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CHAPTER I 

INTRODUCTION 

 

The pattern of bone fractures is commonly used in the reconstruction of traumatic 

events in medicolegal death investigations to aid in determining the timing and 

mechanism of death (SWGANTH, 2011; Wescott, 2013). Therefore, knowledge of the 

instances that produce certain blunt force fracture patterns is necessary for forensic 

anthropologists to accurately interpret trauma. Understanding the patterns of rib fractures 

is especially important because these fractures are commonly seen in traumatic events to 

the thorax and often cause injuries to major organs.  

Due to its structural properties, bone will generally fracture in a predictable 

manner in response to specific forces (Galloway, 1999; Turner, 2006). However, due to 

their unique overall morphology, rib fractures can be more difficult to interpret than 

fractures to other bones (Love and Symes, 2004). Unlike other bones, ribs often first fail 

under compression rather than tension and both complete and incomplete rib fractures 

have been observed in both juveniles and adults (Love and Symes, 2004). Furthermore, 

not all ribs are equally likely to fracture in traumatic experiences. The uppermost ribs (1-

3) tend to be the least likely to fracture due to the fact that they are protected by the 

pectoral girdle (Watson-Jones, 1941). These ribs also differ in their morphology from the 

rest of the rib cage (White et al., 2011). When these ribs are fractured, it is usually 

indicative of fatal injuries. Similarly, since the eleventh and twelfth ribs are floating ribs, 

they are unlikely to fracture (Watson-Jones, 1941). Finally, Christensen and colleagues 
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(Christensen et al., 2012; Christensen and Smith, 2013) recently found that butterfly rib 

fractures initiating on the pleural surface (where the tensile indicator is found on the 

pleural or internal surface) may form as a result of ventrally applied forces caused by 

blast trauma. Christensen et al. (2012) argue that butterfly fractures initiating on the 

pleural surface are caused by extension of the ribs, although the cause of the force 

remains unknown. They further argue that “the presence of butterfly fragments with 

fracture initiation on the visceral rib surface should allow forensic anthropologists and 

pathologists to conclude that rib fractures may have resulted from blast versus some other 

cause” (Christensen et al., 2012:S17). 

Many studies (Currey, 1988; Norman et al., 1995; Love and Symes, 2004; 

Daegling et al., 2008; Yazkan, 2011) have been conducted on the predictability and 

biomechanics of bone fractures, including rib fractures. However, there is still a need for 

further experimental research examining the patterns and causes of rib fractures, 

especially butterfly and buckle fractures when known blunt forces are applied. The 

following study investigates both static and dynamic forces and factors that result in rib 

fractures commonly seen in medicolegal death investigations. Specifically, the study 

examines the differences in fracture patterns (location, completion, tension indicator 

surface, and type) caused by three different loading experiments: 1) end-compression 

loading (force applied externally to the head/neck and sternal ends causing flexion of the 

rib), which was inspired by Daegling et al. (2008), 2) low velocity three-point bending of 

the midshaft (applying a load between two supports), and 3) dynamic loading (rapid-load 

application by dropping a weight at the midshaft of rib striking the external surface). The 

latter two tests were chosen to examine differences in butterfly fractures. 
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I hypothesize that each of the three experimental trials will result in a unique and 

distinct fracture pattern. All three methods will likely result in a variety of fracture types 

(e.g., transverse, spiral, butterfly, and buckle) but some fracture modes will be more 

common than others depending on the applied force. Likewise, the anatomical location, 

fracture completeness, and tension indicators surface of the fractures will vary depending 

on the applied force. I hypothesize that the end-compression, which models 

anteroposterior chest compression seen in crush trauma, will result in more spiral and 

buckle fractures initiating on the cutaneous or external surface near the sternal end 

(Daegling et al. 2008). Both complete and incomplete fractures will likely be seen in ribs 

subjected to end-compression. Three-point bending, on the other hand, will result in both 

complete and incomplete fractures initiating on the pleural surface. Like the end-

compression experiment, three-point bending is likely to result in a variety of fracture 

types, but butterfly fractures may be more common. The fractures are likely to initiate at 

the midshaft of the rib, near the point of impact. Finally, dynamic loading is expected to 

result in more severe, complete fractures with a number of different fracture patterns due 

to the greater forces applied.   

For the end-compression test (Figure 1.1), although the rib cage is being 

compressed, the rib responds to these forces by bending due to its curvature. Pure 

compression occurs only if compression force was applied along its long axis (Galloway, 

1999). When bone is bent, tension will occur on the convex side while compression will 

occur on the concave side (Galloway, 1999). This remains true in instances of rib 

fractures, where the shape of the rib exacerbates this bending. The goal of the end-
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compression test is to recreate instances where the thorax is crushed and the anterior and 

posterior ends of the ribs are compressed towards each other.   

 

Figure 1.1. Schematic image of end-compression forces. 

 

The static three-point bending forces, which will model the thorax being struck by 

a small blunt object, will result in fractures initiating on the internal surface at the site of 

impact. In three point bending tests, bending force is applied constantly between two 

supports (Figure 1.2). As the bone bends, the force causes tension on the side of the bone 

opposite the force. When using already curved ribs, the force at either end of the rib 

(support) is applied along the pleural surface and the force at the midshaft is applied 

along the cutaneous surface, causing tension on the concave pleural surface. 

Direction of 

Applied Force (at 

head of rib) 

Stabilized End 

Tension  Compression 
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Figure 1.2. Schematic image of three-point bending forces. 

Dynamic loading represents high force impact on the ribs; this is a rapid 

application of force as opposed to the three-point bending experiment, which applied a 

smaller force at a steady slower rate. Due to its viscoelastic properties, bone reacts 

differently to static and dynamic forces. In a static load, the force is applied at a constant 

rate (Galloway, 1999). This often causes plastic deformation, a permanent bending of the 

bone prior to bone failure. A force is classified as dynamic when the rate at which the 

force is applied changes. In the current experiment, dynamic forces are represented in a 

high force, localized impact experiment, differing from the static application of force 

seen in the three-point bending experiment. In this experiment, a weight is dropped from 

a height on the midshaft of the rib and a bending force is applied to the bone (Figure 1.3). 

The other two experiments, end-compression loading and low velocity three-point 

bending, represent static loads.  

 

Direction of Force 

Direction of Force 
Direction of Force 

Compression  

Tension 
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The results of this research will benefit forensic anthropologists and medical 

investigators in interpreting trauma and reconstructing events associated with blunt force 

trauma to the chest. Ultimately, my goal for this study is to better understand the 

conditions that produce different types of rib fractures. This type of research is necessary 

because when the thorax suffers damage, it is common for one or more rib fractures to 

occur. Understanding how and where ribs are most likely to break in response to different 

types of forces helps in trauma analysis. By applying forces in three different ways, it is 

expected that several different types of fractures will occur in different locations.  

 

Pig Bones vs. Human Bones 

Human ribs are rarely available for destructive experimental fracture analysis and 

when they are used, in many instances the ribs are de-fleshed and then rehydrated to 

mimic an in vivo state. On the other hand, animal ribs and entire animal carcasses are 

readily available for purchase at butcher’s shops or from local farmers. This makes them 

easier to obtain for experimental fracture analyses that can be useful in understanding and 

documenting traumatic injuries to the thorax, whether they are from blast, blunt force, or 

sharp force trauma. Bones of Sus scrofa (domestic pig) have been used as proxies for 

Direction of Force 

Figure 1.3. Schematic image of dynamic loading forces. 

Tension 



7 
 

human bones in studies of blunt trauma. In some of these instances, it would be unethical 

to conduct the research on human remains. Using porcine bones as substitutes for human 

bones allows for experimental analyses that may otherwise be impossible. However, in 

many cases these studies have used femora and crania (Baumer et al., 2010; Shattuck, 

2010; Frink et al., 2011; Powell et al., 2012; Powell et al., 2013). 

Due to the possible differences in cortical bone thickness and the cross-sectional 

shape of the bone, the usefulness of porcine ribs in studies of trauma analysis is 

unknown. Some authors (Tucker et al., 2001; Wieberg and Wescott, 2008) state that pig 

bones are suitable proxies for human remains due to similarities in structure and growth. 

However, this statement is made in reference to long bones, and it is unknown whether or 

not this applies to the ribs.  In recent years, there have been some studies on rib fracture 

patterns using pig ribs (Christensen et al., 2012; Christensen and Smith, 2013). That 

being said, little to no data is available on the appropriateness of using pig ribs as 

replacement for human ribs.  

 In fact, although many studies on fracture propagation use non-human models 

rather than human (Baumer et al., 2010; Shattuck, 2010; Frink et al., 2011; Powell et al., 

2012; Christensen et al., 2012; Christensen and Smith, 2013), there are no standards on 

which to base the choice of an animal proxy (Liebschner, 2004). Porcine bone differs 

from human bone both morphologically and histologically. In humans, the cortical bone 

is lamellar bone while in pigs, the bone is predominantly plexiform (Carter et al., 1976). 

This difference in bone structure can be explained by the differences in growth rates seen 

in pigs, who reach full growth by two years compared to humans who take over a decade 

longer to reach the same level of bone maturity (Carter et al., 1976). In bovines, it is 
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possible that there is an increase in osteonal bone growth at the endosteal surface (Wedel 

and Galloway, 2014), but it is unknown whether or not this is true for porcine bone. 

Due to the fact that a human rib sample was unavailable at the time of this 

experiment, this research only focused on porcine ribs and their fracture patterns. I tested 

the assumption that porcine ribs are a useful substitute for the study of human rib fracture 

patterns, fracturing in a similar location and mode as human ribs under the same 

conditions. This was done by examining the cross-sectional morphology and rigidity of 

the ribs at different locations along the shaft.  

One factor that this analysis does not examine is the possible differences in the 

curvature of human and porcine ribs. These differences, if present, might affect where 

along the length of the rib the bone fails. This could be tested in the future by comparing 

the arc in human and porcine ribs using digitized models of the bones. These findings and 

limitations must be taken into consideration as the amount of force used to fracture a rib 

may have effects on several of the fracture characteristics analyzed in this study, such as 

fracture type, location or condition. The differences in strength must be remembered 

when conducting trauma analyses on non-human samples serving to reinforce the need 

for more trauma experiments using human samples 

Rib Fracture Patterns 

 Commonly reported rib fracture types include transverse, oblique, spiral, 

butterfly, buckle, and crush (Galloway, 1999). The fractures can also be complete or 

incomplete. Complete rib fractures most often fall into two categories, transverse and 

oblique (Gonzalez et al., 1954). Butterfly fractures occur less commonly (Gonzalez et al., 

1954; Galloway, 1999; Daegling et al., 2008). Transverse fractures occur due to bending 
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forces such as those caused by a direct blow to the chest, while oblique fractures are 

caused by a variety of forces, including bending and compression of the bones 

(Galloway, 1999). Transverse fractures occur at approximate right angles, originating 

opposite the applied force. Oblique fractures can form in a number of ways, all resulting 

in a fracture line that runs diagonally to the axis of the bone (Gonza, 1982). They are the 

result of combined compressive and bending forces. When oblique fractures do occur in 

ribs, they are most often located at the most lateral point of the curve. Butterfly fractures 

are caused by bending forces, with the fracture crack following along the maximum shear 

and tension planes, producing a triangular fragment of bone (Tencer, 2006). Since bone is 

stronger under compression than tension, the fracture will typically initiate on the tension 

side and spread towards the compression side. As the crack elongates, it will often spread 

obliquely along the shear plane at a 45 degree angle to the compression plane (Alms, 

1961; Galloway 1999). This results in the typical small triangular wedge of bone opposite 

the tension side (Figure 1.4). 

 

Figure 1.4. Butterfly fracture showing the planes of maximum tension and shear. 

 

Incomplete fractures generally include buckle and crush fractures, although 

incomplete butterfly, transverse, and oblique fractures also occur (Galloway, 1999; Love 
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and Symes, 2004). Buckle fractures occur when the bone fails under compression before 

it fails under tension (Galloway, 1999; Love and Symes, 2004; Berryman et al., 2013). 

Crush fractures occur when the cortical bone is pushed inward and are more common in 

areas with high amounts of trabecular bone (Galloway, 1999). They are often the result 

crushing forces applied to one or both sides of a bone (Lovell, 1997).  

The patterns of rib fractures were examined on a large scale by Love and Symes 

(2004). The authors looked at perimortem rib fractures in 43 forensic cases from the 

Regional Forensic Center in Memphis, Tennessee. The study included 492 fractured ribs, 

with a total of 733 individual fractures. The focus of their study was to examine the 

prevalence of incomplete fractures (also known as greenstick fractures) and buckle 

fractures (a specific type of incomplete fracture where the bone fails first under 

compression rather than tension). Of the 733 fractures studied, 26% represented 

incomplete fractures and 8% were specifically buckle fractures. The occurrence of other 

fracture patterns was not noted. Love and Symes reported that there was no significant 

difference in the age of the individual and the presence of incomplete or buckle fractures. 

End Compression experiments were conducted using rehydrated, de-fleshed 

human ribs by Daegling et al. (2008) with the purpose of understanding rib fracture 

patterns. They also examined the amount of force required to produce rib fractures. This 

experiment resulted in fractures for all eight ribs tested occurring at the sternal midshaft, 

specifically 53% - 74% of the total rib length. The types of fractures, complete and 

incomplete, varied with transverse fractures being the most common, but with one 

butterfly, buckle and complete spiral fracture also occurring.  
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CHAPTER II 

MATERIALS AND METHODS 

 

Materials 

Pig Rib Sample: 

Hydrated and partially fleshed pig (Sus scrofa) ribs 5-14 were used in this study. 

For each of the three fracture methods, 20 ribs were selected, resulting in an intended 

total sample of 60 ribs. The pigs used in this study were fully grown and possessed 16 

pairs of ribs. Ribs 5-14 were used in this study because of their morphological similarities 

to human ribs and their anatomical location to human ribs 3-10. The first five ribs are 

wider and flatter than human ribs (Christensen and Smith, 2013). Therefore they were 

excluded from this study. It was also decided to exclude the last two ribs since they are 

floating ribs, unattached to the sternum either directly or by costal cartilage, and unlikely 

to respond to the forces applied in a similar way as the other rib.   

The pig ribs for this study were purchased from Granzin’s Meat Market located in 

New Braunfels, Texas. After the pigs had been humanely killed for human consumption, 

in accordance with USDA Directive 6900.2 (USDA FSIS, 2003) they were halved along 

the sagittal plane and then the complete rib cage was removed. A total of three pigs were 

used to reach the desired sample size for this experiment. At the time of purchase, 

butchers removed as much excess meat from the ribs as possible, leaving each side of the 

rib cage intact and articulated to the vertebrae and sternum or costal cartilage. The 

ribcages were brought to the Osteological Research and Processing Lab (ORPL) at Texas 

State University where they were kept frozen until utilized. Before the experiment the 
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ribs were thawed in a controlled environment to reach room temperature. This was done 

to preserve the toughness and structural integrity of the ribs (Tersigni, 2007).  

Human Ribs  

The human rib sample consists of 15 left ribs from five individuals in the Texas 

State University Donated Skeletal Collection (TXSTDSC). The human ribs were used in 

a nondestructive radiographic analysis in order to compare the cross sectional properties 

of human ribs with those of pig ribs (see Methods below). The donation numbers for the 

collection were placed into a random number generator and the first five donations that 

contained complete sets of undamaged left ribs were used. In order to encompass the 

diversity in rib size and curvature, ribs four, seven and nine were used from the human 

samples. These were matched to pig ribs five, eight, and thirteen because of 

morphological similarity. However, all the pig rib samples were radiographed.  

Fracture Devices  

The three fracture experiments in this study were carried out with the help of the 

Engineering Department’s Composites and Plastics Laboratory at Texas State University, 

which is operated by Dr. Jitendra Tate. Dr. Tate specializes in the analysis of the failure 

of polymers and elastics under mechanical loadings such as shearing, tension and 

compression (the forces that are responsible for the production of transverse, spiral, 

buckle and butterfly fractures).  

With the assistance of Dr. Tate and his student Lucio Andres Alvarez Andrade, 

several attachments were made to the already existing Material Test System (MTS) 810 

machine (MTS Systems Corporation, 2006), which is operated by a hydraulic power unit 

(647 Hydraulic Wedge Grip). The MTS 810 machine (MTS Systems Corporation, 2006) 
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was used to apply compressive forces to the ribs and then again for the three point 

bending experiment. These attachments allowed for the ribs to fit into the machines, 

using adjustable locking mechanisms to hold either end of the ribs and to prevent any 

damage or deformation from occurring while the rib is in the clamp, which has a pressure 

of 3000 pounds per square inch (psi). The MTS Bend Fixture was used for the three point 

bending tests. This fixture consists of two attachments; the first holds both ends of the rib 

while the second attachment applies the force to the rib. This fixture has a static load 

capacity of 67,000 pounds of force (lbf), or 300 kilo Newtons (kN) and is manually 

stopped using the computer program Multi-Purpose Testware (MTS Systems 

Corporation, 2010).  

 

Methods  

Pre-Analysis Processing 

As bone dries its Young’s modulus (the ratio of stress to strain the bone is able to 

withstand before failure) and strength increase but its toughness decrease, therefore it is 

necessary to conduct fracture experiments with the bone in a hydrated condition (Currey, 

1988). The ribs used in this study were kept in a semi-fleshed state and were kept frozen 

to preserve their integrity (Tersigni, 2007). Before fracturing, the ribs were thawed to 

allow for their separation from each other and from the vertebral column, and the excess 

soft tissue was removed, leaving the periosteum attached to the bone. The ribs were 

allowed to thaw for half an hour, to allow for the muscles to be able to be cut. A half inch 

wide boning knife was used to cut through the muscle on either side of the ribs and the 

excess was discarded. Disposable medical scalpels were used to disarticulate the ribs 
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from their respective vertebrae and trim the remaining soft tissue. When necessary, 

clippers were used to sever the costal cartilage.  

Once separated, the ribs were labeled according to their number, the side and the 

pig they came from (e.g. #1 L6 refers to the sixth left rib coming from the first pig). After 

being labeled and separated, the ribs were refrozen to keep them in a hydrated state. Any 

damage to the bones during the butchering and separation processes was documented, 

and if necessary these ribs were excluded from the experiment. This experiment did 

employ a double freezing of the ribs. Tersigni (2007) only examined the effects of a 

single round of freezing, and so it is possible that the integrity of the ribs may have been 

compromised. At the moment, no research has been done to confirm or deny this. 

Cross-sectional Geometry 

One of the main assumptions of this research is that human ribs and pig ribs will 

respond to the same forces with similar fracture patterns. If this research is to be of 

practical use, this assumption must be tested, and if found false, the experiments that 

follow must be replicated on a human sample to observe the fracture patterns that occur. 

If pig ribs are found to be a suitable alternative for human ribs in fracture analysis, this 

would allow for an increased number of destructive rib analyses without requiring or 

damaging any human rib samples. In order to test this assumption, the cross sectional 

geometry of the pig ribs used in the experiment and human rib samples from the 

TXSTDSC were compared, looking for structural similarities and differences in the 

proportional thickness and distribution of the cortical bone in the location of greatest 

structural weakness.  



15 
 

For the cross-sectional geometry portion of the study, only those ribs from the left 

side of the body were used from both the pig and human samples. The total length of the 

rib was measured as the distance from the tubercle to the costo-chondral junction (sternal 

end) using a fabric tape measure. The total length of each rib was measured three times 

and then averaged. This was done to correct for measurement error, since each 

measurement had to be done by hand. The height and width of the rib shaft were 

measured at the neck, angle, midshaft, and sternal end. Height is the superoinferior 

diameter and width the visceral-cutaneous diameter (White et al., 2011).  

The human and pig ribs were then marked at 5%, 25%, 50%, and 75% of total 

length and marked with 2 mm diameter lead points. These locations provide geometric 

properties for the neck, angle, midshaft, and sternal end (Figure 2.1). The Aribex 

NOMAD Pro – Handheld X-ray System (Aribex, Inc. 2005, 2010) was used to take 

anterior-posterior and medial-lateral radiographs of the human and pig ribs at each of the 

four locations.  

 

Figure 2.1 Schematic drawing of a rib (Gray, 1918), showing the portions of the rib used 

in this experiment. Measurements began at the tubercle and follow the dotted arrow. 

 

anterolateral 

5% of rib 

length 

25% of rib 

length 

50% of rib 

length 
75% of rib 

length 
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Using the Aribex NOMAD Pro – Handheld X-ray machine (Aribex, Inc. 2005, 

2010) and DentiMax Sensors and Imaging Software (DentiMax, 2007), the radiographs 

for the dry human ribs were taken at 60kV, 2.5mA and were exposed for 0.03 seconds. 

This provided the necessary latitude and contrast to distinguish the cortical bone edges. 

For the semi-fleshed pig ribs the radiographs were taken at 60kV, 2.5mA and were 

exposed for 0.08 seconds. The ribs were elevated and stabilized at the anterior end with 

clay to ensure the ribs were all radiographed in the same manner. When in use, the 

NOMAD was directed towards a wall to prevent unnecessary operator exposure to the X-

rays. The sensor for the NOMAD was stabilized behind the ribs using a pair of medical 

forceps and held behind the section of the rib being radiographed. Occasionally these 

forceps did show up on the radiographs although they did not interfere with the integrity 

of the areas being measured.  

The radiographs were edited as necessary to best highlight the medullary cavity 

along the entire length of the rib. The measurements for the width and thickness of the 

entire rib and the medullary cavity from the radiographs were taken using the program 

ImageJ (Rasbad, 1997-2014) by converting the pixels into centimeters, using the known 

length of the lead marker (two mm). This lead marker was consistently placed on the 

cutaneous surface of the rib. Each measurement for the width and height of the entire rib 

and the medullary cavity was taken three times and then averaged. Although the 

radiographs were taken at the same distance from bone, the 2 mm lead points were 

measured for each radiograph and the pictures were rescaled before measurements of the 

medullary cavity and the cortical bone. This was to ensure accurate measurements. 
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The cross-sectional properties were calculated at each location using an ellipse 

model method using external and internal dimensions (O’Neil and Ruff, 2004). Total 

subperiosteal, medullary, and cortical bone breadths were measured using in ImageJ 

(Rasbad, 1997-2014). These measurements were then used to calculate the bending (I) 

and torsional (J) moments of area at each location to estimate the bone rigidity using the 

protocol established by O’Neill and Ruff (2004). The bending rigidity was calculated 

along the superioinferior (Ix) and pleural-cutaneous (Iy) planes at each location. The Iy/Ix 

ratio was used to determine the cross-sectional shape of rib at each specific location. An 

Iy/Ix greater than one represents a pleural-cutaneously elongated rib shaft cross-section, 

while an Iy/Ix less than one represents a pleural-cutaneously flattened rib shaft cross-

section.  

The cross-sectional data were used to examine if pig and human ribs were 

structurally similar and to determine if the ribs failed at sites of greatest structural 

weakness. It should be noted that the pig ribs were measured with some of the flesh and 

costal cartilage still attached and therefore the length measurements may be slightly 

inaccurate. This is not expected to significantly alter the results of the cross-sectional 

analysis, as the cross-section of the rib is not expected to change significantly over 

fractions of a percent of the rib’s length. 

End-Compression Test:  

A sample size of twenty ribs, ten left and ten right, was intended for this 

experiment. However, due to complications with the rib shape and the restrictions of the 

machines used, only sixteen ribs were fractured. The ribs were fixed to the MTS 810 

Servo Hydraulic Test System (MTS Systems Corporation, 2006) using wooden fixtures 
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so that they would not move during the experiment and in order to best mimic the 

situation in vivo when the ribs are articulated with the vertebrae and costal cartilage 

(Figure 2.2) (White et al. 2011). The separate fixtures were also necessary because the 

MTS system only accommodates samples up to 19 mm in width, which is smaller than 

the width of most of the ribs.  

 

Figure 2.2. The MTS 810 Servo Hydraulic Test System. 

 

Exaflex Putty (GC America Inc., 2014) (a two part vinyl polysiloxane impression 

material consisting of a base and a catalyst) was used to fill in any extra spaces between 

the bone and the wooden fixture in order to prevent the rib from fracturing inside the 

fixture due to the forces applied by the fixture itself rather than the compressive force of 

the machine (Figure 2.3). The rib head was placed in the top stationary fixture, while the 

anterior, sternal end of the rib was placed in the moving bottom fixture. This test was run 
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at a speed of 2 millimeters per second (mm/s) until bone failure, with a maximum test 

length of one minute, due to the time constraints of the machine.  

 

 

Figure 2.3. Rib fixed in the MTS machine using wooden fixtures and Exaflex putty. 

 

Three-Point Bending Test:  

Three-point bending was conducted using the MTS 810 system (Figure 2.4). A 

sample size of twenty ribs, ten left and ten right, was intended for this experiment, 

although only eighteen ribs were ultimately used. Wooden fixtures were made instead of 

using the Bending Fixtures to prevent the rib from rotating as it straightens out during the 

three-point bending test. The Exaflex Putty (GC America Inc., 2014) that was used in the 

end-compression tests was also used to help stabilize the ribs in these fixtures to further 

prevent rotation.  
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The base for these fixtures is extendable allowing it to fit ribs of multiple lengths. 

In this experiment, the rib is set on the two points at the base of the fixture, with the 

visceral surface at the sternal end and just past the rib head making contact with the base. 

This provides an upward force on these ends of the rib. The base of the machine is then 

raised so that the top point of the fixture makes contact on the cutaneous surface of the 

midshaft of the rib (Figure 2.4). These tests were run at speeds of 2 mm/s and manually 

stopped after the rib had fractured. 

 

 

 

Figure 2.4. The wooden fixtures for three point bending experiment (top) and the rib 

positioned in the wooden fixtures in the MTS 810 Machine (bottom). 
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Dynamic Loading 

A final experiment was conducted using a dynamic force impact machine, devised 

by Rebecca Shattuck (2010) and adapted from Wieberg and Wescott (2005) (Figure 2.5). 

A sample size of twenty ribs, ten left and ten right, was used for this experiment. This 

machine delivered a small localized high force at a dynamic rate. The load, weighing 6.4 

kg, was raised to a height of two feet using a pulley system and then released to fall at a 

speed of 9.8m/s
2
 until impacting the rib (Shattuck 2010). The area of the impact point 

was 0.0085 m
2
. The rib ends were stabilized using wood clamps and modeling clay to 

prevent the rib from rotating before impact. This application of force would mimic a 

localized dynamic blunt force trauma that can be seen in secondary blast traumas, the 

result of shrapnel and debris due to explosive forces (CDC Primer, 2003). Unlike the 

other experiments, which were conducted in the Texas State University Composites and 

Plastics Lab, this experiment was conducted at ORPL. A cardboard box was used to 

shield the impact site in order to collect any scattering of the bone that might occur. 

Post-fracture Processing  

In order to examine the fracture pattern after the trials, the ribs were processed 

further to remove remaining soft tissue. All post-fracture processing was conducted at 

ORPL. Each rib was processed separately to prevent the fragments from comingling and 

so that each rib could be examined for its fracture pattern. The ribs were macerated using 

water and 2 tablespoons of detergent for 90 minutes and then the remaining tissue was 

carefully removed using toothbrushes and varying dental equipment. 
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Figure 2.5: Dynamic Loading machine created by Shattuck (2010). Insert shows a close 

up of the impact site. 

 

Fracture Analysis 

The predictability of rib fracture patterns was analyzed by examining several 

factors at a macroscopic level, The following information was recorded: 1) number of 

fractures on each rib, 2) location of the fracture (posterior, posterolateral anterolateral, 

anterior), 3) type of fracture (transverse, oblique, butterfly, buckle, comminuted, or 

partial butterfly) (Figure 2.6), 4) fracture condition (complete or incomplete), 5) surface 

of tension (cutaneous or visceral), and  6) localized direction of force (Appendix A). This 

follows the protocol that was set by Love and Symes (2004). The posterior portion of the 

rib applies from 5% to 24.99% of the rib’s length, posterolateral from 25% to 49.99%, 

anterolateral from 50% to 74.99% and finally ‘anterior’ is classified at or beyond 75% of 

the rib’s length. For the purposes of this research, a partial butterfly fracture is defined as 
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a butterfly fracture where only one plane of shear has formed a complete fracture (Figure 

2.6). In the event that a fracture was broken further during or after processing, the initial 

fracture condition was marked as incomplete, although this further damage was recorded. 

Due to the fact that greenstick fractures are most commonly associated with juveniles, 

these types of incomplete fractures were labeled as incomplete butterfly fractures. 

 

Figure 2.6 Examples of possible fracture types. Top left: oblique fracture, Top 

right: transverse fracture, Middle left: buckle fracture Middle right: comminuted 

fracture, Bottom left: butterfly fracture, Bottom right: partial butterfly 
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Statistical Analyses 

 Due to the small sample sizes, multivariate statistics were unable to be conducted 

at this time. In order to determine any significant differences in the cross sectional 

geometry of the porcine and human ribs, one-way analysis of variance tests (ANOVA’s) 

were conducted with post-hoc tests, or when necessary paired t-tests were conducted. To 

analyze the fracture characteristics, several Fischer’s exact tests were conducted, 

examining the differences between the various fracture characteristics and the three trials 

in this study.  
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CHAPTER III 

RESULTS 

 

Cross Sectional Geometry 

Human Ribs 

Descriptive statistics for the length of the human rib and percentage of cortical 

bone, cortical bone thickness, torsional rigidity, and the shape (Iy/Ix) of the ribs’ cross 

sections at 5%, 25%, 50%, and 75% of length are presented in Appendix B. The second 

moment of area Iy refers to the superio-inferior bending rigidity of the cross section while 

Ix refers to the cutaneous-pleural bending rigidity of the cross section (O’Neill and Ruff, 

2004). On average, the percent of cortical bone decreases from the rib head to the sternal 

end, but increases from the upper ribs to the lower ribs. A visual representation of these 

measurements is presented alongside the porcine measurements (Figures 3.1 and 3.2). 

Average measurements of the cortical area are highest for the ninth rib at all of the 

measured portions, except 25% of length. The least variation between the averages of 

cortical area for the three ribs measured occurred at 25% of the total length.  

In order to determine if there were any significant differences in the cortical bone 

thickness on the pleural and cutaneous surfaces of the human ribs, paired t-tests were run 

at each percentage of the rib length studied. There was only a significant difference at 

25% of the rib length, where the pleural cortical bone was found to be significantly 

thicker than the cutaneous cortical bone. 

The transverse (viscero-cutaneous) diameter (width) relative to the superio-

inferior diameter (height) decreases from the neck of the rib to the sternal end (Figure 
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3.2). That is, the cross-sectional shape of the neck is relatively round while the cross 

sectional shape of the sternal end is an elongated oval. This is also apparent in the Iy/Ix 

ratio which decreases from the neck to the sternal end. Rib four generally has a rounder 

shaft cross-section than ribs seven and nine.  

 

Figure 3.1.The average percentage of cortical bone (Avg. CA) for all ribs analyzed. 

 

Figure 3.2. The average Iy/Ix ratio of human and pig ribs. An Iy/Ix greater than one 

represents a pleural-cutaneously elongated rib shaft cross-section, while an Iy/Ix less than 

one represents a pleural-cutaneously flattened rib shaft cross-section. 
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Porcine Ribs 

 Descriptive statistics for the percentage of cortical bone, torsional rigidity, and the 

shape (Iy/Ix) of the porcine ribs’ cross sections are presented in the Appendix C. Figures 

3.1 and 3.2 illustrate cortical area and shaft shape, respectively, in the four locations of 

the rib. A summary of the variation of rib shape seen in the porcine ribs is presented in 

Figures 3.3. 

 In humans the cortical bone is usually thicker on the pleural surface and thinner on 

the cutaneous surface (Mohr et al, 2007; Streeter, 2010). In order to determine if this is 

true for porcine ribs, the cortical rib thickness on the cutaneous and pleural surfaces was 

measured at each percentage of the rib length. Paired t-tests were run for each percentage 

of the length, and it was found that there were significant differences in cortical bone 

thickness at 25%, 50% and 75% of the rib length. Due to the larger sample sizes, results 

were considered significant if the p-value was below 0.05. While the cortical bone was 

thinner on the pleural surface at 50% and 75% of the rib length, the opposite was true at 

25%, where the cortical bone was significantly thicker at the pleural surface (Table 3.1) 

Comparison of Human and Porcine Ribs 

 First, the cortical bone thickness on the pleural and cutaneous surfaces was 

examined for differences between human and porcine samples. Using paired t-tests, 

considered significant with a p-value of 0.05, it was possible to determine that the two 

groups differed in cortical bone thickness on the cutaneous and pleural surface at almost 

all of the measurement points. In all instances, the porcine bone was found to have 

thicker cortical bone than the human sample. The two exceptions to this are that human 
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and pig ribs did not significantly differ in cortical bone thickness at 50% of the rib length 

on the pleural surface and at 5% on the cutaneous surfaces. 

 

 

Figure 3.3 Summary of variation in rib shape of porcine sample. The pleural-

cutaneous bending moment decreases relative to the anteroposterior bending 

moment towards the sternal end. 

 

Table 3.1. Cutaneous Versus Pleural Cortical Bone Thickness for Porcine Ribs. 

Percentage Cutaneous Mean Pleural Mean P value
1 

5% 1.643 1.787 0.074 

25% 1.545 2.371 8.88E-08 

50% 1.713 1.386 0.006 

75% 1.414 0.819 1.4E-05 
1
Bold values are statistically significant 

 

The human and porcine ribs were split into three categories, upper (containing the 

fourth human rib and the fifth and sixth porcine ribs), middle (seventh human rib and 
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eighth, ninth, and tenth porcine ribs) and lower (ninth human rib and thirteenth and 

fourteenth porcine ribs). Visual representations of the average standardized J-values, 

representing torsional rigidity) of the upper, middle and lower ribs are presented in 

Figures 3.4, 3.5, and 3.6.  

 

 

Figure 3.4. Histogram comparing the average standardized J-values of the fourth 

human rib and the fifth and sixth porcine ribs. 

 

 

Figure 3.5. Histogram comparing the average standardized J-values of the seventh 

human rib and the eighth, ninth, and tenth porcine ribs. 
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Figure 3.6. Histogram comparing the average standardized J-values of the 

thirteenth and fourteenth porcine ribs. 

 

The bending strength of the superior-inferior axis (Iy) and the cutaneous-pleural 

axis (Ix) was tested. An ANOVA and post-hoc T-test were used to determine if there was 

variation in the rib samples. Cutaneous-pleural bending strength, which appears to be 

more relevant in blunt force fracture analysis, was significantly different in the upper and 

middle ribs between humans and pigs at all percentages except for at 75% of the rib 

length for the upper ribs. This is due to the shape of the rib, rather than a greater 

percentage of cortical bone. A full description of this variation is summarized in Table 

3.2. The lower ribs of humans and pigs were not significantly different at 50% or 75% in 

cutaneous-pleural bending strength. Results were considered statistically significant if the 

p-value was below 0.02, due to the small sample size. This data was standardized by 

dividing rib’s bending and torsional strength by the overall length of the rib. 
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For all of the Iy tests comparing upper and lower ribs there were significant 

differences between the human and the porcine sample, except at 5% and 75% of the rib 

length for the lower ribs. This variation is detailed further in Table 3.3. 

 

Table 3.2. Variation in Cutaneous-pleural (Ix) Bending. 

Ribs included Percent P-

value
1 

If significant, where 

Human L4, Porcine L5, L6 5% 0.0026 L4 and L5, L4 and L6 

25% 0.0002 L4 and L5, L4 and L6 

50% 0.0023 L4 and L5, L4 and L6 

75% 0.0282 N/A 

Human L7, Porcine L8, L9, 

L10 

5% 0.0033 L7 and L8, L7 and L9, L7 and L10 

25% 0.0170 L7 and L8, L7 and L9, L7 and L10 

50% 0.0002 L7 and L8, L7 and L9, L7 and L10 

75% 0.0005 L7 and L8, L7 and L9, L7 and L10 

Human L9, Porcine L13, 

L14 

5% 0.0352 N/A 

25% 0.0223 N/A 

50% 0.4575 N/A 

75% 0.0571 N/A 
1
Bold values are statistically significant 

Table 3.3. Variation in Superior-inferior (Iy) Bending. 

Ribs included Percent P-value
1 

If significant, where 

Human L4, Porcine L5, L6 5% 0.0001 L4 and L5, L4 and L6 

25% 0.0002 L4 and L5, L4 and L6 

50% 0.0010 L4 and L5, L4 and L6 

75% 0.0017 L4 and L5, L4 and L6 

Human L7, Porcine L8, L9, 

L10 

5% 0.0046 L7 and L8, L7 and L9, L7 and L10 

25% 0.0009 L7 and L8, L7 and L9, L7 and L10 

50% 0.0000 L7 and L8, L7 and L9, L7 and L10 

75% 0.0322 N/A 

Human L9, Porcine L13, 

L14 

5% 0.3637 N/A 

25% 0.0490 N/A 

50% 0.0108 L9 and L13, L9 and L14 

75% 0.0571 N/A 
1
Bold values are statistically significant 
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Both the upper ribs and middle ribs showed significant differences in torsional 

rigidity between the human and porcine samples at 5%, 25%, 50% and 75% of the total 

rib length. Conversely the lower ribs showed no significant differences, at any rib 

location, in the torsional strength between the human and porcine samples (Table 3.4)  

 

Table 3.4. Variation in Torsional (J) Bending. 

Ribs included Percent P-value
1 

If significant, where 

Human L4, Porcine L5, L6 5% 0.0003 L4 and L5, L4 and L6 

25% 0.0006 L4 and L5, L4 and L6 

50% 0.0012 L4 and L5, L4 and L6 

75% 0.0153 L4 and L5, L4 and L6 

Human L7, Porcine L8, L9, 

L10 

5% 0.0014 L7 and L8, L7 and L9, L7 and L10 

25% 0.0011 L7 and L8, L7 and L9, L7 and L10 

50% 0.0000 L7 and L8, L7 and L9, L7 and L10 

75% 0.0024 L7 and L8, L7 and L9, L7 and L10 

Human L9, Porcine L13, 

L14 

5% 0.1110 N/A 

25% 0.9823 N/A 

50% 0.1256 N/A 

75% 0.0691 N/A 
1
Bold values are statistically significant 

 

The upper and middle human and pig ribs differ significantly in standardized 

torsional and bending rigidity and cortical bone thickness on both the cutaneous and 

pleural surfaces. They are, however, similar in shape (Iy/Ix) and percentage of cortical 

bone. This means that while porcine ribs may have greater resistance to both torsion and 

bending stress compared to human ribs, they may react similarly under different loading 

regimes. Since porcine ribs may be able to withstand greater forces before failure than 

human ribs, any in-depth studies about the amount of force necessary to produce certain 

fracture characteristics will need to be conducted on human ribs. However, since the 
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overall shape and percent of cortical bone does not differ,  porcine ribs can provide 

insight into how human ribs might fracture, and ultimately help shape the hypotheses for 

future studies on trauma to the chest. 

 

Fracture Analysis of Porcine Ribs 

Out of the 60 ribs initially available in this experiment, only 54 were able to be 

broken in three experiments. A total of 59 fractures were observed in these experiments 

(Table 3.5). The prevalence rates are provided in Appendix C. Due to the fact that several 

of the categories used in the fracture analysis included small sample cell sizes (n < 5), 

there were limited statistical analyses possible. Statistically-valid multivariate tests 

comparing all four fracture characteristics against the three methods were not possible at 

this time. Each fracture type, location, condition, and surface of tension indicator was 

therefore separately analyzed for all three experiments. This allows for general 

conclusions about individual fracture characteristics. The results from the Fisher’s Exact 

test show that there is a significant difference between the type of fracture pattern, 

location, the surface of tension seen and the method of fracture.  
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Table 3.5. Percentages of Fracture Location, Pattern, Condition and Surface of 

Tension Occurrence for Three Experiments. 

 

*The italicized fracture patterns indicate patterns that only appeared in one of the 

three experiments 

 

 

Fracture Patterns  

Out of the seven fracture patterns seen, only three were present in all three 

experiments: butterfly, transverse, and oblique. Of these, oblique and transverse were the 

most common. Buckle fractures were only observed in the upper ribs of the end 

compression tests. Specifically they were located at the anterolateral portion of the rib, 

which is shown to have significantly less cortical bone on the pleural surface. Several 

irregular fracture patterns such as crush fractures, comminuted butterfly fractures and 

 End Compression     

(n=16) 

Three Point Bend        

(n=18) 

Dynamic Loading       

(n=25) 

Fracture 

Location 

Anterior 25.00% Anterior 0.00% Anterior 28.00% 

Anterolateral 68.75% Anterolateral 72.22% Anterolateral 40.00% 

Posterolateral 6.25% Posterolateral 27.78% Posterolateral 28.00% 

Posterior 0.00% Posterior 0.00% Posterior 4.00% 

Fracture 

Pattern 

Butterfly 18.75% Butterfly 16.67% Butterfly 4.00% 

Transverse 25.00% Transverse 44.44% Transverse 20.00% 

Oblique 25.00% Oblique 38.89% Oblique 48.00% 

Buckle 31.25% Buckle 0.00% Buckle 0.00% 

Comminuted  

Butterfly 0.00% 

Comminuted  

Butterfly 0.00% 

Comminuted  

Butterfly 4.00% 

Partial 

 Butterfly 0.00% 

Partial  

Butterfly 0.00% 

Partial  

Butterfly 20.00% 

Crush 0.00% Crush 0.00% Crush 4.00% 

Fracture 

Condition 

Incomplete 

 Fractures 93.75% 

Incomplete  

Fractures 72.22% 

Incomplete 

 Fractures 60.00% 

Complete 

 Fractures 6.25% 

Complete 

 fractures 27.78% 

Complete 

 Fractures 40.00% 

Surface of 

Tension 

Cutaneous 87.50% Cutaneous 0.00% Cutaneous 12.00% 

Pleural 12.50% Pleural 100.00% Pleural 88.00% 
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partial butterfly fractures occurred only in the dynamic loading tests (Appendix C). The 

occurrence of fracture patterns for each experiment is visually represented in Figure 3.7  

 

 

Figure 3.7. Number of fracture patterns per experiment. Note that the three 

categories of butterfly fracture were combined. EC = end-compression, 3pt = 

three-point bending, DL = dynamic loading 

 

In order to examine the relationship between fracture patterns and the method of 

fracture, a Fischer’s exact test was performed using Statistical Analysis Software (2002). 

Due to small sample sizes and the similarity in fracture production, the three types of 

butterfly fractures were combined for statistical analysis. Therefore, a total of five 

categories were used to analyze the predictability of fracture patterns: transverse, oblique, 

buckle, butterfly and crush. The resulting p-value (0.0163) is significant. This suggests 

that the variables in this test, fracture pattern and method, are not independent of each 

other. 
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Fracture Location 

 The most common fracture location was the anterolateral portion of the rib (50%-

74.99% length) in all three experiments. The least common fracture location was the 

posterior portion of the rib (5%-24.99% of the entire rib length); seen in only one rib 

during the Dynamic Loading experiment. The Dynamic Loading experiments had the 

most variety in fracture location, with at least on fracture occurring in each portion of the 

rib. The Three-point Bend experiment only showed fractures in the anterior, anterolateral 

and posterolateral portions of the rib (comprising 25%-74.99% of the total rib length). In 

the End-Compression tests, 15 of 16 fractures occurred in either the anterior or 

anterolateral portion of the rib. A visual representation of this is presented in Figure 3.8. 

 

 

Figure 3.8. The number of fractures per location in each  

of the three experiments. EC = end-compression, 3pt = three-point bending, DL = 

dynamic loading 

 

To analyze the relationship between fracture locations and method of fracture, 

another Fischer’s exact test was used. Differences in the observed and expected values 
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resulted in a p-value of 0.0290. This shows that the fracture location is not independent of 

the fracture method. 

Fracture Condition 

 Fracture condition was categorized as complete or incomplete. The majority of 

the fractures for all three experiments were incomplete. A Fisher’s exact test was used to 

compare fracture condition to the method of fracture used, and the resulting p-value was 

0.1772. This suggests that the condition of a fracture is independent of the method of 

fracture used.  

Surface of Tension 

 The majority of the fractures originated on the cutaneous (external) surface of the 

rib in the End Compression experiments (Table 3.1). The tension surface of the fracture 

occurred on the pleural (internal) surface in all of the Three Point Bend fractures and the 

majority of the Dynamic Loading fractures. A final Fischer’s exact test was used 

comparing the two surfaces of tension to the method of fracture. The resulting p-value 

was highly significant (p = 2.657E-09). This shows that the two variables are not 

independent of each other and that there is a strong relationship between the surface of 

tension and the method of fracture in these experiments. 
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 CHAPTER IV 

DISCUSSION 

 

 Rib fractures resulting from traumatic injury to the thorax are common in medico-

legal death investigations (Love and Symes, 2004; Daegling et al, 2008), but have 

received very little attention in the medical and anthropological literature. As Love and 

Symes (2004) point out, this is in part due to the biomechanical complexities of rib 

fractures. For example, unlike most bones, ribs will often fail under compression before 

failing under tension (Love and Symes, 2004). Therefore, there is a need to examine rib 

fracture biomechanics and place it within the context of the rib and thorax structure as a 

whole. This study compared the fracture characteristics of pig ribs broken using three 

different applications of force in order to determine if there were predictable patterns in 

how the ribs would fail. Ultimately, the purpose of this study was to better understand 

what types of rib fractures one might expect in specific traumatic instances and to explain 

the biomechanical principles involved. Despite several limitations to the study, including 

the use of porcine ribs rather than human ribs and small sample sizes, this study offers 

new insight and information about rib fractures and the forces that cause them. 

 

Fracture Type 

The results from the Fisher’s exact test show that there is a significant difference 

between the types of fractures seen and the method of fracture (discussed in more detail 

below). In all three fracture methods butterfly, transverse, and oblique fractures occurred. 

Of the three fractures, butterfly fractures (a category encompassing four types of butterfly 
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fractures) were the least commonly seen. This is in agreement with other research 

(Gonzalez et al., 1954; Love and Symes, 2004; Daegling et al., 2008). The crush fracture 

seen in this study occurred during the Dynamic Loading experiment, and is suspected to 

be due to the impact point glancing off the side of the rib. It is located at the anterolateral 

portion of the rib, at the inferior portion. Since the rib was not directly impacted by the 

device, the fracture occurred at the edge of the rib, almost scraping off the outermost 

layer of cortical bone. Two fracture types require more discussion. These are buckle 

fractures and butterfly fractures. These types of fractures are especially important because 

buckle fractures occur more commonly in ribs than other bones, and because butterfly 

fractures can originate internally or externally in ribs. 

Buckle Fractures 

 Buckle fractures were observed by both Daegling et al. (2008) and Love and 

Symes (2004) during anterior-posterior chest compression. In the current study buckle 

fractures only occurred during the end-compression trial. This was expected due to the 

application of forces in this experiment that allowed for the rib to fail under compression 

rather than tension. The percentage of buckle fractures in End Compression Test during 

this study (31.25%, 5/16) greatly outnumbers the results seen in previous studies. 

Daegling et al. (2008) only observed one buckle fracture (12.5% of sample) in their end 

compression test. In their analysis of forensic cases, Love and Symes (2004) only found 

that 8% of the fractures were buckle fractures. Love and Symes (2004) hypothesized that 

the cause of buckle fractures is due to compressive instability of the bone. They also 

show that buckle fractures can occur at any portion of the rib length, although they are 

more common at the sternal end or sternal midshaft. Unlike Love and Symes (2004), 
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Daegling et al. (2008) hypothesized that the buckle fracture was due to an error in loading 

the rib into the machine rather than due to compressive instability. However, the high 

frequency of buckle fractures seen in this study during the End Compression experiment 

discourages this reasoning. 

In order to produce buckle fractures, the sternal end of the rib must be bent 

posteriorly, forcing the ends of the bone together and allowing for the pleural portion of 

the rib to be subject to compression and then ultimately fail (Wescott, 2013). There are 

several explanations as to why the bone might fail under compression before failing 

under tension. One possible cause of buckle fractures is that they are a series of micro-

fractures; each one beginning towards the cutaneous portion and continuing towards the 

pleural portion (Berryman et al. 2013). Another cause could be the result of differences in 

the thickness of the cortical bone on the pleural and cutaneous surfaces. By looking at the 

pleural surface of the rib as an entity separate from the cutaneous surface, undergoing 

both tension and compression, the thinner cortical bone on this portion of the rib might 

suggest why they are so susceptible to buckle fractures (Berryman et al. 2013). It is 

interesting to note that this is contradictory to the pattern seen in human ribs (Mohr et al., 

2007; Streeter, 2010). The fact that humans have thicker cortical bone on the pleural 

surface than the cutaneous surface may explain why buckle fractures occurred more 

commonly in this study than were observed in Daegling et al. (2008) or Love and Symes 

(2004).  However, in Love and Symes (2004) various types of trauma besides end 

compression were included. Instances of trauma included motor vehicle accidents, falls, 

CPR, beatings, and unknown trauma. Due to the varied forces applied to the rib, possibly 

simultaneously, one might expect other types of incomplete fractures rather than buckle 
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fractures. Daegling et al. (2008) used a slower loading rate, 0.5 mm/s, and the human ribs 

were defleshed and rehydrated prior to fracturing. These differences, along with the fact 

that they used a human rib sample which has thicker pleural cortical bone, could explain 

the lower percentage of buckle fractures seen compared to the current study.  

Butterfly Fractures 

Butterfly fractures are frequently caused by bending forces, with the fracture 

crack following along the maximum shear and tension planes, producing a triangular 

fragment of bone (Tencer, 2006). Since bone is stronger under compression than tension, 

the fracture will typically initiate on the tension side and spread towards the compression 

side. As the crack elongates, it will often spread obliquely along the shear planes at a 45 

degree angle to the compression plane (Alms, 1961). This results in a small triangular 

wedge of bone opposite the tension side. Four different types of butterfly fractures 

occurred in the dynamic loading: complete, incomplete, partial (where only one plane of 

shear results in a complete fracture) and comminuted. Although the partial butterfly 

fracture consists of a complete oblique fracture, the incomplete fracture that it is paired 

with suggests a different type of strain applied to the bone. 

Internally originating butterfly fractures of the rib are an uncommon type of 

fracture, and are named because it is expected that rib fractures will most often originate 

on the cutaneous side of the rib since its convex shape is most often subjected to tension 

(Christensen et al., 2012). However, internally originating butterfly fractures have been 

observed in studies of blast trauma patterns on pig models, but the cause of these 

fractures was not determined. Christensen and colleagues (2012) suspected that blast 

trauma causes internal forces that will straighten the rib and cause tension on the pleural 
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(internal) surface and compression on the cutaneous (external) surface, resulting in the 

internally originating butterfly fractures observed in pigs subjected to blast trauma.  

This hypothesis was tested by Christensen and Smith (2013). They manually 

fractured dried, de-fleshed pig ribs using a rough four-point bending model by grasping 

either end of the rib and using the thumbs as a fulcrum. Although Christensen and Smith 

(2013) managed to produce internally originating butterfly fractures in 43 of their 46 

trials, it is possible that this method of fracture does not best mimic in-vivo 

circumstances. Therefore, further research in this field is required on both fresh pig ribs 

and, if pig ribs are found to be unsuitable proxies, human ribs as well. It is also necessary 

to confirm that these internally originating butterfly fractures are unique to end-tension, 

as was thought by Christensen et al. (2012). They suggest that it is possible that a direct 

blunt force impact could cause similar fracture patterns although they claim that no 

studies had been done at the time of their publication. In the current study, butterfly 

fractures with internal tension indicators were observed when the ribs were subjected to a 

direct impact at the midshaft of the rib. This suggests that internally originating butterfly 

fractures can be caused by direct blunt force trauma.  

In this study butterfly fractures occurred more commonly in the Dynamic Loading 

trails. These trials included forces that were applied at much greater rates than the 

previous trials. The presence of partial and comminuted butterfly fractures is interesting 

because they have not been explicitly reported in other studies including butterfly 

fractures. It is possible however that these fractures did occur in previous studies, but 

were categorized differently. In the article by Christensen and Smith (2013), pictures of 

these fracture types can be seen but are only described as butterfly fractures (Figure 4.1).  
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Figure 4.1. Butterfly fractures in Sus scrofa ribs due to different applications of 

force. Top left: Butterfly fracture resulting from blast trauma (from Christensen 

and Smith, 2013), Top right: Butterfly fracture resulting from manual four-point 

bending (from Christensen and Smith, 2013), Bottom: Butterfly fracture resulting 

from dynamic loading during this study.  

 

Fracture Location  

 In this study most fractures occurred in the anterolateral portion of the rib. It was 

hypothesized that this region and the anterior portion of the rib would be most susceptible 

to fracture. This is based on the cross sectional analysis revealing that on average, the 

cortical bone is thinnest at these portions and the pleural-cutaneous diameter is smaller. 

The anterior and anterolateral portions of the rib on average also had the lowest pleural-

cutaneous bending rigidity, which is strained during bending of the rib. Li et al. (2010) 

expressed surprise at the high rate of experimental fractures occurring at this location, as 

the models created for their study suggested that the fracture would occur at the 

posterolateral region. The posterior portion of the rib fractured only once in this study as 
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a result of the Dynamic Loading tests. This supports the cross sectional analysis, showing 

that the posterior portions of the rib often had the highest Iy/Ix ratios with higher bending 

and torsional rigidity. 

 All of the buckle fractures seen in the End-Compression experiments occurred in 

the anterolateral portion of the rib, which supports the results seen in both Love and 

Symes (2004) and Daegling et al. (2008) where fractures occurred in the sternal midshaft 

of the rib (50-75% of the total rib length). This is equivalent to the anterolateral portion in 

the current study.  

 

Fracture Condition 

 The majority of the fractures seen in this study were incomplete. There are mixed 

results in the literature about the presence of incomplete rib fractures. Daegling et al. 

(2008) found an equal amount of incomplete and complete fractures in their study of 

anterior-posterior rib compression, while Love and Symes (2004) found a much higher 

degree of complete fractures in their clinical analysis of perimortem rib fractures. Based 

on the parameters of the current study, there are several possible explanations for the 

higher frequency of incomplete rib fractures.  

The slow loading speeds of the End-Compression and Three-Point Bending tests 

(2mm/s for both), as well as the constraints in the duration of the experiment, may be 

responsible for the higher rates of incomplete fractures. The forces in these two 

experiments were applied at a slower velocity than what is seen during in vivo situations, 

and since the machines used limit the time that the experiments were able to be run, it is 

possible that the forces were not rapid or long enough in duration to produce complete 
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fractures. In prior End-Compression experiments (Daegling et al., 2008; Li et al., 2010), a 

loading speed of 0.5 mm/s resulted in 50% of the fractures being incomplete. Several 

other factors may contribute to the higher rates of incomplete fractures seen in the end-

compression study, including the use of human ribs in the previously mentioned two 

studies, the greater bending and torsional rigidity of porcine ribs, and the semi-fleshed 

state of the porcine ribs. The greater rigidity of the porcine ribs would imply that they 

require either stronger or more rapid forces to produce complete fractures. Though it may 

be possible to replicate this experiment with these modifications it must be remembered 

that the ribs can only be compressed as far as the MTS machine will allow.  

Dynamic loading in rib fractures was also tested by Li et al. (2010) using loads of 

.5m/s – 1m/s. Although this study does not explicitly state the condition of the fractures 

produced, as this was not the intent of the study, the images of the fractures that they 

provide suggest that second, fourth and tenth  human ribs used in their study fractured 

completely. However, all of the soft tissue was removed from these ribs and no 

information was given as to the hydration of the bones.  

The fact that porcine ribs and not human ribs were used in the current study may 

also play a factor. The cross sectional analysis shows that porcine ribs have significantly 

greater torsional and bending rigidity than human ribs and therefore they may require 

much greater forces to produce the same fracture characteristics that are seen in human 

ribs. Although the porcine ribs used were fully grown, it is possible that they were taken 

from younger pigs, as the exact ages of the pigs used are unknown. This may cause the 

ribs themselves to be more elastic and resistant to fracture because bone becomes more 

plastic with age (Wescott, 2013). 
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Surface of Tension 

 There were no unexpected results in the surface of tension for all three 

experiments. It is an accepted practice that bones are twice as likely to fail under tension 

as they are under compression (Harkess et al., 1975; Currey, 1979; Galloway, 1999; Love 

and Symes, 2004; Turner, 2006). In the Three Point Bending and Dynamic Loading 

experiments, most of the fractures originated on the pleural surface of the bone. In the 

end compression experiment, the tension was located on the cutaneous surface of the 

bone, even though the buckle fractures occurred on the pleural portion of the bone. 

Although it has been thought that buckle fractures present an exception to this rule, recent 

research (Berryman et al. 2013) suggests that this may not be the case.  

 

Fracture Predictability 

End-Compression 

 End compression subjected the rib to multiple forces at once. Tension was created 

on the cutaneous surface, compression on the pleural surface, and due to the S-shaped 

curvature of the rib, the rib was also subjected to torsion, twisting as it was compressed. 

As a result, there was considerable variation in the type of fractures resulting from end-

compression. Fractures resulting from bending forces (butterfly and transverse) occurred 

in almost 44% of the experiments, and oblique fractures, which result from a combination 

of bending and torsion, occurred, in 25% of the experiments. Most of these occurred in 

the anterolateral portion of the rib and resulted in incomplete fractures. As predicted, end-

compression fractures almost always originate on the cutaneous surface. During end-

compression the rib bends outward due to its curvature. This places tension on the 
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cutaneous surface and compression on the pleural surface. Since bone is generally weaker 

in tension than compression the pattern observed was not unexpected. The exception, 

where the tension originated on the pleural surface, was probably due to a problem with 

the fixture.  It is likely that the Exaflex Putty (GC America Inc., 2014) used to stabilize 

the ribs in the fixture did not set properly, causing the sternal end to be driven into the 

inferior portion of the fixture when the rib was compressed and producing tension on the 

pleural surface. (See discussion below). 

One type of fracture that was unique to end-compression forces were buckle 

fractures, which occurred in 31.25% of the experiments. Buckle fractures are commonly 

thought to occur when the bone fails under compression (Love and Symes, 2004). Buckle 

fractures only occurred in the upper to middle porcine ribs, specifically ribs 5-7. In the 

previously mentioned studies, Daegling et al. (2008) and Love and Symes (2004), the 

specific ribs that produced buckle fractures were not published, so any comparison of this 

nature is not possible at the moment. This data could provide new information on the 

predictability of buckle fractures due to anterior-posterior chest compression. 

Three-Point Bending 

 During Three-Point Bending, the fracture always originated on the pleural portion 

of the rib, opposite the side that the force was applied, as expected. As the rib shaft is 

bent inward, tension forces are created on the pleural surface and the fracture propagates 

towards the cutaneous surface (Turner and Burr, 2001; Christensen and Smith, 2013). In 

this study, transverse fractures occurred more often than oblique or butterfly fractures but 

the difference was not statistically significant. It is more common for oblique fractures to 

originate as transverse fractures, then after the initial failure, the compressive forces 
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increase on the remaining intact bone resulting in the fracture shearing in a diagonal 

pattern (Galloway, 1999). All of these fractures occurred at the midshaft of the rib. 

Dynamic Loading 

 During dynamic loading the ribs are subject to multiple forces. Oblique fractures 

originating on the pleural surface were the most common type (52%) of fracture 

observed, but butterfly and transverse fractures also commonly occurred. It is interesting 

to note that all of the partial butterfly fractures occurred at the posterolateral portion of 

the rib while the other three variations occurred on the anterolateral portion of the rib.  

Cross-sectional changes in the rib shaft from posterior to anterior may explain some of 

the difference in fracture type between the posterolateral and anterolateral locations. The 

posterolateral portion of the rib is more resistant to bending and torsion than the 

anterolateral portion, preventing it from being as easily fractured, as evidenced by the 

cross-sectional analysis.  

 

Limitations and Problems with the Fracture Experiments 

The speed for the end-compression and three point bending tests (2mm/s), while 

faster than the 0.5mm/s used in Daegling et al. (2008), may not be fast enough to 

accurately replicate in vivo rapid chest compression or bending of the ribs due to 

instances of crush trauma from falling debris (Hall et al. 2006; Kimmerle and Baraybar, 

2008). If the experiment were able to be run at a faster rate, it is possible that the resulting 

fractures would be more extreme as they would have been subject to greater forces in a 

smaller amount of time. Due to the viscoelastic nature of bone, it deforms more readily 
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under slow forces and becomes more brittle under high speed forces (Wescott, 2013). 

This could have affected both the condition and type of fracture. 

There were four unexpected setbacks of the experiments that could have affected 

the results. The first was that in several instances the experiment had to be manually 

stopped before the fracture was completed. This was due to the fixtures at either end of 

the rib making contact with each other, forcing the trial to come to a stop, which may 

have contributed to the high amount of incomplete fractures. A second unexpected 

occurrence was that several of the experiments had to be repeated to produce fractures. 

The moisture from the fleshed ribs appeared to retard the setting of the Exaflex Putty (GC 

America Inc., 2014), and prevented it from becoming as firm as was expected. This did 

not appear to affect the success of the experiment. However, several of the experiments 

had to be repeated due to movement of the wooden fixture as the rib bent. The fixtures 

were then re-set into the machine and a second trial was run. If the machine registered 

that the rib began to break before the fixture moved out of position the experiment was 

not repeated. This may have also contributed to the high number of incomplete fractures. 

The third unexpected outcome was when the weight glanced off the bone without causing 

fracture during the Dynamic Loading experiment. In these instances, the rib was 

examined, and if there was no identifiable damage it was subjected to a second impact. In 

the future this problem may be avoided by conducting fracture experiments on whole rib 

cages instead of individual ribs. It should be noted that in previous experiments on 

porcine femora using this device (Shattuck, 2010), the resulting trauma was noted to be 

more similar to sharp force trauma as opposed to the blunt force trauma it was intended to 

produce. The fractures in this experiment do meet the criteria of blunt force trauma. This 
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could be due to the size of the ribs in comparison to the femora. A final problem is that 

several of the ribs, especially the ninth, did not work in the fracture devices due to the s-

shaped twist of the rib. The MTS 810 machine (MTS Systems Corporation, 2006) that 

was used in this experiment is not normally used for irregularly shaped specimens and, 

therefore, was not equipped to handle the rotation of the ribs as they were compressed.  

 

Applications and Avenues for Further Research 

 Although this study is not without its limitations, the information gained from it 

will be useful in further studies of trauma analysis. First, the study shows that although 

porcine ribs are often used in experimental trauma studies, they differ significantly in 

bending and torsional strength from human ribs in several locations along the rib cage. 

However, human and porcine ribs are not statistically different in their shape or percent 

of cortical bone. It is therefore likely that porcine ribs will be suitable proxies when the 

fracture characteristics themselves are being examined, rather than the forces necessary to 

create them. Porcine ribs are not recommended for use in studies where the amount of 

force necessary to produce specific fracture patterns is tested.  

 There are several other tests that can be run comparing porcine and human ribs, 

including biomechanical analyses and further cross-sectional geometric analyses. Due to 

their differing forms of locomotion it may be beneficial to examine differences in the arc 

of the ribs. If there are significant differences in rib curvature, this could impact where 

along the rib failure occurs. Better understanding the biomechanical differences of human 

and porcine ribs will aid in the prediction of fracture patterns, locations and completeness 

in human ribs using pig models.    
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 The presence of internally originating partial butterfly fractures suggests that this 

type of fracture could be produced by external forces, unrelated to blast trauma 

(Christensen et al, 2012; Christensen and Smith, 2013). A possible further study would 

examine if these fracture patterns occur in human ribs and if it is possible to create these 

types of fractures in different ways than three or four-point bending. Once the cause or 

causes of these fractures are determined, it may aid in identifying specific skeletal criteria 

that would indicate blast trauma.  

 Further trauma studies could include examining whether or not these fracture 

patterns differ when similar forces are applied to an articulated rib cage. This type of 

study would better replicate in vivo circumstances and would be beneficial to the analysis 

of trauma to the thorax. This study helps to show that trauma to the thorax is still not 

fully understood and that there is a lack of suitable proxies for human ribs in 

experimental trauma studies in hopes that further research will be done to better address 

both of these areas.  
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CHAPTER V 

CONCLUSION 

 

The purpose of this research was twofold. First, it was to compare human and 

porcine ribs using cross sectional analyses to determine if porcine ribs were a suitable 

proxy for traumatic experiments. Secondly, it was to fracture porcine ribs in three 

different ways in order to examine if there were any predictable patterns in fracture 

pattern, location, condition and the surface of tension. 

Rib fractures are commonly seen in injuries to the thorax, and a number of 

different types of fractures are commonly seen on the same individual (Love and Symes, 

2004). By studying the fracture pattern, location, completeness, and the surface of 

tension, it may be possible to infer the type of trauma sustained by the individual and 

predict where the bones may fail in future instances of similar trauma. If this is possible, 

it will be useful in forensic investigations, and in the documentation of injuries in mass 

disasters and human rights violations, where a complete catalogue of the traumas 

sustained is an important component of analysis. 

As previously stated, this study is not without its limitations. During the cross-

sectional analysis, the curvature of the human sample and porcine sample were not 

compared. Any potential differences might suggest differences in fracture patterns 

between the two samples. Second, the porcine ribs used in the sample were disarticulated 

from the rest of the rib cage. It would be useful to examine if ribs fractured in the same 

way using an articulated rib cage, to better mimic in vivo traumatic circumstances. Lastly, 

only a porcine sample was used in this study. To be sure that any of the patterns seen are 
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applicable in a forensic setting, it is necessary to also conduct trials using both 

disarticulated and articulated human samples. Hopefully these questions and limitations 

will be addressed in future studies. 

What can be concluded is that there are significant differences in the bending and 

torsional strength of porcine ribs and human ribs, although they do not differ significantly 

in their amount cortical bone or shape. Since the shape and percent of cortical bone are 

similar it is likely that they will produce fracture patterns similar to those seen in human 

ribs. However, it is unadvised to use porcine ribs as proxies for human ribs when testing 

the amount of force necessary to produce these patterns. This is due to the fact that 

porcine ribs, with increased strengths, may require greater forces than human ribs to 

produce a specific fracture pattern.  

The fracture analysis shows some distinct patterns in both fracture location and 

pattern. When the torso is subjected to a variety of forces, the bones may break in several 

ways. By further understanding how and where the bone breaks in response to the 

application of specific forces, it may be possible to predict how and where a rib might 

fracture in response to specific forces. From this experiment it can be concluded that ribs 

are more likely to fracture at their anterolateral portion (which comprises 50-75% of their 

total length), which does have significantly less cortical bone at its pleural surface than at 

its cutaneous surface, as seen from the cross-sectional analysis. Depending on the type of 

force that is applied to the rib, there is still significant variation in the types of fracture 

patterns seen. When subjected to end-compression, it was more common to see buckle 

fractures. The three point bend trials resulted in oblique and transverse fractures and 

lastly the dynamic loading trials resulted in mainly oblique and various conditions of 



54 
 

butterfly fractures. Butterfly fractures occurred in the anterolateral, posterolateral 

portions of the rib, while the anterior portion of the rib produced oblique and transverse 

fractures. Fractures rarely occurred on the posterior surface of the rib, and the presence of 

such fractures might suggest a non-normal application of force. 

 The cross-sectional analysis portion of this study provides evidence that porcine 

ribs are not suitable proxies for human ribs in trauma experiments. The fracture analysis 

portion offers insights into how ribs respond differently to end-compression, static three-

point bending and dynamic loading. Each test produced fractures that either significantly 

differed in their pattern, location or surface of tension. This data helps in the 

classification and understanding of rib fractures and trauma to the thorax in general. 

Although a porcine sample was used, patterns were seen in regards to how and where the 

ribs fractured in response to the different application of forces. These patterns can then be 

tested using a human rib sample. If these patterns are found to be consistent in human 

ribs, it will greatly expand our understanding of how ribs respond to forces and will aid 

forensic anthropologists in trauma analysis during medicolegal death investigations and 

in instances when forces may be applied to the thorax in different ways. 
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APPENDIX SECTION 

APPENDIX A: CLASSIFICATION OF FRACTURE DATA 

Location 

Posterior– from 5% to 25% length (measurements begin at the tubercle, includes 

neck and posterior angle) 

Posterolateral – 25% - 50% length 

Anterolateral – 50% to 75% length 

Anterior – 75% – 100% length 

Type of Fracture 

Buckle – fracture that fails first due to compression stress 

Butterfly – fracture where two cracks form a triangular fragment  

Comminuted – fracture crack results in two or more fragments of bone 

Oblique – fracture crack runs diagonal to the axis of the bone  

Transverse – fracture crack at a right angle to the axis 

Fracture Condition 

 Complete – fracture crack runs completely through the bone 

 Incomplete – fracture crack does not completely separate bone at all points 

Surface of Tension 

Cutaneous – External surface 

Visceral – Internal Surface 

Cross Sectional Measurements 

 5% of total length 

25% of total length 

50% of total length 

75% of total length 
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APPENDIX B: CROSS-SECTIONAL GEOMETRY DATA 

Specimen 

ID 

Rib 

# 

% of 

rib 

Avg. 

AP 

Avg. 

ap 

Avg. 

ML 

Avg. 

ml 

Total 

Area 

Medullary 

Area 

Cortical 

Area 

D10-2010 

L4 

5 10.111 6.519 12.000 7.608 95.294 38.951 56.343 

25 10.519 9.556 9.843 6.353 81.319 47.679 33.640 

50 11.412 10.510 9.882 7.373 88.569 60.858 27.711 

75 14.407 13.630 8.125 6.625 91.938 70.920 21.018 

L7 

5 8.704 6.963 12.259 6.704 83.804 36.661 47.143 

25 14.702 13.263 11.074 7.963 127.871 82.948 44.922 

50 14.211 13.649 9.926 6.704 110.787 71.866 38.921 

75 17.630 16.593 8.542 6.833 118.273 89.053 29.220 

L9 

5 10.706 7.222 10.706 5.412 90.021 30.697 59.324 

25 18.833 17.292 11.542 9.583 170.720 130.150 40.571 

50 14.421 13.298 8.392 6.000 95.053 62.665 32.388 

75 12.815 11.815 7.882 5.726 79.331 53.131 26.200 

D03-2011 

L4 

5 7.243 5.077 9.444 6.778 53.728 27.026 26.702 

25 11.026 9.026 8.778 6.389 76.013 45.288 30.726 

50 15.515 14.121 7.000 5.500 85.298 61.000 24.298 

75 14.944 14.000 4.564 2.614 53.569 28.738 24.830 

L7 

5 9.538 8.000 10.217 5.569 76.540 34.991 41.548 

25 14.769 12.974 9.713 7.533 112.663 76.758 35.905 

50 13.026 12.103 8.588 5.490 87.862 52.188 35.674 

75 13.795 12.923 6.222 4.778 67.411 48.495 18.916 

L9 

5 9.123 6.807 7.556 2.815 54.140 15.050 39.090 

25 18.000 17.019 8.815 6.815 124.619 91.096 33.523 

50 15.294 14.157 7.020 4.627 84.319 51.451 32.869 

75 10.980 9.294 5.804 2.667 50.053 19.465 30.588 

D03-2008 

L4 

5 10.553 8.902 9.185 6.444 76.128 45.058 31.070 

25 13.593 13.148 8.588 6.941 91.688 71.679 20.009 

50 11.333 9.136 7.882 6.039 70.159 43.335 26.824 

75 16.039 15.294 6.235 4.706 78.544 56.528 22.016 

L7 

5 11.474 9.088 10.902 7.725 98.242 55.141 43.101 

25 15.904 14.372 10.314 6.392 128.828 72.155 56.673 

50 10.912 9.579 9.490 5.843 81.335 43.957 37.377 

75 14.275 12.941 7.926 6.074 88.861 61.737 27.124 

L9 

5 10.561 8.631 10.333 5.741 85.711 38.918 46.792 

25 16.741 15.741 8.704 5.704 114.443 70.518 43.925 

50 15.059 14.157 7.451 3.294 88.125 36.625 51.501 

75 11.444 9.815 7.765 5.451 69.793 42.019 27.774 

D09-2011 L4 5 9.852 7.148 5.837 3.198 45.165 17.952 27.213 
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Specimen 

ID 

Rib 

# 

% of 

rib 

Avg. 

AP 

Avg. 

ap 

Avg. 

ML 

Avg. 

ml 

Total 

Area 

Medullary 

Area 

Cortical 

Area 

 

D09-2011 

L4 

25 12.597 12.000 6.444 4.296 63.753 40.489 23.264 

50 11.296 10.815 7.245 4.792 64.277 40.701 23.576 

75 11.298 10.667 6.934 4.739 61.525 39.701 21.824 

L7 

5 11.137 6.706 7.686 4.392 67.232 23.132 44.100 

25 16.852 16.111 6.185 4.407 81.862 55.768 26.093 

50 14.510 13.647 5.711 2.590 65.087 27.760 37.327 

75 8.481 7.852 5.529 3.843 36.830 23.700 13.130 

L9 

5 8.316 6.351 7.259 3.556 47.411 17.736 29.675 

25 16.863 16.196 6.588 2.628 87.253 33.425 53.828 

50 14.431 13.372 4.596 1.886 52.096 19.808 32.289 

75 8.549 7.961 5.067 2.915 34.023 18.223 15.800 

D07-2012 

L4 

5 7.956 6.953 6.593 3.926 41.197 21.438 19.759 

25 11.726 10.980 6.275 4.082 57.785 35.206 22.580 

50 9.041 8.353 6.118 3.921 43.443 25.727 17.716 

75 9.926 9.343 4.353 2.118 33.935 15.540 18.395 

L7 

5 11.593 9.778 6.471 2.902 58.916 22.286 36.630 

25 14.852 13.370 6.148 3.667 71.715 38.507 33.207 

50 14.235 13.686 6.037 4.815 67.495 51.757 15.737 

75 9.518 9.185 5.020 2.701 37.525 19.485 18.041 

L9 

5 10.088 8.466 7.148 3.704 56.636 24.628 32.009 

25 17.081 15.375 8.896 6.706 119.339 80.973 38.366 

50 13.059 11.882 3.880 1.691 39.791 15.778 24.013 

75 8.704 8.148 4.704 2.185 32.157 13.983 18.174 

Pig #1 

L5 

5 14.133 11.289 15.346 11.925 170.349 105.734 64.615 

25 14.534 12.133 17.056 13.778 194.686 131.297 63.388 

50 17.429 16.619 13.026 11.077 178.301 144.583 33.718 

75 25.054 24.308 7.444 3.611 146.483 68.939 77.544 

L6 

5 14.429 12.238 13.679 10.172 155.018 97.770 57.248 

25 15.571 12.809 14.308 10.769 174.982 108.341 66.642 

50 15.095 13.381 13.743 11.897 162.939 125.037 37.902 

75 20.103 19.026 8.718 5.692 137.640 85.054 52.586 

L7 

5 13.407 11.796 14.070 5.965 148.151 55.262 92.890 

25 17.333 14.562 13.519 9.000 184.034 102.930 81.103 

50 15.637 13.780 14.185 10.556 174.206 114.244 59.962 

75 15.778 14.037 12.353 9.255 153.079 102.033 51.046 

L8 

5 12.336 8.532 12.558 8.160 121.664 54.680 66.983 

25 15.544 12.947 12.815 8.593 156.448 87.377 69.071 

50 15.733 13.733 11.965 7.193 147.851 77.585 70.266 

75 15.407 13.111 16.037 11.963 194.058 123.187 70.871 



58 
 

Specimen 

ID 

Rib 

# 

% of 

rib 

Avg. 

AP 

Avg. 

ap 

Avg. 

ML 

Avg. 

ml 

Total 

Area 

Medullary 

Area 

Cortical 

Area 

Pig #1 

L9 

5 10.917 9.860 15.282 9.088 131.027 70.375 60.651 

25 19.137 16.000 13.259 9.370 199.293 117.751 81.542 

50 13.778 11.222 12.706 9.725 137.494 85.717 51.778 

75 17.059 15.529 9.667 7.556 129.517 92.154 37.363 

L10 

5 9.721 7.562 14.111 10.778 107.735 64.015 43.720 

25 14.105 12.105 11.481 7.370 127.194 70.070 57.123 

50 13.439 10.351 11.519 8.111 121.576 65.940 55.636 

75 15.684 13.649 10.444 9.000 128.655 96.481 32.174 

L11 

5 11.439 9.719 12.345 8.959 110.903 68.384 42.519 

25 11.649 9.298 12.667 8.471 115.889 61.858 54.030 

50 13.726 10.549 12.303 8.662 132.631 71.769 60.862 

75 13.193 10.526 9.100 6.807 94.295 56.271 38.024 

L12 

5 10.667 8.211 11.451 8.382 95.935 54.055 41.880 

25 11.439 9.088 10.704 7.444 96.164 53.135 43.028 

50 9.825 8.000 10.746 7.677 82.919 48.236 34.683 

75 10.839 7.962 10.628 6.275 90.470 39.236 51.234 

L13 

5 10.100 7.467 8.336 5.970 66.125 35.008 31.118 

25 9.952 8.128 9.785 6.506 76.485 41.531 34.954 

50 8.939 6.751 11.444 7.667 80.345 40.652 39.692 

75 8.916 7.242 11.765 5.059 82.383 28.774 53.610 

L14 

5 13.020 10.471 8.490 6.160 86.816 50.658 36.158 

25 10.333 7.370 10.335 6.460 83.877 37.393 46.484 

50 8.723 6.352 9.902 6.067 67.839 30.271 37.569 

75 10.456 9.403 9.481 5.741 77.862 42.399 35.463 

Pig #2 

L5 

5 16.992 14.404 15.792 12.230 210.756 138.363 72.393 

25 17.403 14.667 16.111 11.480 220.214 132.247 87.967 

50 18.698 17.196 13.579 10.421 199.416 140.740 58.676 

75 23.382 22.018 14.785 13.608 271.504 235.316 36.188 

L6 

5 14.612 10.100 19.481 15.000 223.578 118.984 104.594 

25 15.433 12.433 16.842 12.456 204.147 121.634 82.513 

50 20.526 18.983 14.632 12.386 235.882 184.662 51.220 

75 32.471 30.510 9.444 7.593 240.853 181.947 58.906 

L7 

5 15.667 13.700 17.341 14.624 213.374 157.350 56.024 

25 16.735 12.947 16.148 10.296 212.248 104.695 107.552 

50 18.491 16.456 15.111 11.889 219.454 153.660 65.794 

75 18.000 16.667 17.350 16.183 245.280 211.835 33.445 

L8 

5 15.649 12.737 14.500 12.065 178.223 120.694 57.529 

25 16.237 12.319 17.176 12.785 219.037 123.692 95.345 

50 16.421 14.211 14.482 11.704 186.774 130.632 56.142 
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Specimen 

ID 

Rib 

# 

% of 

rib 

Avg. 

AP 

Avg. 

ap 

Avg. 

ML 

Avg. 

ml 

Total 

Area 

Medullary 

Area 

Cortical 

Area 

Pig #2 

L8 75 19.852 18.259 16.778 15.778 261.598 226.266 35.332 

L9 

5 15.684 13.403 14.833 12.367 182.720 130.183 52.536 

25 13.719 11.333 15.774 11.326 169.959 100.812 69.148 

50 15.579 12.772 12.702 9.965 155.418 99.960 55.458 

75 20.351 18.702 14.259 13.197 227.911 193.849 34.061 

L10 

5 14.245 12.562 14.584 11.323 163.166 111.715 51.451 

25 13.557 11.862 15.333 10.745 163.268 100.111 63.157 

50 17.684 14.035 11.880 10.000 165.006 110.233 54.772 

75 16.667 13.481 13.294 10.275 174.022 108.790 65.231 

L11 

5 16.008 14.246 11.176 8.609 140.512 96.318 44.194 

25 11.067 9.200 15.451 10.235 134.296 73.955 60.341 

50 13.778 11.778 14.196 9.529 153.618 88.150 65.468 

75 17.053 14.807 10.667 7.793 142.860 90.632 52.228 

L12 

5 12.567 10.933 13.650 11.353 134.727 97.488 37.238 

25 13.058 11.193 12.632 9.193 129.554 80.815 48.738 

50 11.930 10.491 14.908 10.464 139.682 86.222 53.460 

75 14.845 13.768 10.555 7.370 123.064 79.693 43.372 

L13 

5 13.367 11.300 12.272 10.333 128.833 91.702 37.131 

25 11.754 9.884 12.274 8.667 113.311 67.278 46.033 

50 12.899 11.467 14.071 10.738 142.544 96.705 45.839 

75 15.625 13.824 10.444 8.240 128.170 89.470 38.700 

L14 

5 12.033 9.663 10.881 8.175 102.836 62.040 40.796 

25 11.123 8.561 11.556 8.481 100.950 57.029 43.921 

50 15.201 13.324 12.407 9.778 148.128 102.326 45.803 

75 16.982 15.754 12.889 10.518 171.912 130.148 41.764 

Pig #3 

L5 

5 13.824 12.105 16.368 13.371 177.721 127.122 50.599 

25 15.263 12.667 15.719 13.158 188.432 130.904 57.528 

50 20.510 19.451 11.215 8.745 180.662 133.601 47.062 

75 25.037 23.481 8.593 7.185 168.966 132.507 36.459 

L6 

5 15.018 12.702 18.889 16.852 222.793 168.114 54.679 

25 18.296 15.926 16.706 12.628 240.059 157.950 82.109 

50 18.259 16.815 14.51 11.726 208.082 154.855 53.227 

75 21.704 20.741 13.608 12.000 231.960 195.474 36.486 

L7 

5 14.794 12.318 16.603 12.036 192.905 116.436 76.469 

25 18.737 16.526 16.981 13.882 249.888 180.185 69.703 

50 17.824 16.246 13.649 10.842 191.075 138.344 52.731 

75 18.333 17.111 14.074 12.630 202.647 169.734 32.913 

 

L8 

5 14.800 12.100 16.314 10.157 189.632 96.522 93.110 

25 15.544 13.439 15.216 10.745 185.756 113.410 72.346 
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Specimen 

ID 

Rib 

# 

% of 

rib 

Avg. 

AP 

Avg. 

ap 

Avg. 

ML 

Avg. 

ml 

Total 

Area 

Medullary 

Area 

Cortical 

Area 

Pig #3 

L8 
50 17.333 14.444 12.815 9.630 174.455 109.244 65.210 

75 19.368 17.088 12.481 11.593 189.861 155.585 34.276 

L9 

5 13.267 11.433 14.715 9.054 153.321 81.305 72.016 

25 16.667 14.741 14.482 11.815 189.565 136.789 52.776 

50 17.444 14.852 12.000 9.555 164.409 111.460 52.949 

75 19.895 18.105 11.228 10.281 175.440 146.195 29.245 

L10 

5 11.587 10.349 12.936 10.624 117.723 86.358 31.365 

25 13.719 11.298 16.141 11.598 173.917 102.917 71.000 

50 16.741 15.296 13.176 9.686 173.247 116.366 56.881 

75 18.035 16.807 11.647 9.647 164.976 127.342 37.634 

L11 

5 15.035 12.221 14.406 12.665 170.113 121.563 48.550 

25 11.776 9.777 14.480 9.851 133.923 75.639 58.284 

50 15.183 13.406 15.109 9.925 180.170 104.497 75.673 

75 14.924 13.517 10.628 6.666 124.574 70.768 53.806 

L12 

5 10.752 8.821 10.000 8.222 84.443 56.960 27.484 

25 12.453 9.859 13.490 8.981 131.936 69.542 62.394 

50 12.630 11.000 13.792 9.958 136.808 86.034 50.774 

75 13.926 12.815 8.745 6.510 95.652 65.522 30.129 

L13 

5 11.370 9.037 10.963 8.556 97.899 60.727 37.172 

25 11.895 10.491 11.815 7.259 110.376 59.813 50.563 

50 11.222 9.963 12.706 10.157 111.987 79.478 32.510 

75 14.471 13.059 9.074 7.111 103.128 72.932 30.196 

L14 

5 9.789 7.439 9.815 7.074 75.463 41.329 34.134 

25 12.667 10.706 11.375 8.167 113.163 68.667 44.496 

50 12.778 10.852 11.148 8.963 111.879 76.393 35.486 

75 12.500 11.633 7.963 6.037 78.177 55.159 23.018 
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Specimen 

ID Rib # 

% of 

rib 

% 

CA 

2nd moment of 

area  M-L (Ix) axis 

2nd moment of 

area A-P (Iy) axis Iy/Ix 

Polar 2nd moment 

of area (J) 

D10-2010 

L4 

5 0.591 17.923 25.416 1.418 43.339 

25 0.414 10.292 13.198 1.282 23.489 

50 0.313 10.664 11.838 1.110 22.502 

75 0.229 13.095 6.553 0.500 19.648 

L7 

5 0.563 9.653 23.114 2.395 32.767 

25 0.351 27.550 22.005 0.799 49.555 

50 0.351 18.973 16.228 0.855 35.200 

75 0.247 25.850 9.440 0.365 35.290 

L9 

5 0.659 20.126 21.747 1.081 41.873 

25 0.238 49.960 24.909 0.499 74.869 

50 0.341 20.055 10.248 0.511 30.304 

75 0.330 12.956 7.358 0.568 20.313 

D03-2011 

L4 

5 0.497 4.594 7.687 1.673 12.282 

25 0.404 12.018 8.678 0.722 20.696 

50 0.285 18.117 5.054 0.279 23.170 

75 0.464 13.706 1.991 0.145 15.696 

L7 

5 0.543 10.157 14.845 1.462 25.001 

25 0.319 25.055 13.486 0.538 38.541 

50 0.406 15.616 10.551 0.676 26.167 

75 0.281 10.167 3.231 0.318 13.398 

L9 

5 0.722 8.949 6.983 0.780 15.931 

25 0.269 32.871 12.811 0.390 45.683 

50 0.390 22.112 7.174 0.324 29.286 

75 0.611 10.229 3.637 0.356 13.865 

D03-2008 

L4 

5 0.408 10.826 10.041 0.927 20.867 

25 0.218 10.038 7.301 0.727 17.339 

50 0.382 11.901 6.129 0.515 18.030 

75 0.280 15.408 3.974 0.258 19.382 

L7 

5 0.439 16.365 16.378 1.001 32.743 

25 0.440 34.534 21.006 0.608 55.540 

50 0.460 11.038 11.377 1.031 22.415 

75 0.305 15.170 6.454 0.425 21.625 

L9 

5 0.546 15.155 17.903 1.181 33.058 

25 0.384 33.220 14.506 0.437 47.727 

50 0.584 28.769 10.227 0.355 38.996 

75 0.398 11.587 6.734 0.581 18.321 

D09-2011 L4 5 0.603 7.813 3.055 0.391 10.868 



62 
 

Specimen 

ID Rib # 

% of 

rib 

% 

CA 

2nd moment of 

area  M-L (Ix) axis 

2nd moment of 

area A-P (Iy) axis Iy/Ix 

Polar 2nd moment 

of area (J) 

 

D09-2011 

L4 

25 0.365 9.659 4.283 0.443 13.942 

50 0.367 7.756 5.498 0.709 13.254 

75 0.355 7.520 4.657 0.619 12.177 

L7 

5 0.656 15.839 7.652 0.483 23.491 

25 0.319 19.037 4.445 0.233 23.482 

50 0.573 18.518 4.203 0.227 22.722 

75 0.357 2.578 1.684 0.653 4.262 

L9 

5 0.626 6.241 5.537 0.887 11.778 

25 0.617 39.062 8.658 0.222 47.720 

50 0.620 17.793 2.508 0.141 20.301 

75 0.464 3.243 1.750 0.540 4.993 

D07-2012 

L4 

5 0.480 3.739 3.474 0.929 7.213 

25 0.391 8.804 4.017 0.456 12.820 

50 0.408 4.177 2.927 0.701 7.105 

75 0.542 4.727 1.364 0.289 6.091 

L7 

5 0.622 12.705 5.003 0.394 17.708 

25 0.463 19.615 4.814 0.245 24.429 

50 0.233 8.741 2.766 0.316 11.507 

75 0.481 3.855 1.764 0.458 5.618 

L9 

5 0.565 9.233 5.901 0.639 15.134 

25 0.321 36.198 13.397 0.370 49.595 

50 0.603 10.523 1.279 0.122 11.802 

75 0.565 3.481 1.489 0.428 4.970 

Pig #1 

L5 

5 0.379 57.175 69.776 1.220 126.950 

25 0.326 60.628 88.210 1.455 148.838 

50 0.189 39.581 34.806 0.879 74.387 

75 0.529 142.463 20.082 0.141 162.545 

L6 

5 0.369 45.655 48.926 1.072 94.581 

25 0.381 63.840 60.233 0.943 124.073 

50 0.233 38.172 33.867 0.887 72.039 

75 0.382 64.317 19.953 0.310 84.271 

L7 

5 0.627 49.876 72.057 1.445 121.933 

25 0.441 88.126 66.614 0.756 154.740 

50 0.344 55.037 58.787 1.068 113.825 

75 0.333 47.412 38.500 0.812 85.912 

L8 

5 0.551 39.956 42.736 1.070 82.692 

25 0.441 63.654 52.899 0.831 116.553 

50 0.475 60.390 47.156 0.781 107.546 

75 0.365 68.426 88.744 1.297 157.170 
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Specimen 

ID Rib # 

% of 

rib 

% 

CA 

2nd moment of 

area  M-L (Ix) axis 

2nd moment of 

area A-P (Iy) axis Iy/Ix 

Polar 2nd moment 

of area (J) 

Pig #1 

L9 

5 0.463 23.040 65.093 2.825 88.133 

25 0.409 112.512 64.860 0.576 177.372 

50 0.377 40.195 37.002 0.921 77.197 

75 0.288 40.613 17.969 0.442 58.581 

L10 

5 0.406 18.137 38.991 2.150 57.128 

25 0.449 41.836 36.056 0.862 77.891 

50 0.458 41.426 32.806 0.792 74.232 

75 0.250 38.036 17.301 0.455 55.337 

L11 

5 0.383 21.943 31.102 1.417 53.044 

25 0.466 28.284 38.577 1.364 66.861 

50 0.459 46.331 40.038 0.864 86.369 

75 0.403 27.738 14.177 0.511 41.915 

L12 

5 0.437 20.411 24.648 1.208 45.060 

25 0.447 22.999 22.661 0.985 45.660 

50 0.418 13.800 18.897 1.369 32.697 

75 0.566 22.851 24.346 1.065 47.197 

L13 

5 0.471 14.044 9.807 0.698 23.851 

25 0.457 14.156 16.306 1.152 30.461 

50 0.494 13.380 23.827 1.781 37.207 

75 0.651 14.766 31.248 2.116 46.014 

L14 

5 0.416 26.594 12.584 0.473 39.177 

25 0.554 20.098 21.476 1.069 41.574 

50 0.554 11.438 16.070 1.405 27.509 

75 0.455 13.826 16.260 1.176 30.085 

Pig #2 

L5 

5 0.343 83.945 83.209 0.991 167.153 

25 0.399 99.883 103.751 1.039 203.634 

50 0.294 73.396 56.110 0.764 129.506 

75 0.133 89.709 41.193 0.459 130.902 

L6 

5 0.468 95.090 155.132 1.631 250.221 

25 0.404 79.653 104.261 1.309 183.914 

50 0.217 87.721 59.213 0.675 146.934 

75 0.245 225.894 29.362 0.130 255.256 

L7 

5 0.263 57.249 76.489 1.336 133.738 

25 0.507 105.017 110.913 1.056 215.930 

50 0.300 83.784 71.168 0.849 154.951 

75 0.136 51.707 46.016 0.890 97.723 

L8 

5 0.323 58.607 48.466 0.827 107.073 

25 0.435 94.911 108.122 1.139 203.033 

50 0.301 58.403 51.808 0.887 110.210 
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Specimen 

ID Rib # 

% of 

rib 

% 

CA 

2nd moment of 

area  M-L (Ix) axis 

2nd moment of 

area A-P (Iy) axis Iy/Ix 

Polar 2nd moment 

of area (J) 

Pig #2 

L8 75 0.135 67.357 42.157 0.626 109.514 

L9 

5 0.288 55.834 52.557 0.941 108.391 

25 0.407 49.310 76.024 1.542 125.334 

50 0.357 55.460 39.233 0.707 94.693 

75 0.149 68.864 32.569 0.473 101.433 

L10 

5 0.315 39.983 52.635 1.316 92.618 

25 0.387 41.120 69.285 1.685 110.405 

50 0.332 77.186 31.679 0.410 108.864 

75 0.375 73.784 49.768 0.675 123.551 

L11 

5 0.315 41.820 26.454 0.633 68.274 

25 0.449 25.884 61.773 2.387 87.657 

50 0.426 43.022 58.316 1.355 101.338 

75 0.366 55.061 27.311 0.496 82.372 

L12 

5 0.276 26.073 33.973 1.303 60.046 

25 0.376 32.421 37.510 1.157 69.932 

50 0.383 28.152 58.531 2.079 86.683 

75 0.352 32.551 25.422 0.781 57.973 

L13 

5 0.288 32.225 27.390 0.850 59.615 

25 0.406 25.880 34.246 1.323 60.126 

50 0.322 31.347 48.644 1.552 79.991 

75 0.302 40.446 22.526 0.557 62.972 

L14 

5 0.397 29.210 25.780 0.883 54.989 

25 0.435 26.679 30.109 1.129 56.788 

50 0.309 51.572 41.798 0.810 93.370 

75 0.243 55.469 45.463 0.820 100.932 

Pig #3 

L5 

5 0.285 41.918 68.028 1.623 109.946 

25 0.305 62.572 65.311 1.044 127.883 

50 0.260 69.563 34.183 0.491 103.746 

75 0.216 89.803 15.401 0.172 105.204 

L6 

5 0.245 56.897 78.126 1.373 135.023 

25 0.342 99.154 102.884 1.038 202.038 

50 0.256 62.964 55.409 0.880 118.373 

75 0.157 61.952 36.430 0.588 98.382 

L7 

5 0.396 60.731 89.810 1.479 150.541 

25 0.279 95.277 92.340 0.969 187.617 

50 0.276 59.843 47.823 0.799 107.666 

75 0.162 45.549 32.316 0.709 77.865 

 

L8 

5 0.491 67.612 99.950 1.478 167.561 

25 0.389 60.197 73.796 1.226 133.993 
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Specimen 

ID Rib # 

% of 

rib 

% 

CA 

2nd moment of 

area  M-L (Ix) axis 

2nd moment of 

area A-P (Iy) axis Iy/Ix 

Polar 2nd moment 

of area (J) 

Pig #3 

L8 
50 0.374 73.074 45.689 0.625 118.763 

75 0.181 63.630 21.382 0.336 85.012 

L9 

5 0.470 34.537 56.022 1.622 90.559 

25 0.278 48.423 43.624 0.901 92.047 

50 0.322 53.725 28.501 0.530 82.226 

75 0.167 45.430 14.073 0.310 59.503 

L10 

5 0.266 15.924 24.169 1.518 40.093 

25 0.408 47.595 76.424 1.606 124.019 

50 0.328 51.802 46.536 0.898 98.337 

75 0.228 42.963 25.571 0.595 68.534 

L11 

5 0.285 53.454 41.621 0.779 95.076 

25 0.435 29.868 54.617 1.829 84.485 

50 0.420 59.919 81.206 1.355 141.125 

75 0.432 39.016 28.774 0.737 67.791 

L12 

5 0.325 13.396 11.546 0.862 24.942 

25 0.473 34.432 46.249 1.343 80.681 

50 0.371 28.686 43.960 1.532 72.646 

75 0.315 19.579 11.408 0.583 30.986 

L13 

5 0.380 21.160 20.127 0.951 41.287 

25 0.458 24.834 33.695 1.357 58.529 

50 0.290 17.084 27.163 1.590 44.247 

75 0.293 25.178 13.206 0.525 38.384 

L14 

5 0.452 15.768 16.586 1.052 32.354 

25 0.393 32.801 32.087 0.978 64.888 

50 0.317 29.563 24.767 0.838 54.330 

75 0.294 15.147 9.397 0.620 24.544 
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APPENDIX C: RIB FRACTURE DATA 

Rib ID Specimen 

Type of 

fractures 

Fracture 

location 

Fracture 

condition 

Surface of 

tension 

EC R5 1 transverse anterior incomplete visceral 

EC L5 2 buckle anterolateral incomplete cutaneous 

EC L5 3 transverse anterior incomplete visceral 

EC R6 4 buckle anterolateral incomplete cutaneous 

EC L6 5 buckle anterolateral incomplete cutaneous 

EC R7 6 buckle anterolateral incomplete cutaneous 

EC L7 7 buckle anterolateral incomplete cutaneous 

EC R10 8 transverse anterior incomplete cutaneous 

EC L10 9 oblique anterior complete cutaneous 

EC L11 10 butterfly anterolateral incomplete cutaneous 

EC R12 11 butterfly anterolateral incomplete cutaneous 

EC L12 12 oblique anterolateral incomplete cutaneous 

EC R13 13 oblique anterolateral incomplete cutaneous 

EC L13 14 butterfly anterolateral incomplete cutaneous 

EC R14 15 oblique anterolateral incomplete cutaneous 

EC L14 16 transverse posterolateral incomplete cutaneous 

3PT R5 17 oblique anterolateral incomplete visceral 

3PT L5 18 transverse anterolateral incomplete visceral 

3PT R6 19 transverse posterolateral incomplete visceral 

3PT L6 20 butterfly posterolateral incomplete visceral 

3PT R7 21 transverse anterolateral incomplete visceral 

3PT L7 22 transverse anterolateral complete visceral 

3PT R8 23 oblique anterolateral complete visceral 

3PT L8 24 transverse anterolateral incomplete visceral 

3PT R10 25 oblique anterolateral incomplete visceral 

3PT L10 26 oblique anterolateral complete visceral 

3PT R11 27 oblique anterolateral incomplete visceral 

3PT L11 28 transverse anterolateral incomplete visceral 

3PT R12 29 oblique anterolateral complete visceral 

3PT L12 30 transverse anterolateral incomplete visceral 

3PT R13 31 transverse posterolateral incomplete visceral 

3PT L13 32 butterfly posterolateral incomplete visceral 

3PT R14 33 oblique anterolateral complete visceral 

3PT L14 34 butterfly posterolateral incomplete visceral 

DI R5 35 oblique posterior complete visceral 
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Rib ID Specimen  

Type of 

fractures 

Fracture 

location 

Fracture 

condition 

Surface of 

tension 

DI L5 36 transverse posterolateral incomplete visceral 

DI R6 37 transverse anterolateral incomplete cutaneous 

DI L6 38 oblique anterolateral complete visceral 

DI R7 39 
butterfly 

(partial) 
anterolateral incomplete visceral 

DI L7 40 oblique anterolateral complete visceral 

DI R8 41 
butterfly 

(partial) 
posterolateral incomplete visceral 

DI R8 42 transverse anterior incomplete visceral 

DI L8 43 oblique anterolateral complete visceral 

DI R9 44 oblique anterior complete visceral 

DI R10 45 
butterfly 

(partial) 
posterolateral incomplete visceral 

DI R10 46 oblique anterolateral incomplete visceral 

DI L10 47 oblique anterior complete visceral 

DI R11 48 
butterfly 

(partial) 
posterolateral incomplete visceral 

DI R11 49 oblique anterior incomplete visceral 

DI L11 50 crush anterolateral incomplete visceral 

DI R12 51 
butterfly 

(partial) 
posterolateral incomplete visceral 

DI R12 52 oblique anterior incomplete visceral 

DI L12 53 oblique anterolateral complete visceral 

DI L13 54 crush anterior incomplete cutaneous 

DI R13 55 oblique posterolateral complete visceral 

DI R13 56 oblique posterolateral complete cutaneous 

DI R13 57 butterfly anterolateral incomplete visceral 

DI R14 58 
butterfly       

(comminuted) 
anterolateral complete visceral 

DI L14 59 oblique anterior incomplete visceral 
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