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Abstract 

 
Among the most common causes of upper extremity fracture is a fall on an outstretched 

hand. The result of this is often a fracture of the distal radius, and the most common of 

these is the two part Colles’ fracture. Understanding the fracture in greater detail can lead 

to better clinical treatment of the injury. Much study has been done in an attempt to 

understand the biomechanical factors that lead to the fracture and to recreate the event in 

multiple media with varying boundary conditions.  

In this study, we focused our efforts on the impact loading of forearm cadavera in an 

attempt to recreate, as best as possible, the physiologic events of a forward fall onto an 

outstretched hand. Fluoroscopic data was taken prior to testing to dimension the cortical 

bone of the radius, and afterwards to assess and characterize fracture patterns. A custom 

drop tower was designed and constructed to dynamically load cadaveric forearms to 

failure. Furthermore, impact mechanics theory was used to estimate the effective load 

applied with each test.  

It was determined that 3046 N ± 650 N, with a ratio of axial to bending loads of 2.8 ± 1.0, 

was necessary to impart a Colles’ fracture in completely intact cadaveric forearms. This 

load fell within published ranges associated with distal radius fractures. Testing included 

15 cadaveric samples (11 female and 4 males). Though considered at first, no direct 

correlation was found between the body mass index of each donor and the load required 

to fracture the radius. Results also indicated that females were more susceptible to Colles’ 

fractures than were males. This may be due in part to the higher average age of the 

female donors.  

We concluded that it is possible to produce Colles’ fractures with a relatively high rate of 

success. However, uncontrollable biological factors provided variation such that a 

completely repeatable fracture pattern across the sample population was not achieved. 

Furthermore, while an impact model could be the most accurate recreation of a forward 

fall, more research is needed to truly validate the results obtained through this impact 

based body of work.
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Chapter 1: Introduction 

 

The role of the engineer is to realize the theories and dreams of scientists through design.  

The design process only occurs through the use of established engineering principles and 

analytical tools. However, the design of the human body is that of a machine that no man 

or woman could possibly fathom. Simple rigid body mechanics and force transmission do 

not adequately describe the tissue and skeletal system of the human body. Therefore, 

establishing the mechanisms that occur in the mechanical failure of human bone becomes 

immensely difficult. Experimentation is used to attempt to gather data and recreate a 

musculoskeletal failure scenario since the number of potential variables heavily 

outweighs the number of controls any computer program or simple differential equation 

contains. 

 

Fractures of the distal radius are of particular interest as they are prevalent and costly to 

the American health care system. The fracture is predictive of other more debilitating 

osteoporotic fractures such as hip and vertebral breaks. (41)  Recreating specific fracture 

patterns of the distal radius can lead to a better understanding of the macroproperties of 

the bone as a material. It can also aid in creating better fracture treatment devices that can 

provide for improved healing and shortened time to full recovery. 

 

1.1 Prevalence of Fractures 

 

According to data compiled by the National Center for Health Statistics, and reported by 

the American Academy of Orthopaedic Surgeons, there were roughly 3,148,000 

emergency room visits, 7,310,000 physician visits, and 867,000 hospitalizations due to 

extremity fractures in 2003 in the United States. (1) It has been agreed upon that as the 

general population in the U.S. ages, the number of fractures will tend to increase due to 

the onset of osteoporosis, muscle loss, and a number of other factors. (8, 12)  
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Distal radius fractures account for a significant portion of the total fractures in the U.S. 

These fractures represent 20% of all fractures leading to emergency room visits and 75% 

of all forearm injuries, 60% of these distal radius fractures are described as simple, two 

part Colles’ fractures.(6) Fall related injuries, such as the distal radius fracture, are 

estimated to cost the U.S. $85 billion by the year 2010. (16, 37) The overall commonness of 

this injury lends it to be a highly researched and investigated field.  

 

1.2 Currently Published Fracture Methods 

 

Abraham Colles first described the distal radius fracture which bears his name in 1812. 

The fracture is described as a two part distal radius fracture where the fracture fragment 

has been forced dorsal to the rest of the radial shaft. These fractures can be characterized 

as a dorsal bending injury. The volar cortex fails in tension along the fracture line and the 

dorsal surface fails in compression. Often times this leads to greater fragmentation, called 

comminution, of the bone on the dorsal side of the radius. The fracture manifests itself as 

a large single fragment including the articular surface of the radiocarpal joint and the 

small fragments noted above. A visual description of this fracture can be seen below in 

Figure 1.2.1. 

 
Figure 1.2.1: Anterior-Posterior and Lateral Images of Colles’ Fracture 
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Since describing this fracture, engineers and physicians have been studying ways to 

recreate the fracture to understand its mechanical behavior. The thought is that if one can 

distinguish the loads necessary to create the fracture the Colles’ fracture can be better 

treated and protected against. Numerous methods have been attempted to recreate this 

fracture or to understand it better.  

 

 

1.2.1    Osteotome Model 

 

Experimentally creating distal radius fractures is simplified by surgically dissecting the 

tissue away and performing an osteotomy on the bone. In 2002, Higgins, Dodds, and 

Wolfe did just this in an attempt to apply loads to the wrist joint through the tendons. (21) 

All soft tissue was stripped from the bone and a three part fracture (AO class - C2) was 

cut into the bone using an osteotome (a surgical bone cutting instrument that most often 

takes the form of a chisel). Upon reaching this step, fixation methods across the fracture 

site were tested by loading the tendons. 

 

 In 2003, Leung et al. completed a similar experiment that studied effects of loading the 

joint with a palmar locking plate fixed to the radius across the fracture site. (27)  In this 

study, the radius was again cut using an osteotome but the effect of comminution (small 

bone fragments created during a fracture) was incorporated by spacing out cuts in the 

bone. When the smaller cuts were connected to make a bulk fracture, small fragments 

were also created. 

 

 Slutsky, in 2005, and Taylor, Parks, and Segalman, in 2006, also completed research on 

the effectiveness of fixators across a distal radius fracture site. (40, 43)  Using surgical 

methods to accurately create fracture patterns allowed the aforementioned researchers to 

break radii with specific characteristics. This fracture specificity allowed for better 
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controls of their fixator testing and this is immensely valuable to medical device 

manufacturers that must meet a certain clinical need.  

 

There are also downfalls to using the above surgical techniques for fracture creation. 

Specifically, it produces an artificial break that may not replicate what is seen in a clinical 

setting. For instance, if one wants to study the fracture of a homogenous beam in pure 

bending with simple supports at either end, the researcher would not be doing an accurate 

study by simply cutting the beam in half despite the fact that they know it will break 

there. Understanding the mechanism of fracture and the events involved in starting and 

then propagating the break would provide greater value to those same medical device 

manufacturers. 

 

1.2.2   Mechanical System Based Models 

 

In the past ten to twenty years, advances in computer modeling and analysis have allowed 

for very complex numerical modeling system controls approaches. Chiu and Robinovitch, 

in 1998, developed a 2 degree-of-freedom spring-mass-damper system and customized 

values of the system using experimental data from volunteer, low energy falls onto a 

force plate.(9)  The system was modeled to represent the masses of the arm and torso and 

the effective stiffness and damping of the wrist/palmar tissues and the shoulder and torso. 

The study showed that at heights greater than 0.6 meters, one is at risk of a distal radius 

fracture. It should be noted that the maximum drop height tested on volunteers was 5 cm 

then data was extrapolated to a peak force of 2300 N to draw conclusions.   

 

In 2003, Degoede and Ashton-Miller, completed similar research by using a 5-link 

mechanism to model the body during a fall from standing height. (14)  The mechanism was 

designed to simulate data obtained in an earlier study. Once again, this data was on forces 

due to falling from low heights. Using the mechanism allowed the researchers to vary 

elbow angles, individual stiffness and damping characteristics for the hand, shoulder, and 

hip, fall height, and mass of the body. At a fall velocity of 3.5 m/s a peak force of 2218 N 
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was generated. This value is very close to accepted fracture loads for the distal radius. In 

both studies, a two peaked relationship was found when showing the force over time after 

a fall. The first peak, the greater force value of the two, was attributed to a high frequency 

transient force followed by the low frequency peak, peak two.   

 

In 2004, Davidson, Chalmers, and Stephenson completed a study with the aim to develop 

a “Factor of Risk” value to determine whether someone will sustain a radius fracture 

based on the characteristics of their fall. (13)  The study used a two mass-spring-damper 

model, similar to that of Chiu and Ashton-Miller, to relate to experimental data obtained 

from 45 clinical cases of children falling off of playground equipment. The factor of risk 

for each case was determined by dividing the impact force by the fracture force for each 

child. The impact force was determined to be a function of the loading conditions, the 

properties of the impact surface, and the mechanical properties of the child. The fracture 

force was a property of the children’s bone size, density, and strain rate. A factor of risk 

versus fracture probability curve was then generated. Because no body orientation data 

could be obtained in a post-fall event, all loads were considered to be purely axial, with 

no bending or lateral forces.  

 

The system based models above provided a very controlled approach to characterizing 

radius fracture forces. However the use of very low energy testing has limited value 

because of the magnitude of extrapolation that must be done to gather data for a fall from 

a height that may result in a break. The variability in the link angles and damping and 

spring coefficients did provide a simplified model for the human body and upper 

extremity but did not represent the variability in a population of humans. The vast 

difference that can occur in bone quality between two specimens may not be well 

represented by these types of models.  

 

 

 

 



 

 6 

1.2.3   Finite Element Analysis 

 

The dramatic increase in computing power over the past few decades has also opened 

doors in the world of computational finite element modeling and analysis. This method 

has been used to calculate forces transmitted to the radius by other bones in the upper 

extremity and determine material properties, and estimate the fracture load for, the radius 

during a fall onto the forearm. In 1999, Ulrich, Rietenbergen, and Rüegsegger completed 

research in using high resolution CT images to generate finite element models. (48)  They 

then used these models, based on the radius and the two adjacent carpal bones of a 

volunteer, to recreate force distributions across the articular surface of the wrist. In the 

simulations, the two carpal bones were loaded with a combined force of 1000 N and the 

resultant strain energy density was measured at the radius. The study found an increased 

strain energy density in the region of the radius where Colles’ fractures typically occur. 

This study accurately placed high energy regions of the bone where fractures commonly 

occur, but the loads being used were fairly low compared to those used in 

experimentation. Also, no variability of arm orientation was tested and this is typically a 

factor in fracture occurrence.   

 

Almost ten years later, in 2007, Pietruszczak, Gdela, Webber, and Inglis used a simplified 

model of the radius under FE analysis to calculate the material properties of the bone 

under a transversely isotropic assumption.(35)  The writers approached the problem using a 

continuum, macro-scale model. Micro-scale methods had been attempted and had 

required millions of elements and yielded unreliable results. Through their research they 

obtained a simple model for the cortical tissue and mechanical properties for the cortical 

bone. They also determine an estimated fracture load (0.7 kN) for the simplified model. 

The value appears low in comparison to research done by others which may be attributed 

to the bone’s small size. While several assumptions are made to use the macro-scale 

model, it shows stress concentrations at locations on the radius that are common locations 

for a Colle’s fracture. A simplified model, such as the one used in this research, could 

have more value than one done on the micro-scale level. 
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 In the same year, Troy and Grabiner completed similar finite element research on the 

radius in an attempt to characterize fracture loads of the radius under off-axis loading. (47) 

The research showed that varying the loading direction changes both the fracture load 

and the location of fracture initiation. Bone density was also varied to simulate changes 

in the age of a patient. It was shown that off-axis loading yielded a fracture load that was 

just over 50% of the axially loaded radius. However, it should be noted that the bone was 

modeled completely independent of any soft tissue. Soft tissue, such as muscle 

surrounding the radius could take up much of this load and yield a much stronger system. 

It is not contended that an off-axis load will result in bending moments at the bone 

surface but it is indeterminate whether this was a good replication of actual fall 

characteristics. 

 

The application of finite element theory to the loading, and subsequent fracture, of the 

distal radius provided theoretical material properties based on static loading and 

negligible interaction with surrounding soft tissues. While the generated locations of 

maximum stress concentration coincided with those found clinically, the loads applied to 

produce fractures in the models described above were generally lower than 

experimentally tested radii. The virtual stripping of soft tissue around the bone may be 

the culprit for this consequence. By applying loads directly to the bone, as opposed to 

depending on force transfer through soft tissues as well as the carpus, any damping or 

elastic forces, which would react against the applied loads, disappear. Another concern 

with these studies is the application of load in the models. Most often, distal radius 

fractures do not occur as a result of chronic loading. They are an impact based fracture. 

So, any attempts to create a slowly loaded radius study with convincing resultant data are 

fairly suspect. 
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1.2.4   Low Energy Studies 

 

Similar to the Chiu and Robinovich work of 1998, Chou, et al. designed experiments, in 

2001, using low energy falls onto the hands to determine variables effecting the peak 

ground reaction on the hand, wrist, elbow, and shoulder.(10)  In the testing, volunteers 

were dropped from 3 and 6 cm and told to either fully extend or flex their elbows. They 

were told to land in designated anatomical positions with their hands. It was found that 

fully extending the elbows leads to larger peak shear forces near the elbow and increasing 

the fall height significantly increased the axial forces to the upper extremity. No attempt 

was made by the authors to extrapolate these findings to greater fall heights or greater 

energy impacts.  

 

1.2.5   Axial Testing Models 

 

Axial compression testing provided the most helpful data that was found. On study, 

completed in 1999 by Yetkinler, Ladd, Poser, Constantz, and Carter showed the 

fracturing of cadaver arms to then test the effectiveness of bone cement vs. Kirschner 

wires.(50)  In this experiment the radii were removed from the surrounding tissue, thawed, 

and cut to 15cm in length from the distal end. The cut end was the potted in an aluminum 

tube of acrylic polymer. The bone was then drilled and scored to create stress 

concentrations near the desired fracture line.  The bone was placed in a simulated falling 

orientation (75 deg dorsiflexion and 10 deg ulnar deviation) and compressed in a axial 

tester at 1 in/s until fracture. The goal was to create three part, intraarticular fractures and 

if these were not created then an osteotome was used to complete the desired fracture.  

 

Gdela, Pietruszczak, Lade, and Tsopelas, in 2008, used a similar method to attempt to 

produce Colles’ fractures in 11 excised radii specimen. (18)  The radii were desiccated then 

cut to 70% length from the distal end. Both ends were potted and the specimens were put 

into axial compression testing with a loading rate of 0.1 mm/min. This was meant to 
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replicate a static condition as opposed to a more realistic, impact based loading scenario. 

The study obtained six successful Colles’ fractures after testing. Material testing was 

done on fragments from the fractured radii and stress-strain curves were generated for the 

bones. The curves showed that the bones failed in a brittle elastic fashion. Speculations 

were made by the authors that using dried bones, as opposed to radii in tissue which are 

considerably wet, may have changed the fracture characteristics from that of in vivo 

bone. It was assumed that wet bones would have greater ductility but lower tensile 

strength. This increase in ductility would make the wet bones more able to handle high 

strain rates that occur during impact loading.  

 

A publishing by Augat, Iida, Jiang, Diaio, and Genant in 1998 described a study in which 

excised and precut radii/ulna/radiocarpal joint bones were put into axial compression.(2) 

However the load rate was higher than those used previously at 75 mm/sec (roughly 3 

in/s). Also the fixture made for the bones was allowed to shift laterally with the use of 

ball bearings. This increased the degrees of freedom for the model but discriminated that 

any fractures were more likely the result of axial compression and bending moments 

associated with off-axis loading than the result of shear forces on the bone. In 17 of the 

20 specimens, distal radius fractures were created, though not all Colles’. The specimens 

were tested in different positions to test the effect of loading configuration on the end 

fracture pattern. With a 45 degree extension of the wrist it was found that a singular 

pressure spot was put on the articular surface of the radius at the location of the scaphoid 

facet.  The authors speculated that the lunate had little effect since the ulna was cut very 

distally. The authors noted that the strongest correlation to fracture load came from the 

cortical properties at the mid-distal part of the radius, namely the density. The authors 

also noted that while leaving the bones intact would have more closely replicated the in 

vivo loading scenario, it most likely would cause greater variability in fracture patterns.  

 

The aforementioned axial testing publishings provided great detail on their individual test 

setups and the reasons behind the research. One expects that the majority of any force 

applied during a fall onto an outstretched hand would be in axial compression. For that 
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reason, these studies were valuable in the findings they observed. However, the fastest 

compression rate of any of the studies, about 3 in/s, was still lower than that of a person 

falling from standing height. This large discrepancy from a more physiologic event could 

heavily alter the findings of the group. That being said, using an axial testing machine 

with very controlled operations and test data can help to reduce error in findings by 

eliminating variables that would be present otherwise. 

 

1.3 Research Goals and Physiologically Accurate Fractures 

 

The goal of the research described in this paper was to recreate, in complete cadaveric 

forearms, a physiologically accurate Colles’ fracture. The main difference between any of 

the aforementioned studies and a real, physiologically accurate distal radius fracture is 

the stripping of soft tissue surrounding the bone. That said, leaving a forearm specimen 

intact adds difficulty to creating a specific type of fracture. Specifically, loads put on the 

radius must be transferred through tissue connected to the radius such as the bones of the 

hand and wrist. Also, there is no physical visualization of the actual bone so fluoroscopy 

must be used to identify fracture patterns. Therefore, research must be done on existing 

fracture fluoroscopy pictures so identification can accurately take place. 

 

The aim of this study was to describe the magnitude and direction of forces necessary to 

create Colles’ fractures in intact cadaveric arms. This was done by experimentally 

recreating the events leading to a fracture occurring as the result of a fall from, roughly, 

standing height. Because the action of a fall is not a slow moving process, impact 

mechanics were used to recreate the experimental falling scenario. Ideally, an impact 

frame would be developed to input fast acting forces to the arms while maintaining 

control of all exterior variables through aggressive filtering of the specimens used. Since 

this was not an option, another aim of this study was to describe the variables that can 

affect the advent of a Colles’ fracture to ones radius.   
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Chapter 2: Basic Anatomy of the Forearm 

 

2.1 Forearm and Wrist Bones 

 

The forearm consists of two bones, the radius and the ulna, that articulate with the 

humerus on their proximal ends at the elbow joint. On the distal side, the two bones 

articulate with the carpal bones at the wrist joint. The ulna has a large head on the 

proximal end but a much smaller distal end. The radius has a small proximal end but a 

much larger distal end. The distal radius articulates with three of the four carpal bones in 

the proximal row, the scaphoid, lunate, and triquetrum, though the triquetrum only 

contacts the radius in ulnar abduction. These four bones, along with the articular disk 

between them, make up the radiocarpal joint which articulates during flexion and 

extension of the wrist as well as radial and ulnar deviation of the hand.  

 

Relative motion between the ulna and radius occurs during pronation and supination of 

the forearm. Rotation occurs about an axis connected by the distal ulna and proximal 

radius. The ulna ultimately maintains its position relative to the rest of the forearm while 

the radius rotated about the aforementioned axis during supination and pronation as seen 

below in Figure 2.1.1. (20) 

 
Figure 2.1.1: Rotation of Radius about Ulna on Distal End 
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The above figure also shows the difference between supination and pronation of the 

forearm. The right portion shows the bones in the supinated position. In the fully 

supinated position the hand will face vertically upwards. The left portion displays the 

forearm in pronation. In full pronation, the hand will face directly downwards. 

 

As mentioned above, throughout the majority of radiocarpal articulation, two bones of the 

proximal carpal row articulate with the distal radius, the scaphoid and the lunate. There 

are two concavities, or facets, on the articular surface of the distal radius separated by a 

longitudinal sagittal ridge. The scaphoid and lunate articulate within these facets with the 

scaphoid on the radial side and the lunate on the ulnar side of the distal radius. The 

scaphoid and lunate are the ultimate load bearing carpal bones for the distal radius. Any 

force to the hand is transferred through these bones before reaching the radius during a 

forward fall. Next to the lunate are the triquetrum and the pisiform. These four bones 

make up the proximal row of the carpal bones. In the distal row, from radial side to ulnar 

side, are the trapezium, the trapezoid, the capitate, and the hamate as seen in Figure 2.1.2 

below. (45) 

 

Figure 2.1.2: Dorsal View of Radiocarpal Joint and Adjoining Carpal Bones 
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Articulation also occurs between the radius and ulna. The ulnar surface of the distal 

radius has a separate facet, the sigmoid notch, where the ulna sits. It is here, in the distal 

radio-ulnar joint, where rotation of the radius and carpus about the aforementioned long 

axis occurs.  

 

2.2 Bone Structure 

 

Unlike many classic engineering materials such as common steels and aluminum alloys, 

bone is not a homogenous or isotropic material. In fact, bones themselves are made up of 

two types of bone, the concentration of either varying along the length of the long bone. 

The two structural bone types are cancellous, or trabecular, and cortical, or compact, 

bone. Cortical bone makes up roughly 80% of the bone, is highly organized, and is the 

significantly denser of the two with a density of 0.7 – 0.95 g/cc though fully dense 

cortical bone can reach 1.8 g/cc.  Cancellous bone, a spongy material, makes up roughly 

20% of the bone, is organized in a crossed lattice structure and is usually 0.05 – 0.7 g/cc 

in density. (45)  An idealized cross-section of a long bone at two different points along the 

length of the bone can be seen below in Figure 2.2.1. The two points described are the 

metaphysis, a location between the bone shaft and the head, and the diaphysis, the length 

of bone made up by the shaft or about the middle 1/3 of the bone. 

 

 
Figure 2.2.1: Bone Cross-Section at Diaphysis and Metaphysis 
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Despite the cortical bone’s high strength and hardness, studies have shown that variations 

in the lattice architecture of cancellous bone may significantly contribute to fracture risk. 

This is especially evident in the aging and osteoporotic population. (5, 26, 49) Along with the 

variance in cancellous architecture there are several other contributors to bone strength. 

Changes in bone mineral density and varying geometry of cortical walls can augment or 

weaken the system. There are an abundant number of publications showing the effects of 

all three variables, along with variables not associated with bone anatomy, on bone 

strength. (3, 15, 39, 44)  

 

2.3 Surrounding Soft Tissue 

 

The radius is surrounded by soft tissues including periosteum, tendons, ligaments, and 

muscles. Periosteum is a membrane that lines the outer surface of all long bones, 

including the radius, except at the joints. This membrane provides blood supply to the 

bone and contains cells that are essential for bone healing post-trauma. The periosteum 

also provides an attachment to the bone for muscles and tendons. 

 

Four major ligaments attach to the distal radius. The dorsal and palmar radio-ulnar 

ligaments lie on the dorsal and palmar sides of the radius respectively, in between the 

radius and ulna. The job of these ligaments is to connect the radius and ulna to form the 

distal radio-ulnar joint which allows the distal ulna to articulate with the distal radius. 

The dorsal and palmar radiocarpal ligaments have the same function between the radius 

and the bones of the carpus.   

 

A tendon’s most important function is to be the connective tissue between muscle and 

bone. Tendons are made of a fibrous collagen band and transmit forces generated by 

muscles to the bone. It is important to note that tendons can only operate in tension. The 

distal radius, on the dorsal side, is covered by 4 compartments of tendons as seen in 

Figure 2.3.1.  
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Figure 2.3.1: Tendons of the Dorsal Compartments 

 

On the volar side of the distal radius, the carpal tunnel covers a band of tendons that 

terminate at the metacarpals. Also on the volar side are two other tendons whose function 

pertains more to the carpus. These tendons can be seen in Figure 2.3.2 below.  In a broad 

sense, tendons lying on the dorsal side of the radius serve to extend the structures of the 

hand while tendons on the volar side serve to put those structures in flexion. Detailed 

descriptions of tendons surrounding the radius can be found below in Table 2.3.1. 

 

 

Figure 2.3.2: Tendons Surrounding Distal Forearm 
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Structure Location Muscle 
Connection 

Tendon/Muscle Function 

Abductor pollicis 
longus (APL) 

Dorsal 
Compartment 1 

APL Muscle Abduct thumb to move it 
anteriorly 

Extensor pollicis brevis 
(EPB) 

Dorsal 
Compartment 1 

EPB Muscle Extend proximal phalanx of 
thumb 

Extensor carpi radialis 
brevis (ECRB) 

Dorsal 
Compartment 2 

ECRB Muscle Extend and abduct wrist 
towards the thumb 

Extensor carpi radialis 
longus (ECRL) 

Dorsal 
Compartment 2 

ECRL Muscle Extend and abduct wrist 
towards the thumb 

Extensor pollicis longus 
(EPL) 

Dorsal 
Compartment 3 

EPL Muscle Extend most distal phalanx of 
the thumb 

Extensor digitorum and 
extensor indicis 

Dorsal 
Compartment 4 

Extensor 
Digitorum 
Muscle 

Extend metacarpals 

Flexor carpi radialis 
(FCR) 

Lateral Radial 
Volar Surface 

FCR Muscle Flex and abduct hand 

Palmaris longus (PL) Just ulnar to 
FCR tendon 

PL Muscle Aid in carpal flexion 

Flexor digitorum 
superficialis (FDS) 

Carpal tunnel FDS Muscle Flex metacarpals at proximal 
interphalangeal joints 

Flexor digitorum 
profundus (FDP) 

Under FDS in 
carpal tunnel 

FDP Muscle Flex metacarpals at distal 
interphalangeal joints 

Table 2.3.1: Tendons of the Radius 

 

Muscles of the distal radius not shown in Table 2.3.1 include the brachioradialis muscle 

that connects with the humerus, the pronator quadratus muscle that connects with the 

ulna, and the flexor pollicis longus muscle. These muscles, respectively, act to flex the 

forearm at the elbow, pronate the forearm or turn the palm downward, and flex the thumb 

digit and assist in wrist flexion. The muscles crossing the radio-ulnar-carpal joint are the 

primary source for the predominantly compressive physiologic loading of the radius and 

ulna. Muscles are of particular importance in fracture study because it has been shown 

that strengthening local muscles can increase bone mineral density by applying tension 

and compression to the bone. (33)  The weight bearing during the loading stimulates bone 

metabolism to increase mineral density resulting in stronger bone that is less apt to 

fracture.  
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2.4 Müller AO Fracture Classification  

 

The Arbeitsgemeinschaft für Osteosynthesefragen, or AO, started as a study group of 

orthopaedic surgeons in the early 1950s. Since then the group of surgeons has conducted 

research in bone healing and emerging surgical technology. The group has also published 

AO Surgery Reference which contains a classification system for common fractures of 

various bones in the human body.  Shown below is the classification system for the distal 

sections of the bones of the forearm. (11, 30)  

 

 
Figure 2.4.1: AO Distal Forearm Fracture Classification 

 

The structure of the AO classification is such that each alphanumeric digit pertains to 

some description of the fracture. The first two digits are meant to localize the fracture. 

The first digit defines which long bone(s) have broken and the second denotes where the 

particular bone was fractured. The third digit characterizes the severity of the fracture 

ranging from extra-articular to a complete articular fracture. The final digit describes the 

morphology of the fracture, for example, the final term could describe a bending wedge 

fracture or a multifragmentary fracture. Therefore, Colles’ fracture would be classified as 

a 23-A2 or 23-A3 if there was a high level of comminution. The Colles’ classification is 

described in further detail in the diagram below in Figure 2.4.2. 
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Figure 2.4.2: Colles’ Fracture Classification Breakdown 

 

Other classification systems exist for identifying fracture patterns. Frykman, in 1967, 

established a classification system that characterized involvement of the distal radio-

carpal joint as well as the distal radio-ulnar joint and any fractures of the ulnar styloid. 

While this system is used in practice, it is losing popularity as it fails to describe the 

extent of intra-articular injury or dorsal comminution. (17, 23)  Jupiter and Fernandez 

developed a classification system based on the mechanism of injury. For instance, 

bending, compression, shearing, avulsion, and combination pertain to classifications of 1 

through 5 respectively. (22) Melone began a system that characterized fractures into main 

categories based on frequency of occurrence with respect to intra-articular fragmentation. 

These four basic components were the radial shaft, the radial styloid, the dorsal aspect of 

the lunate fossa, and the palmar aspect of the lunate fossa. There were also different 

classifications based on the degree of classification within any of the four component 

fractures. (7)  The AO classification described above remains the most descriptive system 

as it is organized in order of increasing severity and divides distal radius fractures into 

extra-articular, partial articular, and complete articular. 
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Extra-articular
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Chapter 3: Basic Mechanics and Kinematics 

 

3.1 Laws of Motion 

 

To understand the behavior of the radius when external loads are applied, one must have 

a basic understanding of the kinematics involved in the loading process. If the arm, 

specifically the radius, is considered a rigid body in motion throughout a fall, then 

Newton’s Laws of Motion apply. (4) 

1. When the sum of forces acting on a body is zero, the particles velocity is 

constant. In particular, if the particular is initially stationary, it will remain 

stationary.  

2. When the sum of forces acting on a particle is not zero, the sum of forces 

is equal to the rate of change of the linear momentum of the particle. If the 

mass of the particle is constant, the net force is equal to the product of the 

particles mass and its acceleration. 

3. The forces exerted by two particles on each other are equal in magnitude 

and opposite in direction.  

The second law of motion is the most recognized as it presents an equation for the total 

net force on a body: 

 ��� � ��� (3.1) 

 

This law is of particular importance when attempting to calculate or understand the 

behavior of rapid force application to the radius during a fall. The law states that the force 

acting on a body is equal to the rate of change, or derivative, of the linear momentum (p 

in the following equation) of that body. 

 �� � ����	  
(3.2) 
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With that in mind, different forces can be generated by similar masses and velocities if 

the time span of loading is different between cases. This presents the definition of 

impulse, I, forces under the equation below. 

 


� � ���	 � ���� 
  �� � �����	  

(3.3) 

 

Above it is shown that the force due to an applied impulse can be calculated by 

multiplying the change in momentum by the change in time. It should be noted that this 

calculation will yield an average force over time span ∆t. This is of particular interest as 

it provides a way to calculate the total force applied to the radius at the moment of impact 

with the ground. It also shows that the total force to consider is not only dependent on the 

mass of the body but also the change in momentum during the rapid deceleration of the 

body when going from time points just before ground impact and when the body reaches 

zero velocity. 

 

3.2 Compression and Tension in Bending 

 

Pure bending describes bodies loaded in only bending, though the principles of pure 

bending hold true for bodies loaded in multiple configurations. Bending stresses are 

normal stresses so they act in the axial direction. Pure bending is most often described by 

a straight beam of homogeneous material with no stress raisers loaded with a moment, M, 

on one end and the reactionary moment of the same magnitude on the other as seen below 

in Figure 3.2.1. Because the bending moment is constant across the length of the beam, 

the shear force acting will be zero as dM/dx = V. (19)  
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Figure 3.2.1: Beam in Pure Bending 

 

Under the above loading conditions, one would expect the beam to deflect downwards at 

both ends and take on a bent shape. However to take this shape, the beam must change 

length at the top and bottom of the beam. A neutral axis runs through the length of the 

beam where there are no stresses due to bending and, as a result, there is no change in 

length due to the axially acting stresses. Shown below is the most basic formula for the 

bending stress, σ, where M is the applied bending moment, I is the area moment of 

inertia, and y is the distance from the neutral axis. 

 

 � � ��
  
(3.4) 

 

From the equation above it is simple to see that on one end of the neutral axis the beam 

will be in tension and the other side in compression. This difference between the top and 

bottom of the beam results in one end being shortened and the other being lengthened. 

This is required to take on the bent shape one expects form pure bending loading. This is 

described further by the figure below. (24)  Above the neutral axis the stresses on the beam 

act in tension but below this line, the stresses act in compression resulting in an overall 

bent shape. 

 
Figure 3.2.2: Stress Directions Above and Below the Neutral Axis 
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3.3 Conservation of Energy 

 

It has been shown above that the force applied over a designated time span can be 

calculated using changes in momentum over that span. However, one must first calculate 

the velocity of the moving mass to determine momentum. This can be achieved through 

the law of energy conservation.  The law states that, for a particle moving under the 

action of a conservative force, the sum of the kinetic energy and potential energy of a 

particle must remain constant. The sum of energies is called the total mechanical energy. 

In the case of a mass falling from some arbitrary height, one can calculate the velocity at 

the moment of impact using conservation of energy with some basic assumptions. 

 

 ���� � ������� � ���� � ������� 
(3.5) 

 

 

The first assumption is that the only force acting on the impacting body is that of gravity. 

For that case the conservation of energy equation reduces substantially. The assumption 

will also be made that the initial velocity of the body in the vertical direction is zero. 

Finally, it is assumed that the maximum velocity reached occurs when height reaches 

zero. Using the above equations, two variables are eliminated and the velocity at impact 

can be calculated. (29) 

 

 ��� � ����� (3.6) 

 

The above equation shows that, for the previously stated assumptions, the maximum 

impact velocity is completely dependent on the starting height. Much of the energy from 

the falling mass could be absorbed by the body being impacted due to damping in the 

system. Further energy conservation calculations can be done to estimate the energy 

absorbed at this time due to tissue compression and compared to that which is transferred 
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into the bone. The amount of energy inserted to the system is known from the velocity 

calculation above. The tissue compression after impact can be measured and this change 

in height, along with the total falling mass, will yield the amount of energy absorbed by 

the arm. By comparing the two energy values, one can determine the energy that was 

absorbed by the arm, leading to fracture, compression, or both, and the energy transferred 

through the arm, leading to bulk motion and other outcomes.  

 

3.4 Impact Loading 

 

In an idealized version of a falling mass, with weight W, impacting a structure the 

structure is represented by a spring with some elasticity, k. To use this idealized situation 

and derive equations from it, several assumptions must be made.(24)  Specifically, the 

mass of the spring/structure is to be ignored, deflections of the mass are negligible, and 

damping is negligible.  

 

One implication of these assumptions is that the integral of instantaneous deflection 

caused by impact must be identical to that of the static deflection caused by the same load 

multiplied by an impact factor. This does not account for any localized high points in 

strain, or localized stresses that may realistically occur. Specifically, this implication 

alludes to the use of conservation of energy principles to determine the deflection due to 

impact. This can be seen below where Fe is defined as the equivalent static force to 

produce the same deflection due to impact, δ. δst is the deflection due to static loading on 

the elastic structure where δst=W/k. One can then equate the elastic energy stored by the 

deflection of the elastic body with the potential energy given up by the falling mass from 

height h. 

 

 ��� � �� � ����� 
(3.7) 
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By definition, Fe=kδ as this would be the deflection of the elastic body multiplied by its 

elastic constant. Equations above can be substituted into this relationship as shown 

below. 

�� � � �� !"�###### $ ####### �� ! � ��� 

 % #��� � �� � �� ��� ! � 
(3.7) 

 

Solving the above equation for δ as a quadratic equation yields the following: 

 

 � � � ! &� � '� � ��� !#( 
(3.8) 

 

By substituting this equation into the relation for the equivalent static force, Fe, another 

relation is found. (24) 

 

 �� � �&� � '� � ��� !#( 
(3.9) 

 

The term in parentheses in the above two equations can be considered the impact factor 

for the system. This is the factor by which the load and deflection caused by the 

dynamically applied weight, W, exceeds those caused by a slow application of that same 

weight. 

 

The idealized case will not give results that are completely accurate. For instance, some 

deflection of the mass occurs. Any energy that is used to deflect the mass will be taken 

from that used to deflect the elastic structure. Therefore, the calculated impact deflection 

will be greater than the actual. Also, the case detailed above neglects any sort of 
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damping. Friction between the falling weight and guide rod or internal friction of the 

elastic body will present itself as damping in the system. This damping can cause 

significant reduction in the actual deflection, and equivalent static force calculation, when 

compared to the idealized case. This all affects the way that the kinetic energy of the 

falling weight is distributed through body being contacted.  
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Chapter 4: Experimental Methods 

 

4.1 Impact Test Design Iterations 

 

When designing a test to create an artificial source for Colles’ fractures in cadaveric 

forearm specimen, the intent was to replicate the most common natural cause for the 

fracture: a fast acting, dynamic load applied to the outstretched hand. Thus, impact based 

loading of the hand was chosen as a method to apply such a force. Any variables 

involved in the forward fall and impact were also to be controlled if possible. 

 

Furthermore, a requirement for the testing was that soft tissues remain completely intact 

around the radius and the distal carpus. Proximal to the radius, tissue could be stripped to 

aid in the ease of testing. Because soft tissues had to remain intact around the distal 

radius, the radius could not be loaded directly. Force transfer through the hand and carpus 

had to be depended on to create the distal radius fracture.  

 

The first iteration, shown below in Figure 4.1.1, was constructed by modifying a common 

weight lifting machine to allow the weights the full travel necessary to strike an 

outstretched hand. In this iteration, no preload was applied to the forearm prior to impact. 

All forces used to fracture the radius were applied dynamically. Furthermore, because no 

preload was applied, control of arm orientation was difficult to maintain but it was 

assumed that arm orientation at point of impact would be controlled by the impact wedge 

attached to the bottom of the weight stack. This wedge was cut to an angle of roughly 

60°.  Control of dorsal bending of the forearm was controlled by the adjustable plate at 

the bottom of the construct. Standard tee nuts were pounded into the wood plate to allow 

steel carriage bolts to thread in and out of the plate. By using the heads of the bolts like 

feet for the plate, the angle of the plate could be changed as the bolts were inserted deeper 

into or extracted out of the wood plate and the plate rotated about a hinge attached at one 

end. Not shown in the figure below is the arm in its containment assembly. Pictures of 



 

 27 

this have been intentionally excluded due to graphic nature. To hold the arm, PVC piping 

was used with a butt end pipe at the bottom for a flat surface to lie on the wood plate. 

Also at the bottom of the piping was a nail extending axially upwards. This nail was 

inserted into the axis of the ulna and was used to keep the forearm in place.  

 

 
Figure 4.1.1: First Iteration Colles’ Fracture Creation Device 

 

To use this iteration, one would pull on the long horizontal bar, attached through cables 

to the weight stack, to a specified height and at this point the arm would be put into 

position. Once in a fixed position, the weights were dropped.  Prior to dropping (and 

while at height) the distance between hand surface and center of the drop load was 

measured and recorded. After impact, the weight was lifted, the arm removed from the 
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device and then checked under fluoroscopy for fracture. If a fracture had occurred, testing 

was complete and data on fracture type and characteristics were taken. If no fracture was 

evident, testing was repeated until there was a fracture of the distal radius.  

 

 

To increase control over the variables present in this testing, a more stable construct with 

better weight dropping and impact capabilities was developed. This iteration can be seen 

below in Figure 4.1.2.  

 

  
Figure 4.1.2: Iteration Two of Colles’ Fracture Creation Device 
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While the overall experimental method remained the same, there were significant 

changes that effected results. The frame for the machine was built using sections of 80/20 

3030-S T-Slotted aluminum framing and bracketing (80/20 Inc., Columbia City, IN).  

The frame was bolted down to a ½” aluminum plate measuring 2’ x 2’. This provided a 

much more stable construct for impact testing.  

 

A new, all steel, impact plate was also built. Greater control over tolerances of the angle 

of this plate was taken so that wrist extension could be assumed to be constant. For this 

plate, a section of ¼” thick square tubing (2” x 2”) was cut to 62.5°, while the other end 

of the tubing remained flat, and a flat square plate (3” x 3”) was welded to the angled 

surface of the tubing. The flush end of the tubing was then welded to a large rectangular 

steel plate that served as the bottom plate for the weight stack.  

 

Control over dorsal bending of the forearm was also better stabilized by using heavier, 

½” thick aluminum plating with a similar design to that of the wood plate. The tee nuts 

used in the wood plate design, which provided thread engagement for carriage bolts to 

adjust plate angle, were not necessary with this new aluminum model. Instead, through 

holes that matched the bolt’s thread size were drilled and tapped into the aluminum plate. 

The carriage bolts were then inserted in place. Toggle clamps were used to hold the 

angled plate fixed during testing. No nail was used to hold the arm in place in this design. 

Instead a cup was cut into a large cylindrical rod of HDPE and this was press fit into a 

toilet flange. Bolts on the adjustable angle plate fit into the slots in the toilet flange and 

the whole arm receptacle could be removed, or locked in place, simply by twisting the 

flange out from the bolts. The bottom of the cup fit the head of the proximal radius. The 

ulna was cut short so it would float. By doing this, the loading was isolated to the radius 

alone. This entire construct can be seen below in Figure 4.1.3. 
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Figure 4.1.3: Adjustable Angle Plate and Toilet Flange Construct 

 

A winch and pulley system replaced the pull bar and cabling. This had two advantages. 

First, when the drop height was reached, a locking mechanism in the winch allowed the 

user to fix the drop height while measuring and trust that this value would not change 

between measuring and dropping. Second, a pull-pin hook, like that shown in Figure 

4.1.4, was used as the drop mechanism. Once the arm was in place and the load was lifted 

to height, the user simply had to pull a cable attached to the spring loaded pin of the hook 

and the load was released. These two advances took much of the human element away 

from the experiment in an effort to increase repeatability.  
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Figure 4.1.4: Pull-Pin Hook used as Drop Mechanism 

 

The fixation of the arm in this iteration was slightly different than the first. Positioning 

and fixating of the specimen was accomplished by twisting the toilet flange with arm into 

place as seen in the figures above. Then a Velcro™ strip was wrapped around the arm 

and adjustable straps tightened the arm to the four corner posts to keep the arm in 

position. After this, a preload was applied to the outstretched hand of the cadaveric 

forearm. This provided greater control over wrist extension and potential bulk movement 

of the forearm. Also, after preloading there was a space between the bottom of the impact 

plate and a safety stop in the test frame. This variable was defined as the static 

interference in the testing. The interference determined the distance that the arm (soft 

tissues and bone) was allowed to compress before the weight reached a cross member in 

the test frame and immediately stopped loading of the arm. Dorsal bend angle and drop 

height were measured prior to dropping the weight. Once the weight was dropped, the 

same events involved with checking for fracture took place as in the first design iteration. 

 

The final iteration of impact loading devices provided for shorter time delays between 

test trials. In both prior iterations the arm had to be completely removed from the test 

setup to check for fracture fluoroscopically. This took a significant amount of time each 

trial and also increased variability due to minute changes in achieving the same setup as 

the previous trial. To accomplish quicker, more repeatable tests, the overall width of the 

test frame was increased so that the c-arm of the fluoroscope would fit into the 



 

 

framework. This allowed fluoroscopic images to be taken of the distal radius, in the 

lateral projection, while the bone was still under static load post-impact. This can be seen 

in Figure 4.1.5. 
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igure 4.1.5: Final Impact Frame Iteration (shown holding acrylic pipe) 

as advantageous for the inter-trial time to decrease strictly for faster testing, 

e fluoroscopic c-arm able to fit into the test frame also aided in fracture 
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classification and overall understanding. Prior to a successful test and while an arm was 

still being loaded, the fracture displaced to better expose itself to the testers. This is 

evident in Figure 4.1.6 below. This view of the displaced fracture was only possible 

while the arm remained loaded and therefore had to be captured while still in the test 

frame. The final impact tower iteration was the only one that provided for this image. 

 

 
Figure 4.1.6: Post Test Fluoroscopic Image of Fractured Distal Radius under Static Load 

(Lateral View) 

 

4.2 Variables 

 

In any experiment, the tester must identify all variables that can affect the result of his or 

her test. It is only in this way that a cause and effect relationship can be determined and 

understood. Not only must variables regarding the experiment’s setup be identified but 

also those affecting the test materials. For instance, if a scientist is to complete a tensile 

test to failure of a steel rod they can pull it and measure force and displacement and 

calculate the elastic modulus prior to the plastic regime. However, if the scientist does not 

know how the chemical composition of the rod or how the steel was processed then how 
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is he or she to apply their findings? If one hopes to predict the outcome of a test prior to it 

occurring than all variables must be understood. 

 

This principle applied to the impact testing of cadaveric forearms as well. Variables that 

were identified and/or measured, prior to each experiment trial included the following: 

 

• Drop height 

• Static interference  

• Drop load 

• Static preload 

• Wrist extension 

• Dorsal bending 

• Specimen age 

• Specimen sex 

• Donor weight 

• Donor height 

• Donor ethnicity 

• Specimen bone dimensions 

• Specimen health history 

 

All mechanical variables were measured prior to experimentation so that further analysis 

could be done as to the total force applied to the forearm for each test. These 

measurements would be incorporated into the equations shown earlier to describe the 

mechanics of each test. These were controllable variables. Their values could change to 

fit the test that was to be completed. Also, there were a number of ways that a greater 

amount of force could be applied.  

 

However, many variables regarding the cadaver specimen could not be controlled. The 

age, weight, height, and overall lifestyle of the donor all could affect the strength of that 

persons bones. (38, 42)  While gender and ethnicity account for genetic factors that even the 
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person cannot control, the age of the donor/cadaver and how active the donor was at 

death played large roles in overall bone strength. It has been shown that bone has the 

unique capability to adapt to localized microstrains caused by repeated mechanical 

loading. Under these loading conditions, bone will generate more cortical tissue, from 

surrounding cancellous bone, to augment itself for the repeated loading applied to it. 

With this in mind, a person who regularly exercises will likely have greater bone strength 

than someone who is less active. This factor was an uncontrollable variable for impact 

testing of the cadaveric specimen. Other lifestyle attributes that were both uncontrollable 

and affected resistance to fracture include smoking and excessive drinking. (28, 46)  

 

As mentioned before genetic factors such as sex and ethnicity are also uncontrollable 

variables for testing. Coupled with the age of the donor, these can be determining factors 

for the onset of osteoporosis and therefore a major loss of overall bone strength and 

resistance to fracture.  

 

4.3 Cadaver Preparation and Placement 

 

The arms, cut at mid-humerus, of fifteen (15) human cadavers were obtained through the 

Science Care Anatomical Donations program (Phoenix, AZ, USA). Of that total, eleven 

(11) were female and four (4) were male. The mean age of female donors was 77 years 

with a range of 66-85 years. Respectively, the mean age of male donors was 31 years 

with a range of 21-37 years. There were no specific exclusion criteria for cadaveric arms 

but the specimen could be excluded on a per case basis. Each test specimen was received 

dry frozen. Prior to testing, each specimen was thawed at room temperature for at least 24 

hours. Also before impact testing took place, outer and inner diameter dimensions of the 

radius were taken at up to four locations along the length of the radius in both the 

anterior-posterior and lateral projections. This was done to qualitatively gauge the 

amount of cortical bone in each specimen. Anthropometric data regarding the cadavers 

height, weight, and age is contained below in Table 4.3.1. 
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  Female Male 
Number of Specimen 11 4 

Age (yrs) 
     Range 66-85 21-37 
     Mean 76.6 30.8 
     Standard Deviation 7.5 6.9 

Height (in) 
     Range 59-68 68-71 
     Mean 62.6 69.8 
     Standard Deviation 2.5 1.5 

Weight (lbs) 
     Range 88-190 110-215 
     Mean 143.6 177.5 
     Standard Deviation  30.9  48.4 

Table 4.3.1: Anthropometric Data for Cadaver Specimens 

 

As was specified earlier, all soft tissues surrounding the distal radius were to remain 

intact for testing but they were dissected proximal to the radius. Because cadaver 

specimens were received cut at the mid humerus, dissection of tissue proximal to the 

radius was done to aid in test setup.  

 

Specifically, the proximal 2 inches of the ulna all tissue proximal of the elbow joint was 

removed. At this joint the proximal ulna articulates with the humerus to form a hinge-like 

joint between those two bones. Also at this location, the radial head articulates with the 

ulna to supinate or pronate the forearm (this also occurs at the distal radius/ulna near the 

wrist). A visual of this section of the arm can be seen below in Figure 4.3.1. Some soft 

tissue just distal to the elbow joint was also dissected to expose the radial head for ease of 

arm placement in the HDPE cup for testing. 
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Figure 4.3.1: Elbow Joint Anatomy 

 

The proximal radius is not physically attached to the humerus whereas the ulna is. The 

proximal ulna wraps around the distal humerus at the ulnar olecranon. Once all soft 

tissues were stripped around this area, this large bony structure, the proximal ulna, was 

cut so that the radius exceeded the ulna in length. This strategy was utilized for two 

reasons. First, the radial head provides a much flatter, simpler geometry to fix in test 

setup. The ulnar head, shown in detail below, would be very difficult to use in test setup 

unless the entire proximal structure was potted. The second reason for cutting the 

proximal ulna was that by leaving the radius longer than the ulna, it could be isolated for 

loading. The ulna was left floating during impact testing. Therefore, the radius was the 

only load bearing structure in the forearm so it was forced to take much of the applied 

load. 
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Figure 4.3.2: Proximal Ulna 

 

4.4 Angle Determination and Measurement 

 

Many publications have detailed correlation of angular orientation of the forearm and 

hand while loading with resulting fracture load and severity. For this study, two angles 

were measured for each specimen: wrist extension, or dorsiflexion, and dorsal bend of the 

forearm with respect to vertical. Wrist extension was controlled through all experiments 

at 62.5° ± 2.5°. Error in this angle was determined by the resolution of the angle 

indicator.  Dorsal bend ranged from -15° - 10° where tilting volarly was considered 

negative. (32)  

 

The degree of dorsal bending was measured using the adjustable plate construct at the 

bottom of the test frame, pictured below in Figure 4.4.1. The dorsal bend angle was 

defined as the angle between the top and bottom plates of this construct. Since the 

forearm was assumed to be perpendicular to the top plate for all tests, the angle between 

the forearm and vertical was equal to the dorsal bend angle defined above. 
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Figure 4.4.1: Adjustable Angle Plate 

 

The angle of the plate with respect to horizontal was measured using a magnetic angle 

indicator (Model 700, Johnson Level and Tool, Mequon, WI, USA).  

 

4.5 High Speed Video 

 

Near the completion of testing, a high speed camera (EX-FH20; Casio, Tokyo, Japan) 

was acquired and used to watch impact tests at 420 frames/second. At that frame rate, 

compression of tissue was viewed and time of compression was measured. This time was 

considered to be the time span for an impulse force acting through the arm to reduce the 

momentum of the falling weight. When the impact wedge began compressing the arm 

(after static deflection due to the preloading) it was assumed that the arm began 

responding with a reaction force to slow the descent of the weight. Once the weight 

stopped and “bounced” back upwards, it was assumed that a minimum downwards acting 

momentum had been reached.  

 

The camera was set up to take high speed video of the impact wedge and arm in the 

lateral projection. Acquiring high speed data required certain test constraints different 

than those already employed. Specifically, for compression time to be accurately 

measured the arm had to go through an entire impact without the drop load being stopped 

by the safety stop cross member. For this reason, arms where high speed data was taken 
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had to be set with a larger static interference (distance between the bottom of the impact 

plate and the top of the safety stop cross member). This was done so that the arm 

supported the drop and preloads through the entire impact. High speed data was taken for 

5 arms but only 2 of those arms produced usable data to compare against impact 

mechanics calculations.  
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Chapter 5: Experiment Specific Mechanics 

 

Dr. A.R. Dykes, a British civil engineer once said, "Engineering is the art of modeling 

materials we do not wholly understand, into shapes we cannot precisely analyze so as to 

withstand forces we cannot properly assess, in such a way that the public has no reason to 

suspect the extent of our ignorance.” Through functional, realistic testing, materials can 

be better understood so as to improve designs. With the help of the theory described in 

the previous section, engineers can replicate the mechanics of a design in use and better 

understand how the component might function.  

 

This was precisely the aim of the testing performed for this paper. Loading of the 

forearm, at the point of a fall from standing height, was used to replicate the common 

conditions for a Colles’ fracture of the distal radius. In the following section specific 

experimental mechanics will be detailed to better explain the thought behind the test 

setup. 

 

5.1 Force Decomposition 

 

When a load is applied to the hand, force is transferred through all carpal bones before 

reaching the radius or the ulna. It has been shown that, on the distal end of the forearm, 

the radius bears up to 80% of all loading transferred to the long bones through the carpus, 

though research has varied on what magnitude the scaphoid and lunate have individually 

on the loading of the distal radius. (34)  In any case, loading of the hand results in complex 

interosseous force transfer that eventually leads to loading of the radius. Furthermore, due 

to the off-axis loading involved between the hand and the radius, more than one mode of 

loading, most notably bending and axial, is present when a force is applied to an 

outstretched hand. If one represents the hand, carpus, and radius as one structure the 

loading simplifies dramatically and estimations for loading magnitude and direction can 

be made. 
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5.1.1 Effects of Scaphoid and Lunate 

 

As mentioned previously, the effects of the scaphoid and lunate (as well as any other 

carpal bones) on the loading of the distal radius seems to be a point of argument. As the 

hand deviates from the neutral position the load distribution ratio between the two carpal 

bones changes dramatically.(25)  The ratio of loading of the distal radius between the 

scaphoid and lunate ranges from 3:2 to 4:1 respectively in some studies and can go as low 

as .9:1 in others.(47)  As this loading ratio changes, loading orientation and magnitude of 

the distal radius changes thusly. In an impact setting, such as falling on ones outstretched 

hand, these small differences in loading ratio can be magnified due to the short loading 

time and associated nearly instantaneous momentum reduction.  

 

The ex vivo testing done in this body of work did not allow for precise measurement of 

the effects of carpal loading ratio effects. For this reason, the hand was kept in the neutral 

position in an attempt to mitigate error associated with carpal load transfer and simplify 

analysis of results taken from testing. 

 

5.1.2 Idealized Force Transfer through Forearm 

 

To account for changes in load magnitude attributed to wrist extension and dorsal 

bending of the elbow, the two angles were used as variables in a simplified 

decomposition of distal radius loading. The assumptions made for this decomposition are 

as follows: 

1. Shear loads on the cadaver surface result in bulk movement as opposed to friction forces 

on the surface on the skin and thus are to be neglected from radial loading. 

2. At the point of load application, the hand, carpal bones, and radius are fixed to one 

another to such a degree that there is no interosseous movement to change loading 

orientation or magnitude. 

3. All forces applied to the hand are transferred to the radius. 
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A visualization of this decomposition can be seen below in Figures 5.1.2.1 and 5.1.2.2 

where the following variables are represented: 

 

Fapplied Force applied through drop load 

Fapp,N Normal component of applied force through impact wedge 

FA Axial force on the Distal Radius 

FB Bending force on the Distal Radius 

α Wrist extension (controlled by wedge angle) 

β Forearm angle relative to vertical (dorsal bend)  

 

Two decompositions were done to represent the two ways that arms were oriented 

relative to the vertical axis and can be seen below. 

        
 �)�* � +,-�. � / 0 123� (5.1) 

Figure 5.1.2.1: Scenario 1 Loading Decomposition 
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 �)�* � +,-�123 0 . � /� (5.2) 

Figure 5.1.2.2: Scenario 2 Loading Decomposition 

 

Scenario 1 and 2 loading conditions will be referred to throughout this paper as a 

description of arm orientation during testing. The decompositions above give a ratio of 

bending to axial components of force but will not calculate the total force applied in the 

drop setting. This must be obtained by applying impact mechanics theory to the testing.  

 

5.2 Impact Force through Tissue 

 

Because impulse (or impact) loading is transient in nature, loads are intensified due to 

rapid momentum change. Calculating the impulse loads applied to the radius is much 

more accurate than simply summing the total weight applied to an arm and is much more 

representative of a forward fall scenario. Furthermore by coupling the total loading 

obtained through impulse force analysis with the forearm decomposition above, one is 
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able to calculate the individual axial and bending components of force on the distal 

radius. This strategy yields the following: 

 �!4! � �56� � �7645 &� � '� � ��� !#( 
 

(5.3) 

 

where: 

 

Ftot Total force applied to the Distal Radius 

Fpre Preload on hand 

Fdrop Dynamic weight applied to radius through drop tower 

h Height that dynamic load was dropped from 

δst Static interference/compression of tissue 

 

From the force decomposition completed earlier, the total force can be broken down into 

its axial and bending components. 

 �!4!� � �89:8;� � �<�=7�  

and �<�=7�89:8; � +,-�12 0 . � /� $ #�<�=7 � �89:8;�+,-�12 0 . � /�� 
> �!4!� � �89:8;� � ��89:8;�+,-�12 0 . � /���� � �89:8;� �� � 	�?��12 0 . � /�� 

  �89:8; � ' �!4!�� � 	�?��12 0 . � /� 
 

(5.4) 

 

Once the axial component of force on the distal radius has been determined, obtaining the 

bending component can be accomplished by applying the Pythagorean Theorem again to 

solve for that particular component.  
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5.3 Axially Dominated and Bending Dominated Loading 

 

Upon completion of the idealized force comparison it became apparent that two loading 

scenarios were possible. In one, axial loading dominated and while in the other axial and 

bending components were much more comparable in magnitude. The difference between 

the two in setup came from changes in dorsal bending. If the arm, and therefore the radial 

axis, was rotated counterclockwise from vertical the setup was regarded as Scenario 1 

loading and axial forces dominated. If the arm was rotated clockwise from vertical, the 

setup was regarded as Scenario 2 loading.  

 

The wedge angle, being a control in the test setup, accounted for the axial domination of 

Scenario 1 loading. By rotating the arm counterclockwise from vertical, the axis of the 

radius/forearm became nearly perpendicular to the wedge face. So, normal forces applied 

through the wedge were transferred almost completely down the central axis of the 

radius.   

 

5.4 Impulse Forces on Arm 

 
As a comparison to force calculations collected through impact mechanics analysis, for 

several tests impulse calculations were completed to estimate the force necessary to 

reduce the momentum of the drop weight in the timeframe of the impact. To do this, high 

speed video of the impact was watched on a frame by frame basis. By measuring the time 

it took between initial impact and when the drop load reversed directions and “bounced” 

upwards, the impulse force could be calculated. In addition to the loading time, the 

velocity and mass were needed. The mass was known and the velocity was calculated 

using conservation of energy principles. The following equation was used to calculate 

total impulse force on the arm. 

 �:@5 � �������	  
(5.5) 
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For the specimen with which this calculation was completed, a comparison was done 

between impulse forces and impact forces. In the ideal scenario, the values should be 

equal. Whatever force is applied through the impact between the drop load and the arm 

should be reversed as the tissue slows and reflects the mass’s decent. Realistically, this 

case only occurs in homogeneous, isotropic bodies. The human forearm is a comprised of 

soft tissues and bone so one cannot assume the ideal case will occur.  
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Chapter 6: Experimental Results 

 

The following section details the testing of different variables and their effects on 

recreation of relevant fracture patterns of the distal radius. While the ultimate goal of this 

work was to recreate Colles’ fractures, fractures were considered relevant if calculations 

of impact loads could be made and the fracture replicated one that may regularly be seen 

in a clinical setting as determined by visiting surgeon. Data singling Colles’ fractures out 

from the “relevant” fracture population will also be presented. 

 

6.1 Preloads and Drop Loads 

 

In the beginning of the testing regiment, no preload was used to stabilize the arm prior to 

impact. Therefore, all loads applied to the cadaveric forearms were those through the 

falling weights. Three specimen were tested under these conditions, with 441.24 N (99.2 

lbs) being dropped. Measurements regarding the fall height, arm orientation angles, and 

static tissue compression (called interference in analyses) were measured but discarded 

due to inability to trust the measurements. At this point in testing, a drop mechanism had 

not been implemented, so small variations in drop height while pretest measurements 

were being taken were observed. Also, since no preload was applied, the orientation of 

the arm was fully dependent on how it conformed to the weight applied at impact. 

Because these data points were unavailable, the equivalent static force necessary to cause 

the same effect could not be calculated. However, fluoroscopic images were recorded and 

can be seen below for the three arms in Figures 6.1.1-6.1.3.   
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Figure 6.1.1: Specimen C080024L Pre and P
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Figure 6.1.2: Specimen S090800R Pre and P
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 6.1.2: Specimen S090800L Pre and Post-Test Fluoroscopic Images 

copic images from Figure 6.1.3 showed a three part fracture with 

om this test. This type of fracture is the result, once again, of a high 

estroys much of the structure that once held the bone together and 

ied to the hand and forearm. 

led above were the only three tested with no preload. It became clear 

tic energy applied that created these fractures was too high so 

ell as increasing the control and repeatability of the test method, was 

reation from then on. With the new test setup, including preload and 

apabilities, impact mechanics detailed previously could be applied 

test AP View 

 

Post-test Lateral View 
 
Pre-test Lateral View 
 Pre-test AP View 



 

 52 

to calculate equivalent static forces from the impact between the load and hand/forearm. 

Twelve (12) cadaveric forearms were tested under the new conditions. The results of 

testing on the arms were separated by what was deemed a “relevant fracture” or 

otherwise and then by the gender of the donor. Data pertaining to these fractures can be 

found below in Table 6.1.1 and 6.1.2 detailing relevant and non-relevant fractures 

respectively. 

 

 Preload 

(N) 

Drop 

Load 

(N) 

Wrist 

Extension 

(deg) 

 Dorsal 

Bend 

(deg) 

Drop 

Height 

(cm) 

Interference 

(cm) 

Equivalent 

Static 

Force (N) 

Total 

Force 

(N) 

 

Min 113.9 220.6 62.5 10.0 78.7 1.0 2268.0 2492.2 

Max 224.2 331.0 62.5 15.0 106.7 2.4 3534.4 3754.6 

Average 192.1 252.2 62.5 11.4 85.1 1.8 2801.0 2993.1 

St. Dev. 53.5 53.8 0.0 2.4 9.7 0.6 504.5 487.2 

Table 6.1.1: Force Results for Relevant Fractures 

 
It is important to note that seven (7) arms sustained relevant fractures. Of these six (6) 

were in the type 1 loading scenario as described previously by the idealized force 

decomposition through the forearm. Furthermore, of the seven relevant fractured arms, 

three (3) were of a male donor and four (4) were taken from female donors. Also 

interesting to note was the impact factor, as described in Chapter 3, for these tests. The 

average impact factor for the tests resulting in relevant fractures was 11.4 (standard 

deviation = 2.6). This factor, as stated previously, is the multiplier by which the dynamic 

application of the drop load exceeds a static application of the same load. 
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 Preload 

(N) 

Drop 

Load 

(N) 

Wrist 

Extension 

(deg) 

 Dorsal 

Bend 

(deg) 

Drop 

Height 

(cm) 

Interference 

(cm) 

Equivalent 

Static 

Force (N) 

Total 

Force 

(N) 

 

Min 113.9 165.5 62.5 10.0 74.9 0.3 2466.4 2580.3 

Max 279.3 330.9 62.5 15.0 108.0 4.0 5018.8 5243.0 

Average 189.5 253.7 62.5 11.7 91.2 2.0 3211.5 3401.0 

St. Dev. 63.6 62.9 0.0 2.9 15.5 1.5 1030.8 1058.4 

Table 6.1.2: Force Results for Not Relevant Fractures 

 

Not included in the above population of test samples are the first three arms tested. They 

were excluded as not enough data was taken regarding those samples to calculate impact 

forces and deflections. With those arms eliminated, the data above is for five (5) 

forearms. Of those five arms, one (1) was from a male donor and the remaining four (4) 

were taken from female donors. The average impact factor (defined in Section 3.4) for 

these tests was 13.6 (standard deviation = 6.3).  

 

Uncertainties were calculated for the equivalent static force, equivalent impact deflection, 

impact factor, and total applied force. The formulas below were used to make this 

calculation. 95% confidence was used to obtain a t-value and the degree of freedom for 

each calculation was taken as the number of specimen tested minus one. 

 

 A?BCD	�E?	� � # 	FGHIJ4K L �M?  (6.1) 

 

Using the prescribed formula above the following table of mean values with calculated 

error was computed. 
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 Effective Impact 

Deflection (cm) 

Effective Static 

Force (N) Impact Factor 

Total Applied 

Force (N) 

Relevant Fractures 18.9 ± 3.1 2801.0 ± 466.5 11.4  ± 2.4 2993.1 ± 450.6 

Non-Relevant Fractures 20.0 ± 12.6 3211.5 ± 1279.9 13.6  ± 7.8 3401.0 ± 1314.2 

 

Table 6.1.3: Mean Deflections, Impact Factors, and Forces with Uncertainties 

 
6.2 Arm Orientation 

 

Once total applied forces had been calculated, the force decomposition detailed in 

Chapter 5 could be used to calculate the axial and bending loads associated with impact 

testing of the cadaveric specimen. This allowed for the comparison between Scenario 1 

and 2 loading. The main difference in orientation of the arm being tested was a change in 

the angle β, or the dorsal bend of the forearm, since wrist extension was held constant. 

Results, detailed below in Table 6.2.1, showed that although the average total applied 

load was reasonably similar between the two scenarios, Scenario 1 loading produced a 

much higher percentage of relevant fracture patterns. 

 

 Scenario 1 Loaded 

Specimen 

Scenario 2 Loaded 

Specimen 

Mean Bending Load (N) 863.79 ± 240.89 1688.93 ± 1297.02 

Mean Axial Load (N) 3006.93 ± 624.88 2773.75 ± 566.38 

Mean Total Load (N) 3131.01 ± 661.96 3259.22 ± 1138.57 

% Relevant Fractures 66.67% 33.33% 

Table 6.2.1: Comparison of Results for Scenario 1 and 2 Loading Conditions 

 

Qualitatively, Scenario 1 and 2 loading differ in the proportion of axial and bending loads 

decompose from the total applied load. Scenario 1 carries a higher proportion of axial 

loading because the arm is more closely aligned normally to the wedge plate that delivers 

the impact load. A majority of axial load is still present for Scenario 2 oriented samples, 
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but the degree of transverse, or bending, loads is nearly double on average of samples 

oriented under Scenario 1 conditions.  

 

It would appear from the results detailed in Table 6.2.1 that the conditions under Scenario 

1 loading provide for a more reliable fracture pattern. Not only is the percentage of 

relevant fractures higher under those parameters, but the uncertainty in results are lower 

as well. Uncertainties for these samples were calculated using the same method as 

Section 6.1. 

 

6.3 Radiographic Analysis of Fractures 

 

Like the first arms that were tested, arms were radiographed before and after testing. 

These were used to characterize the fracture type that was administered through testing. 

While numerical data could not be taken in real time with these radiographs, they were 

invaluable for determining results of each drop. A typical radio graph of a relevant 

fracture can be seen below in Figure 6.3.1. 
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Figure 6.3.1: Relevant Fracture Pre and Post-Test Radiographs i

Posterior Projection 

 

The above radiograph shows a two part fracture with comminutio

dorsal cortex of the radius. The dorsal displacement of the largest

also characteristic of a typical Colles’ fracture suffered by falling

hand. 

 

Prior to testing of a sample, the dimensions of cortical bone of the

radiographically using OsiriX Open-Source Imaging Software. T
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to define a correlation between the estimated cross sectional area of the cortical bone near 

the typical fracture site and the force required to fracture the radius. To estimate the cross 

sectional area of the cortical bone, the radius was assumed to be elliptical in shape with 

concentric ellipses of cortical bone. Outer and inner diameter measurements were taken 

in both the lateral and anterior-posterior projections radiographically and these were used 

to calculate the area. Samples of these fluoroscopic images can be seen in Appendix B. 

Seen below in Figure 6.3.2 is a scatter plot of total force applied to fracture the radius 

versus the cross sectional area of the bone near the assumed fracture location. 

 

 
Figure 6.3.2: Fracture Force and Cross Sectional Area of Cortices 

 

In the above diagram, males and females have been separated for greater comparison. 

Furthermore, those fractures that were deemed irrelevant for clinical replication were 

given a circular marker. Upon review of this material, it was found that there appears to 

be little to no correlation between the cortical area and the fracture force. While the male 

arms were generally larger in cross section, it did not appear that this affected the force to 

cause a fracture dramatically. Fractures resulted from similar loads where the bone was 
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between 100 and 400 sq. mm. Both relevant and clinically irrelevant fractures occurred 

within that range with little change in applied force. 

 

 

6.4 Colles’ Fracture Characteristics 

 
 
This section will be dedicated to those fractures deemed clinically relevant, including 

those identified as possible two-part Colles’ fractures. Data regarding the gender, body 

mass index, and age along with experimental variables such as the total force applied and 

force decomposition will be compared to the resultant fracture of the radius. 

 

After filtering out those fractures that were not able to be identified using the AO 

Classification principles detailed in the first chapter of this paper, the remaining arms 

were analyzed the same way as in the previous sections. The table below, Table 6.4.1, 

shows the classification of each arm. 

 

I.D. Gender Age (yrs) Fracture Type 
S090794 Female 68 A2 (Colles') 
C080511 Female 68 A3 (Colles') 
C091060 Female 70 A2 (Colles') 
C091000 Female 84 A3 (Colles') 
C090502 Male 21 C1 
C090886 Male 33 A3 (Colles') 
S080853 Male 37 C3 

 

Table 6.4.1: Relevant Fracture Types Created 

 

From the table above, it appeared that gender played a role in the creation of a Colles’ 

fracture. While three male samples did produce clinically classifiable fractures, only one 

of those was a two-part Colles’ fracture. Both of the remaining samples were three part 

fractures with varying degrees of comminution, S080853 having the greatest degree of 
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comminution. The figure below illustrates the disparity in fracture creation between male 

and female samples. 

 

 
Figure 6.4.1: Fracture Pattern Disparity between Male and Female Cadavers 

 

In further investigation of this contrast in fracture patterns, the total force applied to 

fracture and the ration between axial and bending loads was examined. Results from this 

research can be seen below in Table 6.4.2. 
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Total Force 
Applied to 

Fracture (N) 
Axial:Bending 

Ratio 
Female Cadavera 
     Average 3022.58 2.70 
     Std Dev 612.73 0.93 
     Uncertainty 974.99 1.49 
Male Cadavera 
     Average 2953.85 4.06 
     Std Dev 380.73 0.77 
     Uncertainty 699.56 1.42 

 

Table 6.4.2: Male and Female Cadavera Applied Force and Force Ratio Comparison 

 

There appeared to be little to no change in total load applied to each arm on average; 

however there was a large disparity in the axial to bending ratio. This value speaks to the 

orientation of each arm at the time of testing. The male arms were oriented more 

orthogonal to the impact wedge than the female arms and while that appeared to have a 

positive effect when compared to the unclassifiable fractures, it produced more 

fragmentation across classifiable fractures. It should be noted that all but one arm in this 

population of classifiable fractures was oriented in Scenario 1 loading. This arm was a 

female and since Scenario 2 loading allows a higher degree of bending loads, this would 

lower the average ratio for the gender’s subset. 

 

Another thought was that the general physical health of the patient would play a role on 

the strength of the radius. The most reliable measure of the health of each patient was to 

calculate the BMI of the donors. This, along with the gender and age, could then be 

compared to the force required to fracture the arm and the resultant pattern from testing. 

This was done below in Table 6.4.3 and Figure 6.4.2. 
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I.D. Gender 
Age 
(yrs) BMI 

Force Applied to 
Fracture (N) Fracture Type 

S090794 Female 68 24.9 3754.60 A2 (Colles') 
C080511 Female 68 15.6 2492.17 A3 (Colles') 
C091060 Female 70 21.9 2541.77 A2 (Colles') 
C091000 Female 84 31.2 3301.76 A3 (Colles') 
C090502 Male 21 29.3 2515.81 C1 
C090886 Male 33 16.2 3140.48 A3 (Colles') 
S080853 Male 37 26.6 3205.26 C3 

 

Table 6.4.3: Specimen BMI and Applied Force Values 

 

 
Figure 6.4.2: BMI and Applied Force Comparison 

 

From this data one can see that the fracture pattern cannot be determined based simply on 

the body mass index of the patient. This was especially evident for the male cadavers. 

The one Colles’ fracture that occurred as a result of testing did not appear independent of 

the other two male samples as both the body mass index and the total applied force were 

similar to values seen in fracture patterns not conducive with Colles’ characteristics. For 

the female samples, there were instances where as BMI increased, so did the force 
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necessary to induce a fracture but no real pattern was observed. A major contributing 

factor to this may be the age of each patient and this will be discussed further in the next 

chapter.  

 

6.5 Impulse Calculations 

 
To provide a comparative analysis, the impact testing of two cadavera was recorded using 

high speed video. The total time of impact was calculated, as was the mass and velocity 

of the drop load, and then the three were used to calculate the load required to stop the 

momentum of the falling mass. These values, as well as the resulting loads can be seen 

below in Table 6.5.1. 

 

I.D. Gender 

Drop 

Mass (kg) 

Velocity at 

Impact (m/s) 

∆t 

(sec) 

Impulse 

Load (N) 

Total 

Load (N) 

C091060 Female 22.51 4.08 0.038 2419.23 2643.42 

C090502 Male 22.62 4.03 0.031 2940.6 3164.79 

Table 6.5.1: Impulse Loads for Two Samples 

 

The total load calculated in the table above accounts for the sum of the impulse load and 

the preload. Both the impulse and impact mechanic methodology for calculating total 

load applied to fracture provide results that are near those reported in publication. (2, 18, 31) 

However, the two methods do not necessarily predict one another. The total load 

calculation for C091060 is fairly similar between the two methods, 2643.42 N for 

impulse and 2541.77 N using impact mechanics. However, the same cannot be said for 

C090502 where the impulse calculations estimate a value of 3164.79 N total and impact 

mechanics equations predict a value of 2515.81 N.  
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Chapter 7: Discussion 

 

7.1 Discussion of Results 

 
The aim of this body of work was to attempt to develop a method to create a repeatable 

Colles’ fracture across all potential cadaveric samples. The method chosen was an impact 

based recreation of a fall onto the outstretched hand. This method employed falling 

weights with preloading and combined dorsal bending along with wrist extension.  

Through this method, it was found that an average of 3046.2 N ± 650.4 N was needed to 

create a Colles’ fracture. This value falls within the published cadaveric distal radius 

fracture range of 1600 – 3400 N. (2, 18, 31)  These studies applied different boundary 

conditions, orientation of loading as well as loading rate, to the problem but obtained 

relatively similar results. It is very possible that anatomical and physiological variability 

in the cadaveric samples explains the wide range of fracture loads reported in literature, 

though methodological differences may also account for this range. Results of the 

published data as well as that collected in this study can be seen below in Figure 7.1.1 

and Table 7.1.1. 

 
Figure 7.1.1: Comparison of Results of this Study to Published Findings 
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Research 
Study/Publication 

Average Load to Distal 
Radius Fracture (N) 

Uncertainty 
(N) 

This Study (males) 2953.9 699.6 
This Study (females) 3022.6 975.0 
Augat, 1998 2648 1489 
Muller, 2003 (males) 3673 792 
Muller, 2003 (females) 2642 397 
Gdela, 2008 2581 45 

Table 7.1.1: Results from this Study and Comparable Publications 

 

Furthermore, tests which most often resulted in Colles’ fractures were achieved when a 

ratio of axial to bending loads of 2.8 ± 0.84 was employed. To obtain this, two different 

loading scenarios were tested that changed the proportion of axial and bending loads on 

the radius. The study did not isolate the distal radius as many studies have in the past by 

extracting soft tissues and articulating bone structures. The forearm was left completely 

intact in an effort to best recreate the physiologic event of a forward fall. Interosseus 

force transmission would be completely lost if the tissue surrounding the radius was 

stripped. However, maintaining the tissues around the target area increased variability 

from subject to subject. It is possible that force damping through soft tissues caused 

unaccounted variability in the study. In an effort to investigate this issue, a comparison of 

body mass index of the patient to the total calculated load to fracture was employed but 

no correlation was found.  

 

The method for this study focused mainly on impact force, as opposed to displacement or 

energy. A significant reason for this is the difficulty in obtaining data on the deformation 

that the bone may have undergone in absorbing energy, rather than soft tissue 

displacement which was more evident visually. If the deformation is exceedingly small, 

then energy based models may better describe risks of soft tissue damage instead of bone 

fracture. 

 

When testing began, pure impact loading was employed; no preload was used to stabilize 

the sample prior to impact. Further along in testing preloading was used to increase 
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stability, and thus, repeatability between samples. Another effect of preloading was to 

replicate muscular contraction around the radius, which would act to stabilize carpal 

bones and provide for better force transmission to the radius. The force applied to the 

radius was shown to be greater than just the weight of the falling mass. The use of impact 

mechanics supported the methodology of the study as the equivalent static loads fell 

within the published fracture loads mentioned previously.  

 

Impulse calculations were also used for a small subset of the sample population in an 

effort to provide another method for predicting the fracture loads applied. The results 

varied compared to the impact calculations as the two methodologies did not necessarily 

match in reference to total load applied. The method employed to obtain results for this 

study were not designed specifically for data gathering for impulse calculations. Changes 

would need to be made to provide a reliable estimation of the similarity between the two 

analysis methods. Specifically, parts of the impact tower frame used to safely stop the 

dropping mass would need to be removed, or moved, so that the arm tissue would be 

allowed to compress fully before reversing the travel of the falling weight. Only then 

could accurate estimations of load applied be made for more arms using impulse 

calculations. 

 

7.2 Variability Control and Sources of Error 

 
Two major sources for variability in this study were methodological and biological. 

Those method based sources for error are controllable, for the most part, and can be used 

to study the effects they have on a particular result as they make up the variables for the 

study. For this study those variables were the drop load, the preload, the drop height, the 

tissue interference, the dorsal bend at the elbow of the arm, and the wrist extension. 

These variables were used in the calculation of loads applied to the forearm and the 

eventual fracture load for the distal radius. It is difficult to account for these variables in a 

dynamic loading situation. For instance, it is assumed that the orientation the arm was put 

in was maintained through testing but whether the bone moved slightly inside the soft 
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tissues is unknown. Because the soft tissues of the arm were maintained, there was no 

visible feedback from the radius in testing until after impact using a fluoroscope. 

 

Donor age, gender, height, and weight were some of the biological variables studied but 

this does not account for the full scope of potential factors that could affect bone health of 

that patient. Patient screening is used in many cases to limit the effect that a patient’s 

lifestyle choices will affect a study however for this study the only filter was that patients 

were not to have undergone any previous surgeries or trauma related to a fracture of the 

distal radius. Many donors whose arms were used for testing had been bedridden for 

some time or had suffered a debilitating disorder since birth that affected the tissues 

surrounding their forearms. While these samples were used for data gathering they do 

not, perhaps, represent a good subset of the general population that is most susceptible to 

distal radius fracture.   

 
7.3 Plausibility of Colles’ Fracture Recreation 

 

From a mechanics standpoint, applying a load to the radius that would cause the distal 

portion to fracture and displace dorsally and proximally should be simple if the radius is 

an isolated body. Achieving that same effect in a bone of unknown quality/health 

surrounded by tissues of unknown mechanical significance while applying the load 

indirectly to the radius is a different problem. This study has shown that it is very 

possible to recreate an event that leads to a Colles’ fracture in cadaveric specimens. 

However the fracture occurred in a relatively small portion of the total test population and 

the necessary loads applied, as well as the general orientation of the arm, varied.  

 

The clinical relevance of achieving the Colles’ fracture in a controlled setting is great. It 

could very well lead to better diagnoses and treatment of the ailment while also providing 

society with more information on how to avert the injury. Impact, or at least high rate, 

loading provided a more accurate replica of a forward fall event and this is a common 

cause for the target fracture. However the absolute knowledge of necessary loads and 
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orientation to create the fracture across an entire population is not appreciated and may 

not exist.  
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Chapter 8: Conclusions 

 

8.1 Necessity of Testing and Future Work 

 

As was discussed earlier, the target fracture was achieved using the described 

methodology. However, a more defined scope and greater magnitude of testing would 

need to be done to really validate this method. One can draw on the studies described in 

the first chapter of this paper to design a method that has a high probability of success but 

biological factors outside their control will inevitably introduce unforeseen error into the 

results.   

 

If the method of this thesis were to be investigated further there are a number of things 

that could be done to potentially improve the results. In this study, radiographic 

dimensions were used to describe the potential strength of the radius. Other published 

studies used bone mineral density to show that the percent of cortical bone (with respect 

to total bone tissue at a given site) can have a modest but meaningful effect on predicted 

fracture load. This can be achieved through the use of computed tomography of the bone. 

Using this as a discriminating factor (instead of cross sectional area) between samples 

with differing results may better explain how the applied loads acted in testing.  

 

Finite element analysis models of the bone have also been shown to provide results that 

are reasonably similar to those achieved through experimental testing. A model where the 

user could vary the orientation of bodies that articulate with the distal radius and that can 

estimate the dynamic loading conditions that occur through an impact scenario would be 

very valuable. This could speed the iterating process involved with testing.  

 

A final test that could provide some significance is one where actual impact loads are 

measured directly and compared to those calculated. Also, these could be compared to 

cadavers being tested in the same orientation but with slow loading rates. Past studies 
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have used slow acting loads to measure the point at which fracture is achieved however 

the differences between these results and those achieved through the dynamic, quasi-

static loading is unknown. 
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Appendices 

 

A: Cadaver Fracture Data 
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Figure A.1: Fracture Testing Forms for all Arms that underwent Impact Analysis 
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B: Dimensional Data of Radii 

 
As was stated previously, arms underwent dimensional analysis using fluoroscopic 

images taken prior to testing. Below, in Figure B.1 is a sample of this measurement. 

 
Figure B.1: Sample of Osirix Dimensioning Output 

 

A table of values was put together for all arms measured using Osirix. The values were 

separated based on gender. The two tables of dimensional values can be seen below in 

Tables B.1 and B.2. 
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Table B.1: Radius Dimensions for Female Cadavers 

 

 
Table B.2: Radius Dimensions for Male Cadavers 

  

AP ulnar Lat volar AP Lat

Number Sex OD ID OD ID OD ID OD ID
C091057_R F66 30.42 29.11 15.95 14.20 20.66 21.55 16.40 15.80 11.15 7.85
S090794 R F68 24.08 22.91 18.71 17.82  n/a n/a 13.58 9.00 10.34 6.35
C080511_R F68 24.80 23.88 17.84 17.29 10.25 11.26 18.19 15.69 12.79 11.06
C091060_L F70 19.56 18.40 21.82 21.48 15.15 14.11 12.31 7.89 11.20 7.47
C090926 L F83 31.80 31.14 19.51 18.27 n/a n/a 23.44 21.21 14.90 13.28
C090926 R F83 27.25 26.42 16.43 15.25 n/a n/a 12.05 7.94 8.37 7.26
C091000_R F84 26.09 25.11 24.97 23.53 23.19 16.04 16.17 12.07 15.26 11.90
C091175_R F85 35.46 33.11 26.28 25.61 28.51 22.09 16.19 11.71 11.43 7.61

Average 27.43 26.26 20.19 19.18 19.55 17.01 16.04 12.66 11.93 9.10
St. Dev 4.99 4.76 3.83 4.00 7.08 4.71 3.69 4.66 2.31 2.58
Uncertainty 4.17 3.98 3.21 3.35 8.79 5.85 3.09 3.89 1.93 2.15

DISTAL (A) A-B Distance (mm) INTERMEDIATE (B)

LATAP

Number Sex OD ID OD ID OD ID OD ID
C090502_L M21 27.83 27.37 23.20 22.49 17.99 19.12 16.76 12.80 13.12 9.10
C090445_R M32 32.30 31.11 29.01 27.53 16.42 21.85 19.99 15.13 14.30 10.42
C090886_R M33 29.24 28.80 20.84 20.05 17.64 14.89 18.63 14.63 12.72 9.88
S080853_L M37 31.43 30.50 18.09 17.36 21.03 18.05 21.80 18.03 11.75 8.70

Average 30.20 29.44 22.79 21.86 18.27 18.47 19.30 15.15 12.97 9.53
St. Dev 2.04 1.70 4.65 4.32 1.96 2.88 2.13 2.17 1.06 0.77
Uncertainty 3.24 2.70 7.40 6.88 3.12 4.58 3.39 3.45 1.68 1.23

A-B Distance (mm)DISTAL (A) INTERMEDIATE (B)
AP ulnar radial Lat volar dorsal LatAP

LATAP
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C: Sample Calculation of Fracture Forces 

The following calculation was done for specimen C091060 L (female, age 70): 
 
C091060L – scenario 1 loading 

• W=220.63N 
• δst=1.905 cm 
• h=85.09 cm 
• Fpre=224.19 
• α=62.5° 
• β=10° 

 
Using equation 3.9 one can calculate the total force applied to fracture, given the above 
values: 
 

�� � �&� �'� � ��� ! #( 

 #�� � �N�OFPQR �!4! � �� � �56� � �PS�FOOR 

 

Then, taking into account the loading scenario, one can use equations 5.1 and 5.9 to 

obtain the axial and bending components of force on the radius: 

 

TBC?�DEU#�#VU��E?� $ �)�=7�*9:8; � +,-�. � / 0 123� 
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