not be interpreted due to the absence of relevant fractographic features. 

For the seven aforementioned experiments loading direction was accurately interpreted based on 

the direction of initial crack propagation. Figure 5.9 provides an example of interpretations made 

using fractography. Due to the absence of relevant features in experiments 16-2031 and 16-2048, 

loading direction could not be interpreted using either failure mode analysis or fractography. 

  



www.manaraa.com

 

 191 

Specimen Side Load  Fragments Type Fragment BM BH AR CC 

16-2031 L PA 3 Oblique distal A 0 0 0 0 

     B 0 1 0 0 

     C 0 1 0 0 

16-2048 L PA 2 Oblique distal A 0 0 0 0 

     B 0 1 0 0 

16-2021 L PA 4 Comminuted A 0 1 1 1 

     B 1 1 0 0 

     C 0 1 1 1 

     D 1 1 1 1 

16-2073 R PA 5 Comminuted A 0 1 1 0 

     B 0 1 1 1 

     C 0 1 0 0 

     D 1 1 0 0 

     E 0 1 1 1 

16-2047 R PA 4 Comminuted A 0 1 0 0 

     B 0 1 1 1 

     C 1 1 1 1 

     D 0 1 1 1 

16-0044 L PA 6 Comminuted A 0 1 1 1 

     B 1 1 1 1 

     C 0 1 1 1 

     D 0 0 1 1 

     E 0 1 1 1 

     F 1 1 0 0 

  R AP 2 

Oblique 

midshaft A 1 1 1 1 

     B 1 1 0 1 

17-0006 L PA 5 Comminuted A 0 1 1 1 

     B 0 1 1 0 

     C 0 1 1 1 

     D 1 1 1 0 

     E 0 1 1 1 

  R AP 4 Comminuted A 0 1 1 1 

     B 0 1 0 0 

     C 0 1 1 1 

     D 1 1 1 1 

Table 5.4: Presence of fractographic features in the 4-point bending sample. Bone mirror=BM, 

bone hackle=BH, arrest ridges=AR, cantilever curl=CC; present=1, absent=0). Fragments are 

labeled in figures in the Appendix.   
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Figure 5.8: Examples of failure mode analysis in three specimens (16-2073, 16-2021, 17-0006 

L). Fracture characteristics of tension (T), shear (S), and compression (C) are indicated. Large 

arrow represents interpreted loading direction for the experiment.   
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Figure 5.9: Detailed example of fractographic interpretation in specimen 17-0006 L. Dashed lines indicate interpreted crack 

propagation direction. Large solid arrow indicates interpreted loading direction for the experiment. Fractographic assessment revealed 

bone mirror on the anterior distal surface of D, indicating the site of fracture initiation. Arrest ridges were observed at multiple 

locations, indicating two fracture termination sites in the posterior midshaft (fragments A proximal/C distal; fragments C proximal/E 

distal), one in the anterior distal shaft (fragments A and B distal) and one in the anterior proximal shaft (fragments D and E proximal). 

Based on the anterior initiation site, loading direction is interpreted as posterior to anterior.
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       Failure Mode Analysis  Fractography 

Specimen Side Load  Tension Compression Load Initiation Termination  

16-2031 L PA - - - - - 

16-2048 L PA - - - - - 

16-2021 L PA 

Ant. 

Prox. Post. PA Ant. Prox. Post. (2) 

16-2073 R PA 

Ant. 

Dist. Post. PA Ant. Dist. Post. (2) 

16-2047 R PA 

Ant. 

Dist. Post. PA Ant. Dist. Post. (2) 

         Ant. Prox.  

16-0044 L PA 

Ant. 

Prox. Post. PA Ant. Prox. Post. (3) 

         Ant. Dist. 

 R AP Post. Ant. AP Post. Ant. 

17-0006 L PA 

Ant. 

Mid. Post. PA Ant. Mid. Post. (2)  

         Ant. Prox.  

         Ant. Dist. 

 R AP 

Post. 

Prox. Ant. AP 

Post. 

Prox. Ant. (2) 

         Post. Dist. 

Table 5.5: Interpretations made using failure mode analysis and fractography. Interpretations 

could not be made using either method for two specimens (16-2031 and 16-2048) due to the 

absence of relevant features.  

 

Discussion 

The first goal of the current study was to perform concentrated 4-point bending 

experiments according to the methods reported by Martens et al. (Martens et al. 1986) with the 

aim of producing similar fracture patterns and documenting their formation. The majority of the 

current experiments (7/9) produced fractures in the midshaft loading region, while two 

experiments produced oblique fractures of the distal shaft. These results are consistent with those 

of Martens and colleagues (Martens et al. 1986). They report midshaft bending fractures in most 

experiments (28/33) and oblique distal shaft fractures in a smaller number of cases (5/33).  

However, the current results contrast with Martens and colleagues’ findings on fracture 

patterns. Martens et al. report midshaft fractures occurred in a “Y-shaped” pattern resulting in the 
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separation of a triangular wedge of bone. These fractures were always oriented with the wedge 

apex toward the posterior surface, regardless of whether loading was applied posteriorly or 

anteriorly. Subsequently, they hypothesize that the “Y” or wedge orientation is determined by 

the structural geometry of the posterior femoral shaft (particularly the linea aspera) rather than 

the loading direction (Martens et al. 1986). In the current study only 3/7 posterior loading 

experiments produced wedge fractures. In two cases, the apex was oriented posteriorly 

(consistent with Martens et al.) while in the third the apex was oriented anteriorly (not consistent 

with Martens et al.). Neither of the two anterior bending experiments produced wedge fractures. 

Therefore, the results are inconclusive as to the relationship between loading direction and 

wedge orientation. However, the results indicate that structural geometry is not the only 

determinant, as posterior loading experiments produced fractures with apices oriented both 

anteriorly and posteriorly.   

Another goal of the current study was to evaluate the fracture patterns produced in these 

experiments using three analytical frameworks (comparative morphology, failure mode analysis, 

and fractography). The current concentrated 4-point bending experiments produced fracture 

patterns more complex than those reported in 3-point bending of human femora (Fenton et al. 

2012; Christensen et al. 2018; Isa et al. 2018). Additionally, most of the current 4-point bending 

experiments produced multiple fragments, making this sample a unique test case for evaluating 

various methods of interpreting long bone fractures.  

The findings of this study demonstrate several limitations of the comparative morphology 

approach to trauma analysis. First, the use of categories based on complete fracture morphology 

provides little information about the events causing fracture. Four-point bending experiments 

produced a variety of complete fracture patterns including oblique and comminuted fractures 
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with and without wedge fragments. This result is consistent with other experimental studies that 

have demonstrated variation in fracture patterns produced under the same loading conditions 

(Fenton et al. 2012; Martens et al. 1986; Kress et al. 1995; Reber and Simmons 2015; Khalil, 

Raymond, and Miller 2015; Agnew et al. 2020; Isa et al. 2018). Second, the results indicate that 

loading direction cannot be interpreted based on complete fracture morphology. Two 

experiments produced butterfly fractures with the wedge apex on the compression (loading) side 

rather than the expected tension side. Finally, the designations “compression wedge” and 

“tension wedge” are purely descriptive and are unrelated to the manner in which these fractures 

form. Experiment videos demonstrate that regardless of wedge orientation, fractures always 

initiated on the side of the bone under tensile stress. These results are consistent with those of 

Reber and Simmons (Reber and Simmons 2015). In experiments on sheep femora, they report 

fracture initiation always occurred in tension regardless of the location of wedge fragments.  

In contrast, the results of the study suggest that analysis of failure modes (i.e., tension, 

compression, and shear) can be applied to describe and interpret fracture characteristics in cases 

involving complex fractures produced in bending. Fracture characteristics indicative of tension, 

shear, and compression were identified in 7/9 of the current experiments. Given prior knowledge 

of unidirectional bending, loading direction could be accurately interpreted in each of these 

cases. Loading direction could only be interpreted in experiments where failure occurred at the 

midshaft between the inner loading probes, the region theoretically experiencing the maximum 

bending moment. In contrast, experiments producing failure of the distal shaft produced limited 

features used in failure mode analysis or fractography. Martens et al. (Martens et al. 1986) 

hypothesize that failure occurs in the distal femur when shear force in this region is critical, 

causing fracture at a location with a lower bending moment.  
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While similar, failure mode analysis and fractography involve different analytical 

strategies. Failure mode analysis is used to identify fracture characteristics indicative of failure in 

tension, shear, and compression and subsequently interpret how a bone was bent prior to failure 

(i.e., areas of convexity and concavity). In contrast, the forensic fractography of bone method 

(Christensen et al. 2018) is applied to determine the location of crack nucleation and direction of 

crack propagation. While it has yet to be specifically tested outside the context of bending, this 

method is hypothetically applicable in other types of failure besides bending.   

The results of the current study provide evidence fractography can be applied to assess 

crack propagation in cases involving complex fracture patterns produced in bending. At least one 

fractographic feature was present in all nine femora and in 32/35 fragments examined in the 

sample. Using these features, it was possible to interpret crack propagation in the seven 

experiments involving midshaft failure. Fractographic interpretations matched video of crack 

initiation and propagation in all cases. However, with the exception of bone hackle, fractographic 

features were mostly absent in the two femora exhibiting distal oblique fractures. In the absence 

of additional evidence of crack nucleation or termination crack propagation could not be 

interpreted. One possible explanation for the absence of these features is fracture surface area. 

Cortical bone was particularly thin in both femora. Love and Christensen (Love and Christensen 

2018) report fewer fractographic features when fracture surface area is small.  

This work represents a focused investigation of fractures produced under concentrated 4-

point bending, a specific set of experimental loading conditions. Advantages of experimental 

trauma studies are that they make possible direct observation of fracture formation as well as 

direct comparison between interpretations and known loading. However, there are several 

limitations associated with this and other experimental studies.  
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First, the conditions tested in these experiments are simplistic compared to those involved 

in real-world forensic cases. This study applied Martens and colleagues’ (Love and Christensen 

2018) experimental methods with the goal of replicating their fracture results, specifically the 

production of compression wedge fractures. These experiments involved quasistatic loading 

rather than dynamic impacts, as would be expected in forensic cases. Furthermore, forensic cases 

likely involve the application of multiple types and directions of forces. In contrast, the current 

study applied only a unidirectional bending load. The methods investigated in this study should 

also be explored cases involving different types of loading conditions and in different areas of 

the skeleton. Finally, while the methods presented here describe the interpretation of fracture on 

individual bones, trauma analysis in forensic cases must also consider the total bone trauma 

pattern and contextual information available (L’Abbé et al. 2019).  

Conclusions  

This paper contributes new data on the utility of various analytical frameworks for 

describing and interpreting long bone fractures in a sample of experimentally generated blunt 

force trauma. The implications of this research for practice are as follows.  

First, while shape-based morphological categories can be useful for concisely describing 

complete fracture patterns, the results of this study demonstrate limitations of using these 

categories to interpret fractures. The orientation of wedge fragments could not be used to 

interpret loading direction. Experiments produced fragments in both “compression wedge” and 

“tension wedge” orientations relative to the loading surface. However, even the categories of 

“compression wedge” and “tension wedge” should be understood as descriptive rather than 

interpretive terms. Experiment video showed that regardless of complete fracture morphology all 

fractures initiated in tension, consistent with expectations based on mechanical theory.  
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Second, this study attempts to systematically investigate fracture characteristics various 

authors have associated with tension, compression, and shear failure in a sample of 

experimentally generated trauma. The results demonstrate these characteristics can be identified 

in cases involving complex long bone fractures produced in bending. In the current sample, this 

process led to correct interpretation of loading direction in all cases for which these features were 

present.  

Finally, this study contributes data to the growing body of research on the application of 

fractography to skeletal trauma analysis. One contribution of this study is that it demonstrates 

fractography can be used to reconstruct multidirectional crack propagation paths generating 

multiple bone fragments. Even small and irregularly shaped fragments contained features useful 

for reconstructing crack propagation. Another contribution of this study to fractography is the 

use of video confirmation of results. Fractographic interpretations matched direct observations of 

crack propagation in all cases.  
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APPENDIX 

 

 
Figure A.1: Video still showing fracture propagation in 16-2031. Loading direction is posterior 

to anterior. Crack propagation is from anterior distal to posterior proximal.  

 

 
Figure A.2: Video still showing fracture propagation in 16-2048. Loading direction is posterior 

to anterior. Crack propagation is from anterior distal to posterior proximal.  

 

 
Figure A.3: Video still showing fracture propagation in 16-2021. Loading direction is posterior 

to anterior. Crack initiation is anterior proximal. Crack terminations are posterior (2) and anterior 

distal.  
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Figure A.4: Video still showing fracture propagation in 16-2073. Loading direction is posterior 

to anterior. Crack initiation is anterior distal and crack terminations are posterior (2) and anterior 

proximal.  

 

 
Figure A.5: Video still showing fracture propagation in 16-2047. Loading direction is posterior 

to anterior. Crack initiation is anterior distal and crack terminations are posterior (2) and anterior 

proximal.  
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Figure A.6: Video still showing fracture propagation in 16-0044 L. Loading direction is posterior 

to anterior. Crack initiation is anterior proximal and crack terminations are posterior (3) and 

anterior distal.  

 

 
Figure A.7: Video still showing fracture propagation in 16-0044 R. Loading direction is anterior 

to posterior. Crack propagation is from posterior to anterior.  
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Figure A.8: Video still showing fracture propagation in 17-0006 L. Loading direction is posterior 

to anterior. Crack initiation is anterior midshaft and crack terminations are posterior (2), anterior 

distal, and anterior proximal. 

 

 
Figure A.9: Video still showing fracture propagation in 17-0006 R. Loading direction is anterior 

to posterior.  Crack initiation is posterior proximal and crack terminations are anterior (2) and 

posterior distal.  
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CONCLUSIONS 

 

Anthropologists can potentially contribute a great deal to the assessment of trauma in the 

human skeleton. They can differentiate between normal human variation and traumatic defects 

and provide valuable information regarding timing and mechanism of injury. However, there is 

currently a lack of standard guidelines or validated methods for making higher resolution 

interpretations based on blunt force fracture patterns. This is due in part to the complexity of 

blunt force trauma, as many variables affect fracture behavior. Trauma research is needed to 

evaluate which of these are most relevant and to what degree they can be reconstructed from 

fracture patterns.  

Contributions to Theory and Practice  

This dissertation represents a body of work documenting the formation of fracture in 

human crania and femora in response to several extrinsic variables relevant to blunt force 

trauma. This research addresses the need for experimental trauma studies identified by the 

National Institute of Standards and Technology (NIST) Organization of Scientific Area 

Committees for Forensic Sciences (OSAC 2016). One contribution is the production of detailed 

documentation of the impact conditions used to perform testing, forces generated during testing, 

fracture behavior following impact, and fracture patterns described in a manner relevant to 

anthropologists. These results contribute to a “database” that can be used to recognize and 

interpret patterns of trauma in future cases (Boyd and Boyd 2018). This research contributes to 

interpretive theory by linking the explored variables with resultant fracture patterns, and by 

refining hypotheses that may help direct future studies. Contributions are also made to 

methodological theories. These papers compare various fracture features and assess their utility 
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for reconstructing variables of interest. Ultimately, this dissertation adds to the iterative model of 

trauma research wherein increasingly focused hypotheses are tested, refined, and retested.  

Papers 1, 2, and 3 contribute findings on cranial fracture behavior. Paper 1 investigated 

hypotheses regarding how cranial fractures form relative to the impact site. The results 

demonstrate that this process is more complex than typically depicted and that fractures can form 

both at and peripheral to the impact site. The study suggests potential impact surface effects on 

the location of fracture initiation: broader surfaces more frequently produced peripheral initiation 

than more focal ones. Comparison of the current results with those obtained in other studies 

(Kroman, Kress, and Porta 2011; Gurdjian, Webster, and Lissner 1950) suggest that, given 

similar impact surfaces, the anatomical location of impact may be an important determinant of 

fracture initiation. Specifically, low-parietal impacts near the sutures of the temporal region may 

be more likely to produce peripheral failure than impacts to the superior vault. Finally, the results 

contribute to methodological theory regarding impact site identification. Linear fractures can 

occur peripherally without damage at the POI, indicating they are poor units of analysis for 

identifying impact site. At the time of submission of this dissertation, this paper has been 

published in Forensic Science International (Isa et al. 2019).  

Paper 2 investigated largely methodological hypotheses related to the identification of 

impact sites and determination of impact sequence. Specifically, this paper addressed the 

hypotheses that certain fracture types can be used to identify cranial impact sites, and that 

multiple cranial impacts to the same region can be sequenced using Puppe’s rule. The results 

support these hypotheses and contribute to methodological theory regarding the identification of 

impact sites. Specifically, the results provided evidence that circumferential and depressed 

fractures occur predictably at impact sites, and that newer fracture lines do not cross preexisting 
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ones. In contrast, linear fractures occurred peripheral to the impact site and tended to complicate 

preexisting fracture patterns, making them poor indicators of impact site and sequence. The 

results also suggest potential refinement of these hypotheses. First, impact surface may affect the 

success of impact site identification and sequence: a focal surface produced more circumferential 

and depressed defects, meanwhile broader surfaces produced more linear fractures and 

complicate preexisting fractures. Second, the type and severity of fracture produced in an initial 

impact may affect the fracture type produced in subsequent impacts. Specifically, the formation 

of depressed fractures was more frequent after the production of an initial depressed fracture.  

Meanwhile, paper 3 investigated the hypotheses that impact surface and input energy 

affect the type and location of cranial fractures produced. The results supported this hypothesis, 

but indicated these two variables have interactive effects. A more focal impact surface produced 

smaller defect sizes and a smaller range of variation in fracture types than broader impact 

surfaces. Increased input energy produced more damage to the cranial vault in experiments with 

a small, focal surface and a broad, curved surface. However, impacts with a broad, flat surface 

produced similar fracture patterns at both levels of input energy. These results further refine 

hypotheses regarding impact surface and energy effects. Specifically, with broader impact 

surfaces that impart broader distributions of stresses, fracture may be strongly influenced by 

stress concentrations developed at local irregularities. Individual variation may play a more 

important role in fracture outcomes with broad impact surfaces than with focal impact surfaces.   

Finally, papers 4 and 5 investigated loading direction in human femora. Various units of 

analysis were assessed. The hypotheses were that features of interest would be both present and 

oriented in a predictable manner relative to the direction of impact. Paper 4 investigated 

complete fracture type, incomplete fracture features proposed by Fenton et al. (Fenton et al. 
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2012), and tension and compression features of fracture surfaces produced in 3-point bending 

with axial compression. Paper 5 investigated complete fracture type, a larger suite of tension and 

compression features, and the newly proposed method of fractography. The sample in paper 5 

included multi-fragmentary complex fractures produced in concentrated 4-point bending. The 

results demonstrate that complete fractures provide little information related to loading direction. 

However, features associated with tension and compression occur in predictable locations 

relative to loading direction. Furthermore, fractographic features occur in predictable locations 

relative to the locations of fracture initiation and termination. These results will contribute to 

methodological theories by directing analysts toward more predictable units of analysis. At the 

time of submission of this dissertation, Paper 4 (3-point bending) has been published in the 

Journal of Forensic Sciences (Isa et al. 2018).  

While this research has clear forensic relevance, it also contributes tools for 

bioarchaeological and paleoanthropological research that apply forensic methods to analyze and 

interpret skeletal trauma.  Experimental research aimed at documenting fracture formation in 

response to known variables and critically evaluating methodological strategies is needed to 

improve, inform, and provide new tools for the analysis of the proximate, or mechanical cause of 

trauma. Improved analyses of proximate cause along with careful contextualization with 

archaeological, taphonomic, and material evidence solidify the foundations for interpretations of 

ultimate cause, including the physical and sociocultural context of the injuries. 

Future Directions 

This research focused on several extrinsic factors (the point, number, and direction of 

impact, impact surface, and kinetic energy) and their role in influencing fracture patterns. 

However, future research is needed to document the effects of other independent variables such 
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as impact velocity, and to document impact surfaces with greater resolution. Additionally, there 

is a need to examine these same extrinsic variables in different parts of the skeleton. There is 

reason to assume that the occipital, which exhibits different structural properties than the 

parietal, responds differently to similar impacts. Additionally, it is important to evaluate whether 

features investigated in the femur are similarly useful in assessing trauma to other bones with 

smaller cortical areas.   

Moving forward, a productive area of anthropological research will focus on the human 

factors in skeletal trauma analysis. One area of research involves the systematic investigation of 

intrinsic variables thought to be relevant to fracture production. The project design of this 

dissertation was heavily focused on two sides of Berryman and colleagues’ (Berryman, 

Berryman, and Saul 2018) fracture assessment triad: extrinsic factors and fracture behavior. The 

results of these studies clearly demonstrate that intrinsic factors related to individual variation 

plays an important role in fracture production. The current research considers effects of intrinsic 

factors, particularly to explain and further hypothesize differences obtained in similar impacts to 

different individuals. However, the project design provided limited ability to systematically 

investigate the effects of specific intrinsic factors such as density, cortical thickness, degree of 

cranial suture closure, and whole bone geometry (e.g. size, area, and moment of inertia). This 

type of research will require large sample sizes of PMHS and significant planning in order to 

acquire samples across an appropriate range of intrinsic variation. The ongoing work of Agnew, 

Harden, and colleagues on rib fractures (Agnew et al. 2020; Harden et al. 2019) represents a 

promising methodology in this regard.  

In addition to evaluating which extrinsic and intrinsic variables are relevant and to what 

extent they affect fracture outcomes, it is also necessary to contemplate how this improved 
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understanding will affect methodological theories: how will these factors be documented and 

incorporated into interpretations of skeletal fractures? The current research investigated some 

current methodological theories for data collection. However, the ability of analysts to identify 

and correctly interpret these features needs validation in order to meet Daubert standards 

(Daubert v. Merrill Dow Pharmaceuticals, Inc. 1993). According to Daubert, scientific evidence 

is considered valid if it is empirically tested, subjected to peer-review, has acceptable error rates, 

and is accepted in scientific community. A recent review by Dempsey and Blau (Dempsey and 

Blau 2020) concludes that there is yet no method for analyzing blunt force trauma which meets 

the standard for admissibility for scientific evidence, largely due to lack of error rates.  

Biomechanics-based research is important to establish baseline data and improve 

interpretive theory regarding how certain intrinsic and extrinsic variables affect fracture patterns. 

It is through this type of research that it becomes clear which aspects of fracture behavior show 

promise for use in interpretive methods. Methodological research is also necessary for 

establishing scientific validity in trauma analysis. As has been done with age, sex, and other 

components of the biological profile, it is also important to evaluate the success of particular 

methods for interpreting trauma in known cases. Future research is needed to investigate the 

success of particular methodologies when applied to independent, known samples of trauma.  
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