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ABSTRACT 

All forensic investigators understand the relative importance of blood within a 

crime scene.    Blood is one of the most common and important types of physical 

evidence present at a crime scene and an investigator can derive valuable 

evidence and information. The reconstruction of a bloodshed event is often used 

to determine physical events that have occurred.  One such reconstruction tool 

involves the determination of the Area of Origin (AOO).  The AOO is the three 

dimensional location from which the blood that produced a bloodstain originated.  

Strings or virtual strings are projected from the leading edge of the stain at the 

impact angle, while maintaining the gamma angle (which is along the axis 

through the ellipse).  Extensive research has been conducted into the 

methodology employed to validate the accuracy of AOO determinations.  

However, no research has studied the effect of wind on AOO determinations that 

are routinely conducted in many crime scene reconstructions. 

The present study aims to identify if the presence and intensity of wind affects the 

flight path of airborne blood droplets, and therefore, the calculated AOO.  A total 

of 70 impact bloodstain patterns were created in association with seven wind 

speeds ranging from 0 to 17 kph, a fan placed 90 degrees to the receiving 

surface was used to generate the wind source.  The Tangent method was then 

used for AOO determinations, with Microsoft Office Excel 2003 Auto Shapes 

being utilised for stain measurement and angle of impact calculations.  The 70 

impact bloodstain patterns were divided into seven groups of 10 according to the 

wind speed. The known X, Y and Z coordinates were compared against the 

calculated X, Y and Z coordinates and the direction difference determined 

(positive or negative).  
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The results of this project demonstrated that the presence and intensity of wind 

affects the AOO determination for impact bloodstain patterns, in 4/60 patterns 

this resulted in the determination of a 2nd AOO, thus indicating a second impact 

where there was actually none.  This may have been a coincidence as there 

appears no reason to expect blood drops to divert in such a way to give a second 

convergence area. why the blood drops   The research also identified that the 

distribution of individual bloodstains within an impact bloodstain pattern were 

affected by wind, with the directional features of many individual bloodstains 

indicating that these bloodstains were not resultant of the known impact that 

occurred.  Forensically the latter is extremely important, because if the BPA 

analyst is not cognisant of the effect of wind, these individual bloodstains would 

be interpreted as originating from a different incident than that of the actual 

impact.   
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CHAPTER ONE – INTRODUCTION TO THE STUDY 

1.1 Introduction  

All forensic investigators understand the relative importance of blood within a 

crime scene, which is one of the most common and important types of physical 

evidence present (Raymond et al. 2001).  An investigator can derive valuable 

evidence and information from the serology, immunology and interpretation of 

bloodstains and bloodstain patterns (Pizzola et al. 1986a).  This chapter 

introduces the forensic discipline of Bloodstain Pattern Analysis (BPA). 

BPA is the analysis of the size, shape, distribution and location of bloodstains 

and bloodstain patterns with knowledge of the underpinning sciences 

(mathematics, biology, chemistry and physics) that provide information on the 

events (or sequence of events) that resulted in the deposition of the bloodstains 

and bloodstain patterns (Bevel and Gardner 2008; MacDonell 2005).  BPA 

provides the “how” at a crime scene by providing information on what occurred 

and the sequencing of these events, whereas fingerprints and DNA provide 

information on “who” was involved in the incident. 

Raymond et al. (2001) and Bevel and Gardner (2008) state that BPA provides 

information to determine: 

 Areas of convergence (AOC) and area of origin (AOO) of the blood source; 

 mechanisms that produced the bloodstains and bloodstain patterns; 

 the position of victims, offenders and items within the scene during the 

bloodshed event; 

 the nature of the force involved and the direction from which the force was 

applied; 
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 the nature of an object used to apply force to the blood source, and; 

 an approximation on the number of blows struck during the incident. 

 

1.2 Historical Development 

Although considered a relatively new discipline in the forensic field, BPA has 

documented studies dating to the early 19th century.  The information contained 

in the earliest research does not pertain specifically to BPA, however it does 

discuss aspects about the behaviour of blood.  Documented observations, 

specific to the discipline of BPA, began to emerge by the late 19th century 

(Woodman and Tidy 1877; Edwell 1887; Piotrowski 1895).   

Woodman and Tidy (1877) noted that the angular impact of blood droplets 

formed a comet-shaped bloodstain and the shape of that bloodstain enabled a 

determination of the direction the droplet was travelling prior to impacting the 

receiving surface.  This observation still holds true today is one of the first 

characteristics modern day practitioners examine when conducting crime scene 

interpretations. 

Tidy (1882) compiled another paper discussing the importance of documenting 

observations prior to applying any testing protocol.  The findings of Tidy (1882) 

continue to influence the methodology of the BPA practitioner today by 

suggesting that before attempting to apply any tests with reference to blood spots 

(bloodstains), there must be a record of the following: 

 Their number, size, and shape.  It should also be noted whether the stains 

are of a spot nature or more like a smear; 

 their exact position on the garment or instrument submitted for 

examination, and  

 if upon a fabric, the side of the fabric on which they occur. 
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The above are still followed in modern forensic practice, with any competent 

practitioner ensuring that such information is documented and recorded prior to 

any testing or treatment of bloodstains at a crime scene. 

Piotrowski (1895) conducted the first study of BPA interpretation.  Piotrowski 

designed an experiment relative to blood dynamics; this was performed in a 

methodical manner by utilising live rabbits as a blood source.  Piotrowski struck 

the rabbits with a variety of impact tools (hammer, stone and hatchet) and 

identified that lengthy stains, in an exclamation mark form, occurred on the floor, 

whereas small finger-like spines (that radiated outward and upward) were 

deposited on the wall near the blood source.  This is the first documented 

research explaining and describing the characteristics of impact pattern 

bloodstains. 

Piotrowski also identified a different kind of blood spatter as a result of blood 

being projected from the weapon as it travelled through the air.  Piotrowski noted 

that the shape of the bloodstain varies depending on how the spatter impacted 

the target.  For example, if impacted perpendicularly, then the stains are circular 

in nature, and if they impacted at an angle, the stain is lengthy and their pointed 

end indicates the direction the drop was travelling.  This type of bloodstain is 

known as a cast-off pattern and is used to assist in determining the location of 

the blood-borne object at the time it was being moved through the air.  The 

observations, descriptions and correlations of these bloodstain patterns identified 

by Piotrowski are used today by BPA practitioners.  These findings enable the 

BPA practitioner to identify impact and cast-off bloodstain patterns on the floor 

and walls within a crime scene. 

In addition, the empirical research of Piotrowski (1895) has enabled 

determinations to be made on the direction a blood droplet has travelled and the 

location (or position) of the blood source at the time the blood was deposited. 
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This is the cornerstone of Area of Origin (AOO) determination used today for 

crime scene interpretations involving a bloodshed event (Carter et al. 2006; 

Connolly et al. 2012; Illes and Bouse 2013). 

Balthazard et al. (1939) presented a paper to the Congress of Forensic Medicine 

titled “Research of Blood Spatter”.  Balthazard was the first to demonstrate that 

the length to width ratio of a bloodstain is a function of the angle at which the 

blood droplet impacted a receiving surface.  This research is instrumental 

because it forms the basis of the reconstruction technique used to this day to 

determine the AOO of a liquid blood source (Carter et al. 2006; Reynolds et al. 

2008; Connolly et al. 2012; Illes and Bouse 2013). 

In 1955, Kirk prepared an affidavit for the case State of Ohio vs. Samuel 

Sheppard.  In his affidavit, Kirk described the position of the accused and the 

victim at the time of the bloodshed event; he also indicated which hand 

administered the blows to the victim.  Kirk’s affidavit was compiled following his 

examination and investigation of both physical and technical evidence.  At the 

completion of his examination and investigation, Kirk conducted numerous 

experiments to test his results.  Kirk’s affidavit was accepted as expert evidence 

and paved the way for the application of BPA in court proceedings (Bevel and 

Gardner 2008; James et al. 2005). Although Kirk’s evidence was accepted by the 

court, and Kirk’s knowledge and consideration of bloodstain pattern analysis are 

respected, Bevel and Gardner (2008) questioned the reconstruction and 

interpretation conducted in the Sheppard case, explaining that Kirk managed to 

interweave extremely subjective information into his opinion, which would unlikely 

meet evidentiary admissibility criteria in a modern judicial system. 
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MacDonell (1972) compiled a comprehensive report that contains both rules and 

guides for the interpretation of bloodstain pattern evidence. His paper, “Flight 

Characteristics and Stain Patterns of Human Blood” was revised in 1982 and 

titled “Bloodstain Pattern Interpretation”, before MacDonell completed a third 

paper on the subject in 1993, titled “Bloodstain Patterns” (Bevel and Gardner 

2008).  The research conducted by MacDonell is extensive and covered 

characteristics of liquid blood, bloodstain characteristics in relation to size and 

shape, the effect of receiving surface on spatter, impact angle considerations and 

characteristics of different velocity spatter.  

MacDonell’s findings provide the current BPA analyst with useful guidelines and 

rules that can be referenced when conducting bloodstain pattern interpretations 

(Flight Characteristics and Stain Patterns of Human Blood 1972).  MacDonell 

continued his involvement in the development of BPA, and in 1983 he was a 

founding member of the International Association of Bloodstain Pattern Analysts 

(IABPA).  The association is responsible for promoting education, establishing 

training standards, and encouraging research in the discipline (IABPA 2013).  

The IABPA currently has a worldwide membership of approximately 800 people 

from various scientific and law enforcement backgrounds (IABPA 2013).  

Since the formation of the IABPA, significant advances have been achieved in 

the discipline, with extensive research conducted that has resulted in numerous 

publications to assist the bloodstain pattern analyst, for example: Blood Droplet 

Dynamics (Pizzola et.al 1986; Raymond et al. 1995); Computer Assisted 

Methods For Bloodstain Reconstruction (Carter et al. 2006; Reynolds et al.  

2008); Validation Of Reconstruction Methods To Determine Area of Origin (AOO) 

Of The Blood Source (Carter et al 2006; Rogers 2009) and Improving The Point 

Of Origin Determination (DeBruin et al. 2011) amongst others (see Chapter three 

for further review). 
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1.3 Aims and Objectives 

The reconstruction of a blood shed event is often used to determine the physical 

events that have occurred.  One such reconstruction tool involves the 

determination of the AOO, which is the three-dimensional location from which the 

blood that produced a bloodstain originated (BPA SWG 2008).  This is 

determined by projecting angles of impact of well-defined bloodstains back to an 

axis constructed through the point (or area) of convergence (Raymond et al. 

1997) The latter is based on the theory of directional analysis as validated by 

Carter et al. (2006).  

Often the information determined from the reconstruction of the AOO is used 

during criminal court proceedings to determine the number of times the victim 

was struck, and the location of the victim at the time of the assault; was the victim 

standing and fighting with the accused? Or were they lying on the ground 

defenceless at the time of the assault?  It is vital the information obtained from 

any crime scene reconstruction is accurate and reliable.  Such information may 

prove or disprove the version of events that is provided by the accused. The 

methods employed to determine the AOO are based on the assumption that 

blood droplets travel in a straight line trajectory.  

Currently, no AOO reconstruction methods take into account the effect of wind on 

the reliability of these reconstruction calculations, in addition there is a paucity of 

published research on the effect of wind on resultant bloodstain patterns. The 

purpose of this study is to identify if the presence and/or intensity of wind affects 

the flight path of airborne blood droplets and therefore the calculated AOO.   

The importance of this study is that the AOO calculations are used in the criminal 

justice system to determine the location of a victim at the time of being assaulted. 

Currently the BPA analyst does not know if wind does (and if so, how) affect 

these calculations.  The specific aims of the present thesis are: 
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i) To determine the effect of wind on the calculated AOO of impact 

bloodstain patterns 

Numerous studies have been performed to determine the accuracy of the various 

reconstruction techniques that are employed to determine blood source AOO 

(Carter et al. 2006, Reynolds et al. 2009 and Connolly et al. 2012).  Rogers 

(2009) concluded that all three reconstructive techniques (Tangent, String Line 

and Computer Assisted) are comparable and reliable blood source AOO 

determination methods (see Chapter Four for further review of these methods). 

Using all three reconstruction techniques, Rogers found a variance between the 

actual blood source height and the calculated height of 8 to 10 cm.  Gardner et 

al. (2012) found a difference between calculated blood source AOO and actual 

AOO of between 1 to 5 cm, when using computer assisted software. However, 

these research projects were conducted in a controlled internal environment with 

minimal or no wind; this is generally not the case in the real world of crime scene 

reconstruction.  One aim of this thesis is, therefore, to determine the effect of 

wind on the calculated AOO of impact bloodstain patterns, as currently the effect 

is unknown. 

Wind arises from both natural and mechanical sources.  Statistics from the 

Bureau of Meteorology (2014) state that the average afternoon wind speeds in 

the Perth metropolitan area range from 12.5 to 19.5 kph (depending on the 

season).  Mechanical sources, such as fans and air conditioners of various 

strengths, are common in residential and commercial premises throughout 

Western Australia; thus with the prevalence of wind in outdoor and indoor crime 

scenes, consideration must be given to how it affects the determination of the 

AOO.  Currently there is no published research of the effect of wind on these 

calculations.  It is vital that this research is conducted as the BPA analyst is 

currently unable to explain the effect of wind on interpretations that are used in 

the criminal justice system.  
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ii) To determine the presence of a relationship between wind intensity 

and calculated AOO 

If wind does affect the reconstruction of the AOO from impact bloodstain 

patterns, it is vital to determine the extent of its effect, and to then determine the 

scientific relationship between the strength of the wind and the variance to the 

calculated AOO. In addition, it is important to explain how wind direction affects 

the calculated AOO.  For example, does the direction of the wind determine the 

direction of the variation to the calculated AOO?  It is important to determine if 

these relationships exist, as an understanding of these factors will assist the BPA 

analyst in providing accurate information to the criminal justice system. 

 

1.4 Sources of Data 

A total of 70 impact bloodstain patterns were created by one individual at varying 

wind speeds. The individual who created the impact bloodstain patterns recorded 

the location of the blood source and the wind speed for each pattern.  Pig blood 

(see section 1.7) was utilised and the wind source was generated with a 750mm 

industrial pedestal fan.  All impact bloodstain patterns created in association with 

wind were created in a 50 m ballistics tunnel at the Western Australian Police 

Forensic Field Operations Building.  Area of Origin determinations of the 70 

bloodstain patterns were performed with no prior knowledge of either wind speed 

or the location of the blood source at the time the patterns were created. 
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1.5 Thesis Outline  

Chapter Two explores the biological and physical properties of blood.  Chapter 

Three discusses blood dynamics, considering blood droplet formation and the 

relevant physics principles, blood droplets in flight and blood droplet impact 

dynamics. Chapter Four explains the terminology and the reconstruction 

techniques (and principles) used to reconstruct impact bloodstain patterns. The 

materials and methods of the present project are outlined in Chapter Five.  

Chapter Six outlines the results of this study and a discussion and interpretation 

of the latter are presented in Chapter Seven, in addition to due consideration of 

the limitations of the study and any potential research that may be required in the 

future. 

 

1.6 Potential limitations of the present Study 

A pedestal fan was used to create the wind for this study, which means that it 

was not possible to obtain a consistent wind speed (or wind flow) at the location 

of the blood source prior to the impact.  The wind speed measurements varied or 

fluctuated by between 1 and 2 kph.  As a result, all wind speeds used are 

categorised as a wind speed range, rather than a single speed.  

In addition, the speed of the wind decreased with increasing distance from the 

fan.  Although the speed range of each trial was measured at the location of the 

impact, the blood droplets that travelled through the air towards the fan were 

subjected to a greater wind speed; conversely, those that travelled away from the 

fan were subjected to a lower wind speed.  This matters from a purely scientific 

perspective, however, in the real world in which crime scene are examined and 

interpreted, the exact wind speed at the time of crime is (and always will be) 

unknown.   
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Further if the wind is generated from an external wind source (fan or air 

conditioner) then the blood will be subjected the same potential conditions as 

those discussed above. 

The impact bloodstain patterns were created by a person, and as such, it is not 

possible to replicate the exact force or angle of the application of the force that is 

applied to the blood source for each trial.  In addition, the creator of the impact 

bloodstain patterns was not restricted to a single application of force to the blood 

source to create the pattern, if additional impacts were required to create an 

impact pattern that was suitable for reconstruction it was applied.  Again, from a 

purely scientific perspective, it would have been beneficial to apply the same 

number of impacts and amount of force to the blood source for each trial.  

Although this may be seen as a potential issue, the number and amount of force 

used for each trial is suitable to create an impact bloodstain pattern.  The mere 

presence of the impact bloodstain pattern (suitable for reconstruction) indicates 

that the force applied to the blood source is suitable for this project.  Again, in the 

real world of crime scene reconstruction, the BPA analyst will never know exactly 

how much force was applied to the blood source. 

 

1.7 Use of Animal Blood for Research 

Obviously in crime scene reconstruction research, human blood is preferred 

because it is the liquid that is examined within these crime scenes.  However, 

due to the volume of blood required in the trials conducted in this project, it was 

not practical to have human blood removed by an authorised medical 

practitioner.  To that end, Porcine (pig) blood is used in all trials.  Raymond et al. 

(1996) compared fresh human blood with fresh (and aged) porcine blood and 

found a remarkable similarity in its surface tension, viscosity and relative density. 
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Their research indicates that porcine blood is a valid substitute for human blood 

in the re-enactment of a crime scene or for educational purposes (see Chapter 

Three for further discussion). 
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CHAPTER TWO – BIOLOGICAL AND PHYSICAL PROPERTIES OF BLOOD 

2.1 Introduction 

The specific aim of this thesis is to assess the effect of wind on the calculated 

AOO of impact bloodstain patterns.  This necessitates an understanding of the 

biological and physical properties of blood, as this is the fluid that is responsible 

for the pattern that is being reconstructed.  This chapter thus accordingly explains 

the composition and physical properties of blood. For the BPA analyst to 

accurately conduct an interpretation of a bloodshed event, they must have a 

fundamental understanding of the biological and physical properties of blood. 

 

2.2 Blood Composition 

The human body contains on average 70mL ± 10mL per kg of body weight. Thus 

an adult human male who weighs 70 kg has a blood volume of approximately 

five litres (Taggart et al. 1989).  Blood is a fluid mixture, consisting of formed 

elements and plasma.  There are three formed elements (red blood cells, white 

blood cells and platelets) in blood (Figure 2.1); this comprises approximately 45% 

of total blood volume (Eckert and James 1998), the plasma component 

constituting the remaining 55%.  Erythrocytes, leukocytes and platelets are 

morphologically different, with each type of cell performing a specialised function 

in the body (Daily 2001). 
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2.2.1 Red Blood Cells (Erythrocytes)  

The primary function of the red blood cells (RBC’s) is to carry oxygen from the 

lungs to all the cells of the body.  There are approximately 4.8-5.4 million 

RBC’s/mm3 of blood (Rodak 1995).  This accounts for 99% of the formed element 

component.  The RBC’s are flexible biconcave discs that contain an iron bearing 

protein (haemoglobin) and are devoid of a nucleus (Rodak 1995) (Figure 2.2).  

 

 

Figure 2.1: Separation of blood into RBC’s, WBC’s and Plasma (James et al. 
2005:43) 
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Figure 2.2: Formation of a blood clot taken with a Scanning Electron Microscope 
at a magnification of 1445x; RBC’s (red), platelets (blue) and fibrin strands 
(yellow).  (James et al. 2005:48) 

 

Hemoglobin is responsible for the transport of oxygen; the concave shape 

increases the surface area of the cell, thus allowing a larger volume of oxygen to 

be transported (James et al. 2005). The flexibility of a RBC is attributed to both its 

chemical structure and cellular membrane composition.  The area of the flexible 

membrane is larger than the minimum required to enclose the cellular contents 

(Jay 1973), this membrane has the ability to deform and change shape, thus 

allowing the RBC’s to access very small capillaries and conduct oxygen 

exchange to all cells. The average lifespan of a RBC is between 100 to 120 days.  

RBC’s are heavier than plasma and outnumber white blood cells (WBC’s) by a 

factor of 1000 to 1.  The RBC’s are a contributing factor to the viscosity of blood 

(James et al. 2005). 
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2.2.2 Leukocytes or White Blood Cells (WBC’s) 

White blood cells (WBC’s) (Figure 2.3) are vital to the body’s defence to disease, 

and they account for less than 1% of the formed elements within blood.  Due to 

the relatively low number of WBC’s, they have little effect on the physiological 

flow properties of blood (James et al. 2005).  They can be divided into two sub-

categories: granulocytes and nongranulocytes.  Granulocytes are produced in the 

bone marrow whereas, nongranulocytes are produced in the lymph nodes 

(James et al. 2005).  Each type of WBC has a specific role to locate and destroy 

antigens (Dailey 2001).  These are the only cells in the blood that contain a 

nucleus and are thus the source of a Deoxyribonucleic Acid (DNA) profile from a 

blood sample. Erythrocytes (RBC’s) are confined to the blood vessels, whilst 

WBC are able to move from the blood vessels to other cells (Seeley et al. 2010).  

This allows the WBC’s to target areas of damage or disease via the circulatory 

system and to move around the body to get to local damaged or diseased cells.  

When the WBC targets a local area, an inflammation (or immune) response to 

the damage or disease occurs (Seeley et al. 2010).   

 

Figure 2.3: Scanning electron microscope image of RBC’s (red disc shape), 
WBC’s (yellow) and platelets (red irregular shapes). (Seeley et al. 2010:652) 
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2.2.3 Platelets 

Platelets are (essentially) not cells; they are fragments of multinucleate cells 

called megakaryocytes that rapidly seal themselves from fluid (Seeley et al. 

2010).  The platelets are responsible for the clotting process when the circulatory 

system is ruptured.  Without platelets, even minor damage would produce 

irreversible leakage, resulting in death (Bevel and Gardner 2008).  Damage to a 

blood vessel allows the platelets to be exposed to the collagen lining of the blood 

vessel.  The exposure to collagen causes the platelet to change shape (increase 

in size) and become adhesive to stick to the damaged area on the blood vessel 

(Dailey 2001).  This response creates an initial barrier to prevent blood loss.  

Platelets further reduce blood loss by releasing substances that cause 

vasoconstriction at the injury site.   

Finally, the platelets combine with tissue cells to form a more permanent barrier 

of insoluble fibrin threads.  Like the RBC’s, the platelets do not have a nucleus 

and thus are unsuitable for DNA analysis.  The low percentage of platelets in 

whole blood means they have little effect on the physical properties of blood flow 

(James et al. 2005).  

 

2.2.4 Plasma 

Plasma is the largest component of blood by volume and is comprised of 

approximately 91% water, 8% soluble protein and 1% organic acids and salts.  

The plasma is the liquid part of the blood.  One type of protein found in the 

plasma is fibrinogen, which after physical disruption of the blood vessel, is 

converted to fibrin and forms a gelatinous mass or clot (James et al. 2005); the 

latter assists in the prevention of blood loss when a blood vessel is damaged.  

When plasma is separated from the blood it is a light red coloured liquid (Figure 

2.1).   
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Plasma is responsible for the transport of the formed elements around the body 

and the dissolving of over 100 different substances, from salts and nutrients, to 

waste products and respiratory gases (Seeley 2010).   

 

2.3 Physical Properties of Blood 

Blood is a liquid that is heavier, and approximately four times thicker, than water, 

due to the presence of formed elements (Seeley 2010).  It is important for a 

bloodstain pattern analyst to have a basic understanding of the physical 

properties of blood; this underpinning knowledge is essential when discussing the 

manner in which blood will behave during flight and impact onto the receiving 

surface.  James et al. (2005:48) state: “The flight characteristics and the resultant 

stain characteristics are a function of the physical properties of blood.”    

There are three physical properties that are especially important to the study of 

bloodstains: viscosity; surface tension; and relative density.  These are 

accordingly discussed below. 

 

2.3.1 Viscosity 

Giancoli (2005) defines viscosity as the amount of internal friction.  Viscosity is 

essentially the frictional force between adjacent layers of fluid as the layers move 

past one another. The viscosity of blood at body temperature is approximately 

four times greater than that of water; the viscosity of blood deceases as 

temperature increases (Attinger et al 2013).   

The viscosity of a liquid is a direct result of the attractive forces between the 

molecules that are present in the liquid.  Within blood the surface of the red blood 

cells produce a large negative charge.  This negative charge is responsible for 

the viscosity of blood. Although (as stated earlier) the viscosity of blood is four 
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times thicker than water, blood has the ability to change its viscosity.  Fluids with 

this ability are known as non-Newtonian fluids (James et al. 2005).  

Blood is a pseudoplastic or shear thinning non-Newtonian fluid.  A non-

Newtonian fluid has a non-constant relationship between the stress/shear rate 

that is applied to the liquid and its viscosity (James et al. 2005).  For liquid blood, 

as the shear rate increases, its viscosity deceases (Vogel 1996).  This enables 

blood to become thinner as it travels through the ever thinning microscopic 

capillaries (increasing shear rate) of the body, thus supplying the cells the 

required nutrients and oxygen (Seeley 2010).  In relation to bloodstain pattern 

analysis, viscosity dampens the shape oscillations of blood droplets in flight and 

reduces spreading during impact (Raymond et al.1995).  The dampening effect is 

vital in relation to interpretation and stain measurement.  The use of oscillating 

bloodstains to calculate the AOO mayl lead to an incorrect reconstruction 

calculation.  These two topics are discussed in section 2.4.2 below. 

  

2.3.2 Surface Tension 

Surface tension is a force over a length that characterises any interface between 

two materials of a different physio-chemical structure (Attinger et al 2013); it is 

the elastic-like force that exists in the surface that tends to minimize the area of 

the surface. The tension results from molecules at the surface of the liquid 

experiencing net force directionality into the liquid (Figure 2.4).  This occurs 

because there are no molecules above those on the surface, which creates an 

inequality in intermolecular attractions, causing an increase in cohesive forces 

between the surface molecules (James et al. 2005).  The molecules attempt to 

achieve the most stable environment possible by minimising the exposed surface 

area. 
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The action of these forces creates a skin (or membrane) around the exposed 

area of the liquid (James et al. 2005).  Surface tension is a vital consideration for 

BPA as it keeps the blood droplets spherical (Figure 2.5) in shape during flight.   

In the reconstruction of impact pattern bloodstains to determine their AOO, it is 

assumed the blood droplet is spherical in shape at the point of impacting the 

target surface (James et al. 2005).  If the blood droplets are not spherical at the 

point of impact, then the resultant bloodstains shape and measurements will not 

provide an accurate calculation of the actual impact angle of the blood droplet, 

thus the calculated impact angle will be incorrect, which would affect the 

calculated AOO (Bevel and Gardner 2008). Raymond (1997) states that both the 

flight of the blood droplet and the shape of the bloodstain on the target surface 

are directly influenced by surface tension. 

 

 

Figure 2.4: Representation of surface tension on the surface and cohesion 
throughout a spherical droplet (Wonder 2001: 27). 
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Figure 2.5: Spheroid shape of an airborne droplet as a result of surface tension 
(James et al 2005: 61). 

 

2.3.2 Relative Density 

Giancoli (2005) defines the relative density of a substances as the ratio of the 

density of that substance to the density of water at 4°C.  Because relative density 

is a ratio, it is a simple number without units.   The relative density of water is 1; a 

substance that has a greater density than water will have a relative density 

greater than 1; whilst a substance less dense than water will have a relative 

density less than 1.  The relative density of blood is 1.06 (James et al. 2005).   

 

2.4 Blood Dynamics 

Blood is one of the most common and useful pieces of evidence available at 

crime scenes. In a violent bloodshed event, such as an assault where the 

offender attacks the victim with a baseball bat, the bloodstains observed provide 

information about the physical events that occurred during the assault.   
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Once blood exits the body, it is subject to numerous forces and undergoes a 

number of complex mechanisms prior to being deposited on a receiving surface 

(Bevel and Gardner 2008).  The purpose of the following sections are to explain 

the processes that occur in droplet formation, blood droplet flight, and the 

impacting of the droplet on the receiving surface. 

 

2.4.1 Blood Droplet Formation  

Laber et al. (2008) examined the stages that occur between the transformations 

from liquid blood source/pool, to airborne droplet, following the application of an 

external force. Using high speed cameras, Laber et al. identified five distinct 

stages that occur in the formation of the airborne blood droplets (Figure 2.6).  

The stages are universal to all airborne blood droplets and are independent of 

the mechanism that led to their creation.  These phases are important as they 

indicate that the origin of an impact pattern bloodstain cannot be a single point 

and should be considered as an area.  A comprehensive review of that research 

is presented in the next chapter. 

Once force is applied to the blood source the following phases occur, resulting in 

the airborne blood droplet: 

1) Sheet: Once a force is applied to the blood source the liquid becomes 

airborne.  During this phase the blood remains together and forms a sheet. 

 

2) Lattice: The second phase occurs as the adhesive and cohesive forces of 

the blood begin to be overcome by the external forces that were applied to 

the blood. 

 

3) Fingers: As the external forces continue to overcome the adhesive and 

cohesive forces of the blood the separation continues with the lattice 

appearance becoming finger like. 
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4) Beading: This phase occurs as the droplets begin to form at the end of the 

fingers. 

 

5) Droplets: The formation of the droplets is the last phase as the beads 

separate into singular droplets. 

 

 

Figure 2.6: The five phases of droplet formation resulting from a hammer 
impacting liquid blood.  Images recorded using a high speed camera (Laber et al. 
2008). 
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2.4.2 Blood Droplets in Flight  

One of the main objectives of BPA is to determine the location of the blood 

source (bleeding victim) at the time of the assault.  It is possible to reconstruct 

the bloodletting event by examining impact pattern bloodstains.  This involves the 

reversal reconstruction of droplet trajectories based on the impact bloodstain 

pattern (Bevel and Gardner 2008).  

Newtons laws of motion should be considered before examining the dynamics of 

blood droplets in flight: 

Newton’s First Law of Motion states “…in the absence of external forces, an 

object remains at rest and an object in motion continues in motion with a constant 

velocity” (that is, with a constant speed in a straight line) (Serway and Beichner 

2000).  Newtons first law of motion explains why a blood droplet in flight does not 

continue travelling through the air indefinitely.  Once the blood droplet becomes 

airborne external forces (gravity and air resistance) begin to work on the blood 

droplet.   

Downward acceleration is experienced by all objects due to the gravitational 

force exerted upon it by the Earth; the Earth’s force of gravity (ignoring air 

resistance) is approximately 9.81m/s2 (Serway and Beichner 2000).  Air 

resistance is the force that resists the movement of an object due to the viscosity 

of air (Carter and Podworny 1991).  Air resistance is influenced by both the size 

and speed of the droplet.  A larger droplet has a greater mass and momentum.  

Thus, a larger blood drop on the same trajectory and initiation velocity will travel 

further because there is less air resistance (James et al. 2005).  

 Newton’s Second Law of Motion states “…the acceleration of an object is 

directly proportional to the net force acting on it and inversely proportional to its 

mass” (Serway and Beichner 2000).   
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The second law explains why a larger droplet travels further as acceleration (or 

deceleration) from air resistance is inversely proportional to its mass.  Once an 

object becomes airborne, it moves in a curved path, and its motion is simple to 

analyze if two assumptions are made (Bevel and Gardner 2008).  Firstly, gravity 

is constant over the range of motion and is directly downwards.  Secondly, the 

effect of air resistance is negligible and works in the opposite direction to the 

direction the object is travelling (James et al. 2005).  These assumptions result in 

the trajectory occurring in a straight line, as seen from above in the X, Y plane, 

and being a parabolic arc (ballistic curve) (Figure 2.7). 

 

 

Figure 2.7: The parabolic path of a projectile (Serway and Beichner 2000:83). 
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When applying these two theories to the flight of a blood droplet, it can be stated 

that the droplet will travel in a straight line parabolic arc (James et al. 2005).  The 

theoretical application of Newton’s First Law of Motion, and the theoretical 

application of projectile motion to BPA, considers the effect of gravity and air 

resistance to an airborne blood droplet.  These assumptions enable the BPA 

analyst to reconstruct the flight path of the blood droplet to determine the AOO 

and thus the location of the blood source at the time the blood was impacted 

(James et al. 2005).   

BPA theory states that the calculated height of the blood source (AOO) will 

always be above the actual blood source (AOO) height because gravity and air 

resistance are pulling and slowing the travelling droplet towards the Earth (James 

et al. 2005).  The quantitative effect of these two forces cannot be calculated, 

however the net effect is known to be in a downward direction. 

Carter (2001) found, when researching the directional analysis of bloodstain 

patterns, that the value for the height of the blood source is an upper limit only, 

because it is not possible to calculate the actual flight paths of the blood droplet 

when the size and speed of the blood droplets are unknown.  The use of straight 

line trajectory back from the wall, for a curved path, extrapolates back to a point 

above the true source location, however it is not possible the estimate the 

amount of clearance between the theoretical string and the blood source.  

Recent BPA research (Laber et al. 2008 and Grover et al. 2010) has identified 

two limitations of the ballistic reconstruction of blood droplet trajectories: 

1) The AOO of blood droplets is distinct from the AOO of the blood source, 

as once the blood is impacted, it goes through five stages (sheet, lattice, fingers, 

beads and droplets); 

2) the air that the droplet travels through is not always stationary.  The 

resulting wind may push the droplet from its straight line trajectory. 
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Surface tension and cohesive forces are responsible for a blood droplet 

maintaining a spherical shape as it travels through the air (James et al. 2005).  

However, the droplet will be subject to oscillations in the early stages of its flight 

path (Pizzola et al. 1986; Raymond et al. 1996; Bevel and Gardner 2008 and 

Attinger et al 2013 ).  Bevel and Gardner (2008) describe such oscillations as a 

cyclical movement within the mass of the liquid drop, resulting in distortion from a 

spherical shape.  The droplet oscillates; varying in length (oblate phase) through 

to a variation to the width (prolate phase) of the droplet as it travels through the 

air (Figure 2.8).   

Due to the effect of oscillation, an elliptical blood droplet impacting a surface at 

90 degrees during the prolate phase of oscillation, could produce a stain that is 

similar to that of a spherical blood droplet impacting an angular surface (James et 

al. 2005).  The use of the latter bloodstains to calculate the AOO will thus lead to 

an incorrect reconstruction calculation.  These oscillations are reduced by the 

viscosity of the blood and reduce over time during the flight of a droplet 

(Raymond et al. 1996).   

Raymond et al. (1996) demonstrate that a blood droplet oscillates strongly 

between an oblate and prolate shape over the first few centimeters.  The period 

of oscillation became smaller as the droplet size deceased.  Raymond showed 

that a droplet with a 0.5mm radius, giving a stain radius of 2-2.5mm and a 

starting velocity of 8m/s (projected bloodstain), would closely resemble a sphere 

after a flying distance of 25 cm.  Thus, it is important that in selecting bloodstains 

for AOO reconstruction and determination, that the analysts selects bloodstains 

that are not too close to the blood source, as those bloodstains may still be 

affected by oscillations. 



42 | P a g e  

 

 

Figure 2.8: The three oscillation phases of a droplet in flight (Raymond et al. 
1996). 

 

Gardner (2014) investigated deformation levels in blood droplets created by 

impact events. It was discovered that due to the small size of the droplets created 

from an impact type event, the droplets did not oscillate significantly for long 

periods.  Smaller blood drops showed significantly less oscillations, with fast 

dampening/decay times.  Gardner demonstrated that the effect of oscillation was 

less than 10% of the droplets diameter when the droplet was approximately 13 

cm from the blood source.  Gardner (2014) concluded “Its always been accepted 

in bloodstain pattern analysis that impact angle determinations are an estimation.  

There is no reason to believe that the small deformations observed significantly 

changed this estimation.  So long as the analyst considers the initial effect of the 

disruption and uses the estimation for its intended purpose, such estimations of 

impact angle continue to be both functional and useful.” 

  



43 | P a g e  

 

2.4.3 Impacting Blood Droplets 

Bevel and Gardner (2008) identified four distinct phases for an impacting blood 

droplet on a surface: 

1) Contact and Collapse: the droplet contacts the receiving surface and 

begins to collapse from the bottom up.  As the droplet collapses, the blood is 

forced outwards to the edge of the droplet; 

2) Displacement: the majority of the blood has dispersed from the middle of 

the stain to the edge.  Dimples form on the edge of the stain and have the 

potential to form satellite stains in the next phase.  The angle of impact affects 

the development of these dimples, as the angle becomes more acute and 

dimples develop at the front edge of the stain.  The overall size of the stain is 

formed during this phase;   

3) Dispersion and Expansion: blood is forced upwards and into the rim of 

the stain in the opposite direction of momentum.  Small droplets may detach and 

form satellite stains; 

4) Retraction: the droplet will retract from the boundary of the stain due to 

the surface tension.   

 

The resultant bloodstain shape is dependent on droplet volume, velocity, height, 

the surface texture of receiving surface, and the angle of impact (Bevel and 

Gardner 2008).  Laber et al. (1985) concluded that as the volume of the droplet 

increases, the diameter of the resultant stain also increases.  Hulse-Smith et al. 

(2005) identified that the size of the resultant bloodstain depends on the 

combined relationship between velocity and drop height.  A number of studies 

have also concluded that the surface texture of the receiving surface has the 

greatest influence on the resultant bloodstain (e.g.Raymond 1997; Eckert and 

James 1998, Bevel and Gardner 2008 and Hulse-Smith et al. 2005).   
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Textured surfaces are known to result in the formation of irregular shaped 

bloodstains that display associated dimples or satellite stains, in contrast smooth 

surfaces result in bloodstains that have clearly defined edges (James et al. 

2005).  It is vital that the BPA analyst is aware of such findings and incorporate 

them into their everyday reconstruction work.  An analyst must consider these 

factors before determining if the circumstances/environment are suitable for 

reconstructive purposes; for example, although the bloodstains may appear 

appropriate for measurement and reconstructive purposes, if they are on a 

curved or textured surface, then such factors will adversely affect any 

determination of AOO. 
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CHAPTER THREE – RESEARCH IN BLOODSTAIN PATTERN ANALYSIS 

3.1 Introduction 

BPA involves the examination bloodstains and bloodstain patterns to determine 

physical events.  To do this, the analyst needs to determine the mechanism that 

created the bloodstain pattern by recognising and classifying the size, shape, 

location and distribution of the bloodstains. This ability to recognise and classify 

bloodstain patterns is developed through experience, laboratory experiments and 

the review of previous research.  This chapter will review a body of selected 

research that has significantly influenced the current methodology of AOO 

determination. 

 

3.2 Physical properties of Porcine and human blood 

3.2.1 Raymond et al. (1996) 

The aim of this study was to compare the physical parameters (surface tension, 

viscosity and density) of ageing pig and fresh human blood, under a variety of 

conditions, as well as measurements of droplet trajectories and stain patterns. 

This study was conducted to ascertain if there a viable alternative for human 

blood that behaves in a similar manner under varying conditions.   

An alternative blood source that is easily available with minimal infectious 

diseases provides the BPA analyst with a safe and readily available source of 

liquid blood for the purpose of conducting education and crime scene 

reconstructions.  Surface tension, viscosity and relative density measurements, 

as well as measurements on free-falling drops and their resulting stains, were 

obtained for the human and porcine blood.  In addition, porcine blood 

measurements were obtained over varying time periods to determine the effect of 

the length of storage on these measurements.  
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Comparisons of the surface tension of the fresh porcine blood one and two 

weeks of age were very similar to the values obtained for human blood of the 

same age.  The viscosity value obtained for fresh porcine blood ranged from 3.9 

to 5.4; the published range for fresh human blood is 3.2 to 4.4.  Porcine blood 

viscosity was approximately 20% higher than that of human blood and after two 

weeks of storage porcine blood was 60% more viscous than fresh human blood.  

However, as blood is a non-Newtonian fluid, its viscosity varies with the shear 

stress, and to that end the viscosity of the two fluids will vary under different 

circumstances.  Raymond also found that the relative density of human blood 

was not significantly different from that of porcine blood, both when fresh and 

after storage for one and two weeks.  Comparisons of bloodstain size versus 

blood drop size for both porcine and human blood also failed to identify any 

significant difference between stain diameter sizes produced by both blood 

sources. 

There are three physical properties that directly influence the flight characteristics 

of blood droplets; surface tension, viscosity and relative density. Consequently, it 

is vital when conducting experiments (or simulations) of bloodshed events that 

the blood being used closely approximates the physical properties of human 

blood.  The comparisons made in this project clearly establish that Porcine and 

human blood have very similar physical properties, thus indicating that it is valid 

to utilise Porcine blood in place of human blood for reconstruction and 

educational purposes.  It is important to note, however, that the viscosity of 

porcine blood is higher than that of human blood.  The effect this has on an 

airborne blood droplet is a reduction in the oscillation life span of the droplet, thus 

resulting in the droplet adopting a sphere shape more rapidly.  

  



47 | P a g e  

 

3.3 Creation of air-borne blood droplets 

3.3.1 Laber et al. (2008) 

The specific objectives of this project were to analyse and document the 

dynamics of common blood transfer events using high speed digital video and to 

thus compile a set of video clips of common blood transfer events that can be 

used by instructors in a bloodstain pattern course. The videos were made 

possible through a National Institute of Justice (NIJ) grant administered by the 

Midwest Forensic Resource Centre (MFRC) in Ames, Iowa. 

The project commenced with the setting up and testing of the camera, lighting 

and software within the laboratory environment.  Human blood obtained from 

donors was mixed with an anti-coagulant and used within 72 hours.  Blood was 

refrigerated when not in use and warmed to room temperature when required. 

Bloodstain patterns were created on various receiving surfaces (cardboard, 

building materials, carpet and various types of clothing) using a variety of 

different implements (e.g. hammer, tire lever, baseball bat). Firearm related 

experiments were also conducted; video sequences captured the creation and 

resultant bloodstain patterns for each trial.  Where possible, two to three 

replicates of each experiment were performed.  Over 500 video sequences were 

collected that capture the process that results in airborne blood droplets. 

The project concluded that the application of digital video technology has 

introduced a systematic method for the study of bloodstain pattern formation. 

Based on the video footage of the different mechanisms used in creating the 

blood droplets, five phases of droplet formation (see Chapter Two) were 

identified.  Droplets created via the impact of a hammer resulted in the blood 

travelling up to 14 cm before separating into individual blood droplets.  Thus the 

AOO for an impact bloodstain pattern will not be a single point; instead it will be 

an area.   
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From these findings it is possible to suggest that the AOO could be an area up to 

30 cm in size, indicating that this must be considered an estimation, as opposed 

to an absolute location.  This project provides the BPA analyst with valuable 

knowledge on droplet formation and explains why the AOO is not a single point. 

 

3.4 Blood droplets in flight 

3.4.1 Pizzola et al. (1986) 

The aim of this study was to provide a deeper understanding of blood spatter 

dynamics through the use of high speed photography of blood droplet collisions 

with solid surfaces.  All of the blood used in this project was human in origin and 

less than 4 days old. The blood was infused with an anti-clotting agent and 

warmed to approximately 37ºC prior to use.  A drop of blood was released from a 

pipette and the falling droplet passed through a sensor that activated a camera to 

capture the falling droplet in flight.  An extensive series of high speed 

photographs were taken.  Numerous trials were conducted with the target surface 

gradually being raised until the photographs captured the collision between the 

falling blood droplet and the surface.  

Their results indicate that at a height of 56 cm, the free falling blood droplet is 

oscillating and is not a perfect spherical shape. The dynamics of the collision 

between the blood droplet and the surface were also investigated; it was found 

that a blood droplet impacting a surface at an angle initially causes the lower 

portion of the droplet to distort, while the upper portion/hemisphere remained 

unchanged.  The upper hemisphere then falls as the fluid displaced during the 

droplet collapse is forced out radially, creating a rim at the circumference of the 

blood droplet.  The surface tension of the blood counters the lateral spreading, 

leading to some retraction of the bloodstain.   
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The authors concluded that the height a blood droplet falls from cannot be 

ascertained based on the diameter of the resultant stain unless the volume of the 

blood droplet is known.  This contradicts the findings of MacDonnell and Bialousz 

(1971) who suggested that the height a blood droplet fell can be determined by 

the stain measurement. 

The concept of oscillating blood droplets in flight is an important consideration in 

the present research project.  When measuring impact bloodstain patterns to 

determine the angle of impact, it is assumed that the blood droplet is spherical at 

the time of surface impaction and bloodstain creation.  This area of BPA was 

further investigated by Raymond et al. (1995) to determine the flow-on 

implications in reconstruction work (see below). 

 

3.4.2 Raymond et al. (1996) 

The project examined the effect of blood droplet shape (oscillating/sphere) on the 

reconstruction trajectories from their impact pattern, and discusses the time 

frame of the oscillating blood droplet. BPA scene reconstruction of the AOO 

assumes that the blood droplet is a sphere at the time of impacting the surface.  

If this is not the case, then any attempt to determine the AOO could be 

inaccurate.  Photographic recording of droplets in flight was conducted using two 

still cameras and a high speed 16 mm cine camera.  Porcine blood (pre-heated 

to 37ºC) was used and two different droplet sizes were created and dropped 

1.7m from the receiving surface (the two sizes of the droplets are not stated in 

the paper).  Throughout the experimental trials a ruler was mounted adjacent to 

the free falling droplets, which facilitated accurate measurement of the size and 

shape of the oscillating drop as visualised by the high speed camera.   
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Width and length measurements were obtained frame by frame; this allowed the 

number of complete oscillations over a given distance, and the total number of 

oscillation cycles of the blood droplet, to be calculated.  The still and high speed 

photography obtained provides empirical evidence that a droplet of falling blood 

oscillated strongly between an oblate and prolate shape over the first few cm of 

falling. The high speed photography also showed that oscillations ceased once 

the droplet had fallen 40 cm, and that the period of oscillation became smaller as 

the droplet size deceased. 

The results of this study also demonstrated that blood droplets striking a surface 

too close to the point of release caused unpredictable stain shapes due to droplet 

oscillation.  The important question for AOO determination is how far the surface 

has to be from blood source location for the assumption of shape not to induce 

error?  This study found that a 1mm radius blood droplet, which results in a 

bloodstain with a radius approximately 4 to 5mm, has an oscillating life span of 

approximately 7 cm if free falling.  An impact bloodstain (travelling at 

approximately) 8 meters per second would travel approximately 1m in the 

droplets oscillation life span. A droplet of 0.5mm radius, giving a bloodstain 

radius of 2 to 2.5mm, has an oscillation life span of 5mm if free falling.  This 

droplet would only travel approximately 25 cm during its oscillation life span. 

James et al. (1999) and Bevel and Gardner (2008) subsequently confirmed that 

the amount of oscillation was directly proportionate to the droplet volume.  The 

results of this study indicate that in AOO determination it is vital that bloodstains 

are carefully selected in relation to their size, directionality and distance from the 

bloodstain to the blood source. Ideally if selecting larger bloodstains (radius 4 to 

5mm) for reconstruction purposes, then the bloodstain should be more than 1m 

from the blood source.  If selecting smaller bloodstains (radius 2 to 2.5 mm), then 

the bloodstain needs to be at least 25 cm from the blood source location to 

eliminate the risk of the blood droplet oscillating at the time of impacting the 

surface. 
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3.5 Impact Angle  

3.5.1 Reynolds et al. (2008) 

The aim of this study was to statistically quantify the accuracy and precision of 

two computer-assisted methods (BackTrack and Excel Auto Shapes) for 

bloodstain measurement.  Thirty nine bloodstains were produced by dropping 

blood vertically from a pipette.   

The orientation of the receiving surface was varied to change the known 

impacting angle between the blood droplet and the surface and each bloodstain 

was photographed.  To assess accuracy, each bloodstain was measured five 

times to determine the angle of impact and the average was calculated.  The 

known angle of impact was deducted from the calculated value to determine the 

difference.  It was demonstrated that bloodstains with an angle of impact >15° 

and <25° were measured to within 3°; 70% of all measurements were within 2°. 

In all instances bloodstains with an angle of impact <15° were measured within 

1.2°, with 90% of all measurements within 1°. 

When incorporating these results into real world crime reconstruction work, what 

do the results of this study mean?  If these results are applied to a bloodstain 

with an impact angle 22°/100 cm from the blood source, then the resulting error 

is 6 cm.  For a bloodstain with an impact angle of 10°/100 cm from the blood 

source, the error is 2 cm.  This study demonstrates that the computer-fitted 

ellipse method for the measurement of bloodstains is both very accurate and 

precise, making it a very effective tool for bloodstain reconstruction. 

These errors have a minimal effect on the reconstruction calculation, especially 

when considered in relation to the findings of Laber et al. (2008), who showed 

that blood may travel up to 14 cm from its source prior to developing into an 

airborne single droplet.   
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The latter assertion also supports previous research (e.g. Balthazard et al. 1939, 

Bevel and Gardner 2008 and James et al. 2005) that identified a trigonometric 

relationship between the angle of impact and the resultant bloodstains 

length/width ratio. This provides further validation to the theoretical model of 

determining the angle of impact of blood droplets through stain measurement.  

This study also identified that as the angle of impact became more oblique, then 

the accuracy of the angle of impact calculation improved from the bloodstain 

measurements.  This suggests that during reconstruction work the analysts 

should endeavour to select bloodstains that have contacted the surface at 

oblique angles (ideally less than 15°).  Importantly, the results of this study also 

provide the BPA analyst with a guide for an error rate when conducting impact 

angle determination, which is obviously desirable when such data is entered as 

judicial evidence.  

 

3.5.2 McGuire and Rowe (2009) 

The aim of this study was to determine if the calculated angle of impact deviated 

from the known angle of impact at various angles.  The hypothesis was that the 

greatest amount of error would occur at both ends of the angle spectrum (e.g. 

90º and 10º).  The project utilised blood from George Washington University; 

although its exact source/origin and age of the blood was not stated. 

Single blood droplets were dripped from a pipette at two different heights (10 

inches and 36 inches); 15 stains were created at both heights.  White poster-

board was used as the receiving surface and this was adjusted to create the 

different impact angles.  Bloodstains were then measured using digital callipers.  

It was found that as the angle of impact approached 10º, the calculated angle of 

impact was more accurate.   

  



53 | P a g e  

 

Reynolds (2008) reached the same conclusion when analysing bloodstains with 

an angle of impact of <15°, which were measured to within 1.2°, with 90% of all 

measurements within 1°.  

This study also demonstrated that the 80º to 90º impact angles had an error rate 

of over 19º from the known to the calculated.  When conducting AOO 

reconstruction work it is important that analysts consider the impact angle of the 

bloodstains that have been selected.  The results of this study indicate that 

analysts should select bloodstains that impact the receiving surface at more 

oblique angles (e.g. 10º) and should not use higher impact angles (e.g. 80º to 

90º). 

 

3.6 Area of Origin (AOO) determination  

3.6.1 Carter et al. (2006) 

The purpose of this project was to validate the computer software Back Track™ 

as a directional analysis tool to accurately determine the AOO of a blood source.  

This involved the collection of data from several professional BPA courses over 

many years to illustrate the accuracy of BackTrack™.  During these courses a 

total of 86 different impact bloodstain patterns were created by instructors and 

students.  Approximately 10ml of blood was placed at a known X, Y and Z 

coordinate and struck with a hammer.  Various receiving target surfaces were 

used, including paper, cardboard and melamine.   

 

Students were instructed to choose approximately 20 upwardly moving 

bloodstains from the pattern, half from each side.  Digital photographs were taken 

and downloaded; the computer program BackTrack™ was used to determine the 

impact angle and the X, Y and Z coordinates.   
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Additionally, in a number of cases, the string and tangent method was also used 

to determine X, Y and Z coordinates.  

Comparison between the calculated and known X, Y and Z coordinates using the 

BackTrack computer software indicated that the latter is an accurate method of 

determining the AOO.  The average differences were 3.88 cm for X, 2.96 cm for 

Y and 6.64 cm for the Z coordinate.   

The tangent method was shown to provide comparable accuracy, with the 

average difference of 3.91 cm for X, 2.05 cm for Y and 7.9 cm for the Z 

coordinate.  The string method was found to produce an AOO within 10 to 20 cm 

of the known location.  These results indicate that all three methods are suitable 

in the determination of the AOO of a blood source and that the BPA analyst 

should select the method most suited to their circumstances.  This study also 

identified the importance of selecting fast upwardly moving bloodstains for 

reconstruction purposes, to ensure that the flight path of the blood droplet will be 

closely approximate to a straight line.  In reconstruction work the selection of 

appropriate stains is the key to producing accurate determination of the AOO of 

the blood source.  

 

3.6.2 Reynolds et al. (2009) 

This project was a two part study; Part I was designed to examine impact angle 

calculations associated with small bloodstains caused by droplets falling vertically 

onto an inclined surface.  Part II examines small generated impact spatter 

bloodstains and their relationship with impact angle calculations to determine the 

three-dimensional AOO of the blood source. 

Part I of the project utilised fresh human blood warmed to approximately 37°C.  

Blood was dropped vertically through a fine mesh in order to create small 

bloodstains (<3mm in length).   
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Each droplet underwent a vertical fall of 2m to ensure oscillation of the droplet 

had ceased prior to contacting the receiving surface.  The receiving surface was 

offset from the vertical at five known angles to create the varying impact angles. 

Bloodstains were selected based on symmetry and length (<3mm).  Each 

bloodstain was digitally photographed and measured using Microsoft® Office 

Excel 2003 Auto Shapes and BackTrack™.  Impact angles were calculated and 

deducted from the known impact angle. To compare the results of small 

bloodstains with large bloodstains, the same process was conducted for 

bloodstains of various lengths, up to 12mm. 

Part II of the project utilised porcine blood that was warmed to approximately 

37°C prior to use.  Ten impact bloodstain patterns were created, with the known 

X, Y and Z coordinates recorded.  Each pattern was then reconstructed to 

determine the AOO of the blood source; the actual X, Y and Z coordinates were 

unknown by the examiner until the completion of the reconstruction.  During the 

reconstruction, small bloodstains (<3mm) were selected for the AOO 

determination. Each bloodstain was digitally photographed and measured using 

Microsoft® Office Excel 2003 Auto Shapes and BackTrack™.   

The AOO was determined using both Tangent and stringline methods. To 

compare the results of small and large bloodstains the same process was 

conducted for bloodstains of various lengths, up to 6mm.  At the completion of 

the reconstruction determinations, the calculated X, Y and Z values were 

deducted from the known X, Y and Z values to determine the error. 

It was found that impact angle calculations for bloodstains less than 3mm in 

length did not reflect the theoretical expectations of the length to width ratio for 

the determination of the angle of impact. The project recommends that caution be 

exercised if using bloodstains less than 3mm in length to determine the AOO of a 

blood source.   
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3.6.3 Rogers (2009) 

The aim of this study was to examine the effect of differing haematocrit values on 

generated impact bloodstain patterns and their relationship on the ability to 

determine the AOO for the blood source.  The project utilised human blood 

heated to approximately 37ºC with varying hematocrit values (15% to 75%).  A 

total of 15 impact bloodstain patterns (three patterns at the five varying 

hematocrit values) were created using approximately 10ml of blood, which was 

placed on a clean flat surface before being impacted with the blunt end of a claw 

hammer.  The X, Y and Z coordinates were recorded for these 15 patterns.  The 

15 impact bloodstain patterns were reconstructed to determine the AOO for the 

five varying haematocrit values using the stringline method, tangent method and 

using computer assisted (BackTrack™).   

Rogers found that for reconstructive purposes, the use of either the Tangent or 

Stringline Methods is as accurate as using the computer program, BackTrack™.  

These results support Carter et al. (2006), who found that the computer program 

BackTrack™ was not significantly more accurate than the manual stringline 

method.  Rogers also concluded that all three reconstructive techniques are 

comparable and reliable blood source AOO determination methods.  This finding 

has since been confirmed by Evens (2015) who conducted a comparison 

between the string line, tangent and computer assisted methods for bloodstain 

pattern analysis.  The latter assists the BPA analyst in knowing that the 

reconstructive methods of manual string line, the Tangent method and computer 

assisted programs are reliable for determining the AOO of blood sources.  In 

addition, the analyst can be confident in knowing all three methods are as 

accurate and reliable as each other, allowing flexibility in employing the method 

that best suits individual circumstances.   
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3.6.4 deBruin et al. (2011) 

The aim of this study was to examine possible influences that result in deviation 

between the calculated and known AOO.  A total of nine impact bloodstain 

patterns were created: three onto a single wall with the blood source 50 cm from 

the wall; three onto a single wall with the blood source 100 cm from the wall; and 

three onto two walls with the blood source 50 cm from the walls.  A modified 

mouse trap was used to impact approximately 1.5ml of human blood to create 

the impact bloodstain patterns.  The HemoSpat and BackTrack software were 

used to determine the AOO, which was thus compared to its known value. 

The results of the first six experiments indicated that the calculated AOO on the X 

coordinate was less than the known X coordinate, which demonstrates that the 

blood source was calculated as having been closer to the wall than its actual 

location.   

The calculated Z coordinate was found to be greater than the known Z 

coordinate, indicating an over estimation of the height of the blood source.  The 

authors identified three possible sources for the variations observed: the software 

programs; the specific bloodstains selected for the determination; and thirdly 

external forces (such as the distance of the blood source from the wall).  

An investigation into the computer software determined that both calculated the 

AOO equally accurately, therefore only one program (HemoSpat) was used to 

investigate the other influences that may affect AOO determination. From the 

investigation of the influence of bloodstain selection, it was identified that 

bloodstains selected lower on the receiving surface (wall) displayed a smaller 

deviation from the known AOO, compared to bloodstains higher on the wall. In 

addition, it was discovered that larger and more elliptical bloodstains provided a 

more reliable AOO estimation.   
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With respect to the external influences on the AOO deviations, two sources were 

investigated: the distance of the blood source from the wall; and the number of 

walls from which bloodstains were selected.  In relation to the distance of the 

blood source from the wall, their results indicate that the greater distance 

between the wall and the blood source, then the greater the deviation of the 

AOO.  On reviewing the results that compared the deviation between the known 

and the estimated AOO, when determined from a single wall, the deviation was 

greater than when the results were determined from two walls. 

In reviewing the above results it can be concluded that the greater the distance 

the droplets travel (height on wall or distance from wall), the greater the deviation 

of the AOO.  This is most likely due to the influence of gravity.  Thus the BPA 

analyst should select bloodstains that are closest to the presumed position of the 

blood source.  This contradicts previous research (e.g. Pizzola et al. (1986); 

Raymond et al. (1996)) that concluded bloodstains selected for AOO 

determination should be at least 50 cm from the blood source to ensure that the 

blood droplet has stopped oscillating as it travels through the air. 

 

 3.6.5 Connolly et al. (2012) 

This project examined the influence of impact angle variations on the estimation 

of area of origin in impact patterns using directional analysis.  The primary aims 

of the study were to develop a virtual model of a bloodstain impact pattern to use 

for impact angle determinations and to determine the validity of the model 

through the application of the model to a real bloodstain impact pattern.  

Five real impact bloodstain patterns were created using sheep blood with the 

known X, Y and Z coordinates recorded.  Thirty bloodstains were then selected 

from each of the five patterns, upward directional bloodstains from all areas of 
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the pattern and numerous circular bloodstains.  The Y and Z coordinate locations 

of each of these bloodstains were recorded.   

The bloodstains were then photographed with a scale and the images were 

imported into BackTrack/Images™ for measurement to determine bloodstain 

impact angle.  This information was thereafter imported into BackTrack/Win™ to 

estimate the AOO.  In addition, the Y and Z coordinates that were previously 

recorded were used with the virtual model to determine a calculated impact angle 

of the bloodstain. The measured impact angles of the bloodstains were then 

compared with the calculated impact angles that were determined by the virtual 

model. 

Two different AOO estimates were obtained; the first from the BackTrack™ 

calculations, and the second using the impact angles calculated from the virtual 

model.  These two estimates were compared with the known AOO.  It was found 

that both the virtual model and the standard method are both robust and accurate 

methods to estimate the AOO of the blood source.  The study also concluded 

that, despite the assumption of a straight-line trajectory, using the virtual model 

and directional analysis, the AOO estimates are accurate, thus indicating it is 

unnecessary to utilise parabolic trajectory analysis in determining AOO. 
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3.6.6 Illes and Bouse (2013) 

The aim of this study was to investigate if a trimmed mean, or a RANSAC 

algorithm, will result in more robust AOO determinations when using directional 

analysis compared to using the arithmetic mean.  Data from five impact 

bloodstain patterns from previous validation studies (Carter et al. 2006) were 

analysed using three different mathematical procedures: the first was the 

arithmetic mean; the second the trimmed mean; and the third a RANSAC 

algorithm.  The three mathematical procedures were applied to 20 randomly 

selected bloodstains from within a series of impact bloodstain patterns, and 

therefore on the bloodstains that had been selected by the bloodstain analyst for 

the reconstruction.  

Their results demonstrate that when bloodstains are randomly selected for AOO 

determination, then the trimmed mean provided a more accurate alternative to 

the arithmetic mean. When the bloodstains were selected by the bloodstain 

analyst, then the trimmed mean provided no improvement in the estimated AOO.  

The lack of improvement observed can be contributed to the analyst selecting 

appropriate bloodstains for the reconstruction process.   

The result of this research support previous studies (e.g. Connolly et al. 2012) 

that identified directional analysis as a robust method for determining the AOO 

and additionally highlight the importance of appropriate bloodstain selection when 

conducting AOO estimation. These results provide the forensic community with 

further validation in, and confidence of, the reconstruction methods undertaken to 

determine the AOO. 
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3.7 Effect of wind on Area of Origin (AOO) Determination  

3.7.1 Kohne (2009) 

The aim of this study was to determine if an air current created by a fan at a 

shooting scene could cause high velocity impact spatter to change directions (or 

blowback) onto the rear of a suspects’ pants.  High velocity impact spatter was 

created by firing blood from a paintball gun.  The fan was positioned so it would 

blow onto the target areas and in the opposite direction of the paintball gun. 

Three trials were conducted using 2ml of blood: the first involved blood being 

impacted and distributed to the targets with the fan off; the second with the fan on 

the medium setting; and the third trial with the fan on the high setting.  The wind 

speed generated by the fan settings of medium and high is not documented in 

paper, so the intensity of the wind is unknown for all trials. 

Kohne discovered when the fan was off, most of the smaller droplets (<0.5mm) 

travelled on to the horizontal 28 inch target. The front and rear of the vertical 

targets had minimal droplets, and there were no droplets deposited on the lower 

vertical target.  When the fan was on the medium setting, a larger concentration 

of small droplets were deposited on the first third of the horizontal 28 inch target.  

Droplets 1mm and larger were observed in the last third of the horizontal target 

and droplets were also deposited in the rear of the lower vertical target.  On the 

high fan setting a higher concentration of small droplets were deposited on the 

horizontal target.  There was a higher concentration of larger droplets at the last 

third of the horizontal target, and the rear of the vertical target had an increase of 

droplets striking the surface at different angles. 

Kohne concluded that air flow had an effect on the droplets in the high velocity 

impact range and that it was possible to deposit high velocity impact spatter on 

the reverse side of the facing target area.   
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Although this project is limited by the number of trials conducted, and although 

Kohne only examined the effect of wind on small impact bloodstains, it does 

present the BPA analyst with another variable (wind) to consider when 

performing crime scene reconstruction and interpretation. 

 

3.7.2 Grover et al. (2010) 

The purpose of this preliminary study was to characterise the effect ceiling and 

pedestal fan airflow has on blood droplets in flight.  Airflow was generated using 

a ceiling and pedestal fan; impact bloodstain patterns were created at a constant 

height of 1.2m and 0.4m from the target surface at varying air flow intensities.  It 

is unknown how many trials were conducted at the various wind intensities. The 

AOO was determined using the string line method and compared against the 

unknown values.  

This pilot study concluded the airflow is able to distort projected bloodstain 

pattern formation and traditional AOO determination may be less appropriate in 

wind or fan effected crime scenes.  This study also clearly identifies that further 

research is required in this area of BPA to determine the effect wind has on blood 

droplets in flight, and the implications of crime scene reconstruction under such 

conditions.  
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CHAPTER FOUR – RECONSTRUCTION TECHNIQUES AND PRINCIPLES 

4.1 Introduction 

This section discusses BPA terminology and the foundations that form the basis 

of Area of Convergence (AOC) and Area of Origin (AOO) determinations, 

including the various reconstructive techniques available to an analyst. 

Based on their empirical research, Bevel and Gardner (2008) identified that 

examination of impact pattern bloodstains allows the analyst to determine the 

following: 

1) The direction a given droplet was travelling at the time of impact; 

2) the angle of impact; 

3) the probable distance from the target from which the droplet originated; 

4) the nature/direction of the force involved in the bloodshed; 

5) the nature of any object used in applying the force; 

6) the approximate number of blows struck during the incident; 

7) the relative position within the scene of the suspect, victim, or other 

objects during the incident; and 

8) the sequence of multiple events associated with the incident. 

 

Research has provided the forensic community with sufficient validation in the 

reconstruction methods undertaken to determine an AOO (see Chapter Three). It 

is important that reconstruction techniques and principles are understood prior to 

commencing crime scene reconstructions or research within the field. 
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4.2 Terminology 

The use of standardized nomenclature enables effective and accurate 

communication among analysts when discussing bloodstains and bloodstain 

patterns.  Bloodstains and bloodstain patterns are identified and classified based 

on their physical appearance (size, shape, distribution and location) and the 

possible mechanism that created the bloodstain pattern.   

The Senior Managers of Australian and New Zealand Forensic Laboratories 

Bloodstain Pattern Analysis Scientific Working Group (SMANZFL BPA SWG) 

compiled a terminology list (Appendix Two) and taxonomic key that was the 

agreed terminology for all jurisdictions in Australia and New Zealand (SMANZFL 

BPA SWG 2008).   

The taxonomic key for bloodstain patterns divides them into four main categories 

that are discussed below. 

i) Passive: stains primarily created by gravity acting on liquid blood (Figure 

4.1).  Passive bloodstains are created as a result of gravity acting on 

liquid blood; for example blood dripping from a bloody nose, as the mass 

of the blood increases from the bleeding nose, the force of gravity 

overcomes the adhesive and cohesive forces between the blood and 

nose causing the blood droplet to fall to the ground 

 

 

Figure 4.1: Passive bloodstain (photograph by David Spivey). 
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ii) Transfer: a bloodstain created when a wet, bloody surface contacts a 

second surface as the result of compression or lateral movement.  

 A recognisable mirror image or at least a recognisable portion of the 

original surface may be transferred to the second surface, such as a 

bloody hand touching a wall. (Figure 4.2). 

 

 

Figure 4.2: Transfer bloodstain created by the sole of a boot (photograph by 
David Spivey). 

 
 

iii) Altered: patterns whose appearance indicates the blood and/or pattern 

has undergone a physical and/or physiological alteration, such as water 

being added to a bloodstain to dilute its appearance.  (Figure 4.3). 

 

 

Figure 4.3: Altered bloodstain with water added to a blood pool (photograph by 
David Spivey). 
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iv) Projected: a pattern created when blood is propelled or released as the 

result of force additional to gravity (Figure 4.4).   

 

 
Figure 4.4: Projected bloodstain (photograph by David Spivey). 
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Projected bloodstain patterns can be further divided into sub-categories: 

a) Arterial:  a pattern resulting from blood exiting the body under pressure 

from a breached artery (Figure 4.5).  Arterial bloodstains are created  

when an artery is breached within the body, as the heart pumps the force 

applied to the blood causes the blood to rush through the arteries 

resulting in a gushing of blood from the breached artery. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5: Arterial bloodstain (photograph by Laura Hyde). 
.   

b) Cast-off: created when blood is released or thrown from a blood-bearing 

object in motion (Figure 4.6).  The blood is propelled from the object as 

the adhesive and cohesive forces of the blood are overcome by the 

forces created due to the acceleration or deceleration of the object 

travelling through the air. 
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Figure 4.6: Cast-off bloodstain pattern (photograph by David Spivey). 

 

c) Expirated: results from blood that is expelled from the nose, mouth or 

a wound as a result of air pressure and/or air flow (Figure 4.7).  An 

expirated bloodstain is created when liquid blood is subjected to the 

force of air generated from the respiratory system, such an example 

being a person has blood in their mouth and coughs.  The coughing 

action generates air which forces the blood from the mouth. 
 

 

Figure 4.7: Expirated Bloodstain pattern (photograph by David Spivey). 
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d) Impact Pattern: a bloodstain pattern created when liquid blood is 

subjected to a force (such as a hammer striking the blood) resulting in 

the dispersion of blood through the air in the form of drops (Figure 4.8). 

 

Impact bloodstain patterns are used to calculate the two dimensional AOC and 

the three dimensional AOO.  Bloodstain patterns can be reconstructed on a two-

dimensional surface by tracing the long axis of well-defined bloodstains within the 

pattern to a common area, this is the AOC.  The AOO is the three dimensional 

region from which the blood that produced a bloodstain originated (This region is 

determined by projections of blood drop flight paths of selected bloodstains back 

to their convergence) (Carter et al. 2006 and Rogers 2009). 

 

 
Figure 4.8: Impact Bloodstain pattern (photograph by David Spivey). 
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4.3 Angle of Impact 

The angle of impact is the acute angle that is formed between the striking blood 

droplet and the receiving surface (James et al. 2005).  A trigonometric 

relationship exists between the impact angle and the resultant bloodstains 

length/width ratio (Balthazard et al. 1939; Bevel and Gardner 2008; James et al. 

2005). 

Balthazard et al. (1939) were the first to record the relationship between the 

length/width ratio of the bloodstain and the angle at which it has contacted the 

stationary surface.  This predictable relationship has since been consistently 

proven by others (e.g. James et al. 2005 and Reynolds et al. 2008).   

The properties of a right angle triangle enables the angle of impact (θ) at B to be 

identified; this is the same as point A (Figure 4.9).  The Angle at C is 90°.  The 

AB length of the triangle is the length of the resultant bloodstain while length of 

BC is the width of the resultant bloodstain (Figure 4.9).   

The sine of angle θ can then be determined by Equation 1 (Pizzola et al. 1986a; 

Eckert and James 1998; Carter 2001; Willis et al. 2001; Raymond et al. 2001; 

Bevel and Gardner 2008; James et al. 2005). 

Equation 1:  Sine of angle theta (θ)= opposite/hypotenuse 

To determine the angle of impact the arcsine of the angle θ is determined by 

Equation 2. 

Equation 2:  Angle of Impact = arcsine (width/length)    
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Figure 4.9: Width to length ratio of a bloodstain equated to a right angle triangle 
(James et al. 2005:222). 

 

A circular bloodstain, where the length and width are equal, occurs when a drop 

impacts the surface at 90°.  As the impact angle becomes more acute, the 

resultant bloodstain becomes more elongated (Raymond et al. 2001; Bevel and 

Gardner 2008; James et al. 2005).  This long axis allows the determination of the 

directionality of the blood droplet (Bevel and Gardner 2008).  When conducting a 

reconstruction of an impact bloodstain pattern, it is important that suitable 

bloodstains from within the bloodstain pattern are selected (Reynolds et al. 2008; 

McGuire 2009; Illes and Bouse 2013). 
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4.4 Area of Convergence (AOC) 

The AOC is the area to which stains within a bloodstain pattern can be 

reconstructed on a two-dimensional surface by tracing the long axis of well-

defined bloodstains within the pattern to a common area (SMANZFL BPA SWG 

2008). 

The location where the lines identifying the flight path of the blood droplets 

intersect is the AOC.  This is the two-dimensional location of the liquid blood 

source when the blood was impacted to create the resulting impact pattern 

bloodstain (Figure 4.10).   

As discussed earlier (see Chapter Two) it is known that during blood droplet 

formation the blood source undergoes five phases from blood pool to drop (Laber 

et al. 2008).  Because of this the AOC and AOO is not a single points, it is an 

area.  The AOC is two-dimensional and is always on a surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Two dimensional area of convergence (AOC) determined from 
multiple bloodstains from a single impact (image by David Spivey). 

Area of Convergence 
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4.5 Area of Origin (AOO)  

SMANZFL BPA SWG (2008) define the AOO as the three-dimensional location 

from which the impact bloodstain pattern originated.  This is the three-

dimensional location of the liquid blood source when the blood was impacted to 

create the resulting impact bloodstain pattern.  To calculate the AOO, the analyst 

determines the area of convergence and the impact angle of the selected 

bloodstains. 

The AOO is the three-dimensional location of the blood source (intersection of X, 

Y and Z coordinates) (Figure 4.11).  The X coordinate is the horizontal distance 

from wall A.  The Y coordinate is the horizontal distance from wall B.  The Z 

coordinate is the vertical distance from the floor.   

Three techniques are available to determine the AOO: i) the string line method; ii) 

the tangent method; and iii) the computer assisted method.  All three methods 

are known and based on empirical research to be accurate, reliable and robust 

methods of determining the AOO of the blood source (Carter et al. 2006, 

Reynolds et al. 2009, Rogers 2009, Debruin et al. 2011 and Davison and 

Palmbach 2014 amongst others).  All three techniques rely on the calculation of 

the angle of impact between the blood droplet and the receiving surface. 

 

 

 

 

 

Figure 4.11: The X, Y and Z coordinate values and the determined AOO (image 
by David Spivey). 
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4.6 Bloodstain Selection 

Bloodstain Pattern Analysts cannot agree on the ideal number of impact 

bloodstains for an AOO reconstruction.  Raymond et al. (2005) suggest that 12 

stains should be selected, whereas Carter (2001) recommends 18 to 20 stains. 

They both, however, recommend selecting a representative sample of the impact 

bloodstain pattern.  This can be achieved by selecting an equal number of 

bloodstains from each side of the impact bloodstain pattern. 

When selecting bloodstains for reconstruction, it is important to select well-

formed elongated, fast moving, upward travelling bloodstains.  Reynolds (2008) 

suggests that elongated bloodstains selected for analysis should be within the 

area of 10 to 2 on a clock face.  By selecting these bloodstains, the analysts 

ensure their flight paths are approximating a straight line trajectory and the effect 

of gravity is minimised in relation to the flight path of the blood droplet Raymond 

et al. (2005). 

The oscillations of blood droplets in flight must also be considered when selecting 

bloodstains for reconstruction.  As discussed earlier (see Chapter Two) an 

oscillating bloodstain impacting a surface at 90° may present as an elongated 

bloodstain with an acute impact angle.  Gardner (2014) explains that smaller 

drops show significantly smaller oscillations with fast dampening/decay times.  By 

selecting bloodstains towards the boundary of the impact bloodstains, the 

analysts ensures that oscillating blood droplets will not be selected.   

That said, DeBruin et al. (2011) suggest that the analyst should select 

bloodstains that are closest to the presumed position of the blood source, 

because their research indicated that the greater the distance the blood droplet 

travels, the greater the deviation of the AOO resulting from the effect of gravity. 
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Davison and Palmbach summarise appropriate stain selection: “In order to 

minimize potential error, the selection of stains utilized for analysis should be 

small, clearly elliptical, oriented in an upward moving direction, contain clearly 

defined edges, and reside close to the perceived area of convergence.  Stains 

closer to the perceived area of convergence and oriented in an upward direction 

are assumed to retain flight paths closer to straight line trajectory which are not 

significantly affected by air resistance and gravity” (2014:2). 

Historically it has been recommended that bloodstains with a width of >2.0mm 

and a length of <8.0mm be selected to minimize measurement error (Raymond 

1997) and thus achieve maximal accuracy and precision.  Reynolds (2008) used 

computer assisted measurement techniques and concluded that smaller 

bloodstains can be selected, as measurement error is reduced through the use of 

computer software.  In addition, Reynolds recommends selecting bloodstains 

with an impact angle < 20°, because they are deemed ideal for AOO 

determination.  Further research by Reynolds (2009) concluded that impact angle 

calculations for bloodstains < 3mm in length did not reflect the theoretical 

expectations of the length to width ratio for the determination of the angle of 

impact.  As a result, bloodstains < 3mm in length should not be used for the 

determination of blood source AOO. 
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4.7 Measuring Bloodstains 

It is important that the Bloodstain Pattern Analyst has the requisite skills to 

accurately measure an impact bloodstain, as those measurements are used to 

calculate the angle of impact. Electronic callipers, or a scaled loop, are commonly 

used to manually measure bloodstains.  James et al. (2005) identified the most 

accurate methodology to acquire these measurements is to first determine 

directionality indicators, in order to identify the leading edge of the bloodstain 

(Figure 4.12). 

 

 

Figure 4.12: Directionality of impact bloodstain established with location of the 
leading and terminal edges (photograph by David Spivey, scale in mm). 

 

The width of the bloodstain is determined by measuring the bloodstain at its 

widest point (Figure 4.13). Once the maximum width is determined, the distance 

between the centre point of the bloodstain width line and the leading edge can be 

determined.  The measurement between the centre point and the leading edge is 

doubled to determine the length of the bloodstain (Figure 4.13).  
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Figure 4.13: Measurement locations of bloodstain (photograph by David Spivey, 
scale in mm). 
 
Impact bloodstains are generally small (e.g. <10mm) thus making manual 

measurement difficult.  Accordingly, any small error in the latter process will have 

a large effect on the calculated impact angle.  Laturnus (1994) stated that the 

greatest source of error in manual measurement is the overestimation of the 

length of the bloodstain.  This results in an underestimation of the angle of 

impact.  In relation to bloodstain reconstruction purposes, Bevel and Gardner 

(2008) indicate that an error rate of 5 to 7° is acceptable. 

Reynolds et al. (2008) developed a new bloodstain measurement process using 

Microsoft Office Excel 2003 Autoshapes.  In the validation of this software, 

Reynolds et al (2008) found that it provided very accurate and precise 

measurement of bloodstains; it was demonstrated that bloodstains with an angle 

of impact >15° and <25° were measured to within 3°, with 70% of all 

measurements within 2°. In all instances bloodstains with an angle of impact 

<15° were measured within to 1.2°, with 90% of all measurements within 1°. 

When measuring a bloodstain using Microsoft Office Excel 2003 Autoshapes, it is 

first photographed with a scale, and then imported into an Excel spreadsheet.  

The image can then be enlarged to assist the analyst in identifying its widest 

point to obtain an accurate measurement.   
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Grids and an eclipse are placed over the bloodstain to determine the width to 

length ratio (Figure 4.14).  The user inputs this information and the computer 

software calculates the angle of impact.  This information is recorded in a 

workbook that can be produced for all of the bloodstains that are measured.   

 

 

Figure 4.14: Measurement of the width and length of a bloodstain using Microsoft 
Office Excel 2003 Autoshapes (image by David Spivey). 
 
 

4.8 String Line Method 

The string line method involves the attachment of string from the leading edge of 

a bloodstain that extends back along its calculated angle of impact (Bevel and 

Gardner 2008).  The straight line of the string reflects the blood droplet flight path 

of the selected bloodstain.  Strings are run from selected bloodstains within the 

impact bloodstain pattern; the area where these strings intersect is the calculated 

AOO of the bloodstain pattern (Bevel and Gardner 2008).   
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This AOO is not a single point as the dispersion of blood droplets into the air from 

the impact is not from one point or location.  Once the blood is impacted, it goes 

through five stages (sheet, lattice, fingers, beads and droplets) before becoming 

airborne (Laber et al. 2008). The string line method assumes the flight path of the 

blood droplet is a straight line and not a parabolic arc that accounts for gravity 

and air resistance.  As a result, the calculated AOO from a string line is known to 

be higher than the actual location of the blood source at the time of impact.   

The string line method is considered outdated because it is relatively tedious to 

apply and the logistical problems of stain measurement and the securing of 

strings to various surfaces at calculated angles of impact from the leading edge 

of small bloodstains (Wonder 2001; Raymond et al. 2001 and Carter et al. 2006).  

The string line method does, however, provide a clear visual representation of 

the AOO for presentation in court (Figure 4.15). 

 

 

Figure 4.15: Reconstruction of an impact bloodstain pattern using the String line 
method. (Photograph by Brevet Sgt David Veldhoem South Australian Police). 
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4.9 The Tangent Method 

The Tangent method is an alternative to the string line method for the 

determination of AOO; the former method is less tedious and less time 

consuming.  Through the use of this basic trigonometric method, the need to 

string a bloodstain pattern may be eliminated (Griffin and Anderson 1993).  The 

tangent method also assumes, as per the string method, the flight path of the 

blood droplet is a straight line and not a parabolic arc that accounts for gravity 

and air resistance; as a result the calculated AOO is often higher than the actual 

location of the blood source at the time of impact (Griffin and Anderson 1993; 

James and Sutton 1999).   

This method is a mathematical model that uses the properties of a right angle 

triangle to determine the AOO; the tangent of a right angle triangle is defined as 

the ratio of the side opposite the impact angle will give you an estimate of the X-

value (Figure 4.16). 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: A right angled triangle and how it can be used to determine the AOO 
for an impact pattern (image by David Spivey). 

X-value 
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The analyst uses the long axis of a number of well-defined bloodstains to trace 

back the flight paths for the bloodstains to determine the AOC; this provides a 

two-dimensional location of the blood source at the time of impact (Bevel and 

Gardner 2008).  Although the AOC will not be a single point, the analyst is 

required to select a single point within the AOC.  The AOC can thus be 

determined by averaging the intersections of the converging lines (Davison and 

Palmbach 2014). The measurement from the leading edge of the selected 

bloodstains to this single point provides the length for the adjacent side of the 

triangle (AC) (Figure 4.16).  The selected bloodstains are measured to determine 

the angle of impact (α).  This angle of impact and the adjacent side measurement 

are used in the tangent calculation to determine the three-dimensional location of 

the blood source at the time of impact (BC). This relationship provides the 

distance from the area of convergence on a three-dimensional plane (Griffin and 

Anderson 1993).  This location will not be a single point and the analyst will 

generally obtain an average of the select bloodstains to determine a singular 

AOO (Davison and Palmbach 2014).   

  

4.10 The Computer Assisted Method 

Computer software, such as BackTrack® and HemoSpat, utilise impact angle 

and gamma angle calculations to determine a third angle, beta.  The beta angle 

represents the angle formed in the horizontal plane between the AOO of the 

blood source and the vertical plane (Davison and Palmbach 2014). 

Computer programs (such as HemoSpat and BackTrack® - see Figure 4.17) are 

faster to apply than the stringing and tangent methods, and have the added 

benefit of eliminating some of the human error inherent to traditional manual 

AOO determinations.  
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BackTrack® was developed by Carter (2006) and uses digital images and 

directional stain analysis to determine the AOO.  A validation study conducted in 

2006 found the average difference between the known and calculated AOO was 

less than 7 cm.  It was demonstrated that BackTrack® was more accurate and 

less time consuming than the string line method (Carter 2006).  It is important to 

note that although BackTrack® may reduce some degree of human error in AOO 

determination, it cannot eliminate all human error, as the program relies on 

appropriate stain selection and the correct application of the ellipse during stain 

measurement (Wonder 2001; Carter et al. 2006).  

 

Figure 4.17: Side view of results obtained for AOO calculation using BackTrack® 
(power point from Level II BPA course, 2012). 
 

HemoSpat is a software that is adaptable and will remain compatible with 

advances in technology as it is updatable.  HemoSpat was developed by 

Maloney and Maloney in 2006.  Its main difference to BackTrack® is the ability to 

automatically fit an ellipse to the bloodstain (de Bruin et al. 2011) and the 

automatic calculation of the Z coordinate, thus removing one potential source of 

error (FORident Software 2009).  
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In 2009 FORident Software replicated an experiment previously conducted by 

Carter et al. 2005).  FORident Software used HemoSpat, whereas Carter et al. 

used BackTrack®.  Results for HemoSpat, in the calculation of the x, y and z 

coordinates, were 2.8 cm, 2.0 cm, and 7.4 cm.  Results for BackTrack® in the 

calculation of the x, y and z coordinates was 2.5 cm, 2.3 cm, and 8.1 cm.  These 

results indicate that HemoSpat is as accurate as BackTrack® in AOO 

determination. (de Bruin et al.2011) supported this finding in her research, and 

concluded that both programs performed the AOO determination equally well.  

 

4.11 Chapter Summary 

The reconstruction techniques used for impact pattern bloodstains provide 

important information on the location of the blood source at the time it was 

subjected to an impact. This information can be important in criminal matters as it 

may place a bleeding victim (or offender) at a certain location. The reconstructive 

principles and techniques discussed have been tested and proven reliable. For 

example, Carter et al. (2006), Rogers (2009), and Davison and Palmbach (2014) 

concluded that all three reconstructive methods described above are comparable 

and reliable blood source AOO determination methods.  However, limited 

research has tested the reliability of these techniques under the influence of 

wind. These reconstruction principles and techniques are applied in real world 

situations, and as such must to be tested and evaluated under those same real 

world conditions. This provides further justification for the requirement of a 

detailed examination of the effect of wind on calculated AOO of impact bloodstain 

patterns, which is the primary aim of the present thesis. 
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CHAPTER FIVE – MATERIALS AND METHODS 

5.1 Introduction 

The overall objective of this project is to examine the effect of wind on impact 

bloodstain patterns and the calculated three dimensional AOO determinations. 

This is a blind study where the wind intensity and the location of the blood source 

were unknown to the examiner at the time of completing the AOO calculations.  

This ‘blind trial’ approach ensured that investigator bias was eliminated and that 

the determination of convergence areas by the author was derived only from  

stain dimensions.  This chapter describes the methodology and procedures used 

to perform the experiments required to test the study aims.  The statistical 

methods applied for the analysis and interpretation of the data are also 

accordingly outlined. 

 

5.2 Blood Source 

Porcine (pig) blood was collected from a local abattoir in two litre plastic bottles. 

Two grams of sodium and potassium salts of Ethylenediamine Tetra Acetic Acid 

(EDTA) were added to prevent the blood from clotting.  MacDonell (1972) states 

that there are no measurable differences detected in any experiment when 

freshly drawn blood (which was always used within two to three minutes) was 

compared to samples containing EDTA. Thus the introduction of the EDTA into 

the blood used in the present research will not influence the results obtained (see 

also Chapter Three).  To reduce any degenerative changes in the blood, it was 

refrigerated and replaced with fresh blood after two weeks; this is in accordance 

with the findings of Raymond et al. (1996) (see Chapter Three).  The blood 

settles during storage and thus required mixing prior to use, it is also heated in a 

water bath to 37°C prior to experimental use.   
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Prior to commencing the project, approval was granted by the University of 

Western Australia Animal Ethics Committee (see Appendix One). 

 

5.3 Methods 

This section outlines the experimental design of this project and describes the 

test facilities used and the wind trials performed.  

 

5.3.1 Test Facilities 

All experiments were conducted at the Forensic Field Operations Complex in 

Midland, Western Australia.  Two rooms were used for the 70 trials performed.  

The first 10 trials being conducted in the designated blood room, which 

comprises three smooth sealed plaster walls, a glass wall and drainage facilities 

to assist in cleaning (Figure 5.1).  These 10 trials were the experimental controls 

with no wind influencing the impact pattern bloodstains.  The remaining 60 trials 

were conducted in the ballistics firing tunnel because the blood room was 

insufficient in size.  When wind was introduced to the blood room, it was found 

that the wind circulated around the room, resulting in a turbulent wind flow and 

reducing the ability to control the wind speed and direction.  The ballistic firing 

tunnel is 50m in length, which allowed greater control over wind speed and 

direction variables.   Due to the rough wall surface in the ballistic firing tunnel, 

smooth cardboard was used as the receiving surface, thus eliminating the 

possibility of the surface texture of the wall affecting the impact pattern 

bloodstains (Figure 5.2).  
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Figure 5.1: The Blood room showing glass wall and drainage facility used for the 
first 10 wind trials (photograph by David Spivey). 

 

 

Figure 5.2: The Ballistic Firing Tunnel, with the fan in position and the cardboard 
receiving surfaces used during the 60 wind trials (photograph by David Spivey). 
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5.3.2 Wind Trials 

The 60 wind trials consisted of five impact bloodstain patterns at six different 

wind speeds at two different heights.  The height of the blood source for all trials 

was either 70 or 93 cm above ground level. The wind speed was measured at the 

location of the blood source using a Kestrel 1000 wind meter prior to each 

impact.  The Kestrel 1000 wind meter was tested for accuracy in the wind tunnel 

at the University of Western Australia and found to be accurate to within ±3%. 

The wind source was created with a 750mm Dynabreeze industrial pedestal fan.  

The fan was placed at 90 degrees to the target wall, allowing the wind to blow 

across the path of the travelling blood droplets (Figure 5.2).  The wind speeds 

were found to fluctuate (+/- 2 kph) during the measuring of each individual wind 

trial, as the air flow created by the fan fluctuated slightly. The six different wind 

speeds used for these trials were: 

1) 3.0 to 4.3 kph; 

2) 4.2 to 5.5 kph; 

3) 6.0 to 8.0 kph; 

4) 7.0 km to 9.0 kph; 

5) 13.0 to 14.0 kph; 

6) 15.0 to 17.0 kph. 

Approximately 20ml of blood was poured onto a wooden post; the blood was then 

struck using the flat end of a claw hammer to create an impact bloodstain pattern.  

All 70 impact bloodstain patterns were created by Sergeant Blaver, who is a 

Level III trained Bloodstain Pattern Analyst (Qualified to provide expert court 

evidence in BPA) with over five years’ experience in BPA.  The X, Y and Z 

positions and the wind speed were recorded for the 70 trials by Sergeant Blaver 

at the time of creating each impact bloodstain pattern.  

Reconstruction then was performed by the author, Sergeant Spivey (who is a 

level III trained Bloodstain Pattern Analyst) without knowledge of the location of 
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the AOO or the wind speed applied.  The wind speeds were selected at random 

by the creator of the impact patterns to ensure there was no pattern with wind 

speeds increasing or deceasing.  Bloodstain selection methodology conducted by 

the author during the reconstruction process was conducted in accordance with 

the selection procedure that is outlined in chapter 4.6. 

Between eight and 12 bloodstains were selected (based on their suitability see 

Chapter Four) for measurement and reconstruction; the number of selected 

bloodstains was dependent on the quality of the bloodstains for reconstruction.  

Attempts were made to select an equal number of bloodstains from the left and 

the right side of the impact bloodstain pattern that were positioned between 10 to 

2 on a clock face.  The selected impact pattern bloodstains were then used to 

calculate the AOO of the blood source at the time of the impact.  The calculated 

AOO was compared to the known AOO to determine if, and at what velocity, wind 

affects the three-dimensional AOO reconstruction.  

 

5.4 Stain Measurement 

Photographs were taken of the individual bloodstains used to calculate an AOO.  

Overall, midrange and macro photographs were acquired using a Nikon D300s 

digital camera. A scale sticker with 1mm increments was positioned next to each 

selected bloodstain enabling the size of the bloodstain to be ascertained.  The 

bloodstain images were then down-loaded and saved as a JPEG file.  These 

images were thereafter uploaded to Microsoft Office Excel 2003 Auto Shapes; 

(for validation of this software see Chapter Three) this software is used to 

perform the calculations required to obtain the angle of impact for each 

bloodstain (Figure 5.3). Each impact bloodstain pattern (70 in total) was allocated 

a work book; each of which contained between nine and 13 worksheets, one for 

each photographed bloodstain and a master sheet that contained the data of 

each of the bloodstains (see Appendix Two).  
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Each bloodstained image was enlarged to facilitate ease and accuracy of 

measurement.  A parallel line was inserted over each of the images along the 

long axis of the bloodstain, before inserting parallel grid lines to determine the 

widest part of the bloodstain.  An ellipse was then placed in the grid lines and 

symmetrically elongated to the leading edge of the bloodstain.  This provides the 

ellipse of the bloodstain excluding the tail.  The length and the width of the ellipse 

are then obtained and entered into the software and the calculation of the angle 

of impact was automatically determined.  All of the latter data for each bloodstain 

was automatically transferred to the master worksheet (for validation of that 

software see Chapter Three).   The angle of impact for each bloodstain was then 

used in the reconstruction process. 

 

 

Figure 5.3:  Microsoft Office Excel 2003 Auto Shapes with grid and eclipse in 
place to measure the bloodstain. (Image by: David Spivey). 
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5.5 Reconstruction Methodology 

The trigonometric (Tangent) method was used to calculate the three-dimensional 

AOO (for the validation of Tangent method see Chapter Three). For each 

bloodstain selected, a straight line was drawn through the major axis of the stain 

in the opposite direction of its flight path (Figure 5.4); this line depicts the straight 

line flight path the blood droplet travelled, from the time of impact, to contacting 

the cardboard surface on the wall (Figure 5.5).   The area where the lines of the 

selected bloodstains intersect on the wall is known as the AOC (see Chapter 

Four) and provides the Z (height from ground) and Y (distance from a reference 

point to the left of impact bloodstain pattern) coordinates for each of the impact 

bloodstain patterns (Figure 5.5). 

A single point (approximating the average of the lines convergences) within the 

AOC was then selected, and measurements are obtained from this point to the 

leading edge of each selected bloodstain.  This measurement, and the angle of 

impact, are used to determine the X coordinate (distance off the wall).  The 

average (mean) X coordinate of the selected bloodstains was then used to 

determine the X coordinate for the impact bloodstain pattern. 

  



92 | P a g e  

 

 
Figure 5.4: Straight line through the major axis of bloodstain showing the flight 
path of the bloodstain (Image by: David Spivey). 

 

 

Figure 5.5: Two dimensional area of convergence for impact pattern four. 
(Photograph by: David Spivey). 
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5.6 Statistical Analyses 

The following section describes the statistical analyses performed in the present 

study.  The 70 impact bloodstain patterns were divided into a control group of 10 

trials and six groups of 10 trials at varying wind intensities.  The known X, Y and 

Z coordinates were compared against the calculated X, Y and Z coordinates at 

the differing wind speeds. 

The statistical methods discussed in the following sections are constrained by 

some provisional assumptions, including normally distributed data, equal 

variances (homoscedasticity and sphericity), and independent random samples 

(Currell & Dowman 2009).  Homoscedasticity is tested (Levene’s test) as part of 

the SPSS output for the ANOVA and t-tests.  If the ratio for the Levene’s test is 

non-significant, equal variances (and therefore homoscedasticity) is assumed 

(Allen & Bennett 2010).  Sphericity is tested using Mauchly’s test as part of the 

repeated measures ANOVA and occurs when the F ratio is non-significant.  All 

statistical analyses are performed using the statistical software Minitab 17.  The 

specific statistics applied are described below. 

 

5.6.1 Descriptive Statistics 

Prior to any analyses assessing the relationships between the known X, Y and Z 

coordinates and the calculated X, Y and Z coordinates, descriptive statistics, 

including the mean, maximum and minimum values, and standard deviations, are 

calculated.  The statistical analysis of the data compared the difference between 

the known and calculated coordinate values.  The dependant variable was the 

difference in coordinate value [positive or negative], with the wind speed being 

the independent variable. 
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5.6.2 Comparison of Means 

The average (mean) and range was determined for the calculated X, Y and Z 

coordinates for the 10 trials for the control group and for each of the six wind 

intensities. 

5.6.2 Analysis of Variance (ANOVA) 

A one-way between groups Analysis of Variance [ANOVA] is used to assess if 

there are any statistically significant differences between the known and 

calculated AOO at various wind speeds. 

ANOVA was performed on the individual X, Y and Z coordinates, comparing the 

determined difference between the known and calculated value and the various 

wind speed groups to determine if a difference exists due to wind speed.  

Significant results (p≤0.05) from these tests were subjected to post-hoc tests 

(Tukey Honest Significant Differences) to determine at what wind speed these 

differences occurred.  The statistical analysis methodology employed was 

deemed to be the most suitable for comparing results between the known AOO 

and the calculated AOO at the varying wind intensities to determine the effect of 

the wind on the calculated AOO.    
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CHAPTER SIX - RESULTS 

6.1 Introduction 

The overall objective of this project was to examine the effect of wind on impact 

bloodstain patterns and the calculated three-dimensional AOO determinations. In 

order to do this, it is necessary to compare known X, Y and Z coordinates, with 

calculated X, Y and Z coordinates, to determine if any variance exists.  Any 

variances identified are assessed against differing wind speeds to determine the 

effect of the wind on the AOO calculation.  A statistical analysis was performed to 

evaluate if wind speed significantly affected the difference between the known 

and calculated AOO. 

The raw data for the 70 impact bloodstain patterns are presented in Tables 1 to 7 

in Appendix Four.  The tables show the known and calculated values, and the 

difference between the two, for the AOO (X, Y and Z coordinates).  From the 

results shown in these tables, it is immediately apparent that the Y and Z 

coordinate values were affected by wind speed; the X coordinate value, however, 

does not appear to have been effected.  These results are accordingly outlined 

below. 

 

6.2 Comparison of the X Coordinate (distance from wall) 

No significant difference was noted between the known and calculated X 

coordinate values at the different wind speed values (p=0.3459).  The average 

difference between the known and calculated X coordinate ranged from 3.3 cm to 

6.8 cm ( in the positive direction) indicating that all calculated X coordinate values 

were determined to be closer to the wall than the known values.   

The average calculated differences between the known and calculated X values 

at varying wind speeds are shown in Figure 6.1.   
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Figure 6.1: Difference between the known and calculated X coordinate at varying 
wind speeds (0-17 kph).Note: Overlapping wind speed due to slight fluctuations 
of wind speed.  

 

At wind speeds up to 9 kph, the difference between the known and calculated X 

values appeared random; however as the wind speed increased above 9 kph to 

17 kphs, the difference between the known and calculated X value decreased. 
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6.3 Comparison of the Y Coordinate (distance from left reference) 

A highly significant difference was noted between the known and calculated Y 

coordinate values at the different wind speed values (p<0.001).  Post-hoc tests 

identified three distinct groupings at different wind speeds: 0 kph; 3.0 kph to 4.3 

kph; and 4.2 kph to 5.5 kph.  The difference between the known and calculated 

AOC are not significantly different to each other, however, they were significantly 

different to all other wind speeds.   

There appears to be a second group encompassing wind speeds 6.0 kph to 8.0 

kph; the difference between the known and calculated AOC of 8.6 cm was 

significantly different to that of all other wind speeds.  At wind speeds 7.0 kph to 

9.0 kph, 13.0 kph to 14.0 kph, and 15.0 kph to 17.0 kph, the difference between 

the known and calculated AOC are not significantly different from each other, but 

were significantly different from the other two groups. 

Figure 6.2 is a visual representation of what appears to be three distinct groups. 

The average difference between the known and calculated Y coordinate values 

ranged from -0.9 cm to 17.5 cm.  A positive result indicates the calculated Y 

coordinate is closer to the wind source than the known Y coordinate, a negative 

result indicates the calculated Y coordinate is further away from the wind source 

than the known Y coordinate. 

The results (Group 1) indicate that the effect of wind at the lower speeds (less 

than 5.5 kph) has little effect on the AOO determination for the Y coordinate.  

However, once wind speed is above 5.5 kph, as the wind speed increased 

further, the difference between the known and calculated AOO increased, with 

the calculated AOO moving towards the wind source. 
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Figure 6.2: Difference between the known and calculated Y coordinate at varying 
wind speeds (0-17 kph). Note: Overlapping wind speed due to slight fluctuations 
of wind speed.  

 

6.4 Comparison of the Z Coordinate (height from ground) 

A highly significant difference was noted between the known and calculated Z 

coordinate values at the different wind speed values (p<0.001).  Post-hoc tests 

identified the existence of two distinct groupings.  At wind speed 0 kph, 3.0 kph to 

4.3 kph, 4.2 kph to 5.5 kph, and 6.0 kph to 8.0 kph, the difference between the 

known and calculated AOC are not significantly different to each other, however 

they were significantly different to all other wind speeds (e.g. 7.0 kph to 9 kph, 13 

kph to 14 kph, and 15 kph to 17 kph). 
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At wind speeds 7.0 kph to 9.0 kph, 13.0 kph to 14.0 kph and 15.0 kph to 17.0 kph 

the difference between the known and calculated AOC are not significantly 

different from each other, but were significantly different from the other group of 

wind speed results (0 kph, 3.0 kph to 4.3 kph, 4.2 kph to 5.5 kph, and 6.0 kph to 

8.0 kph). 

Figure 6.3 is a visual representation of the two distinct groups of wind speeds. 

The average variance between the known and calculated Z coordinate ranged 

from -9.1 cm to 2.7 cm.  A positive result indicates the calculated Z coordinate is 

closer to ground level than the known Z coordinate, a negative result indicates 

the calculated Z coordinate is higher than the known Z coordinate.  It is evident 

that as the wind speed increased up to 8 kph, the difference between the known 

and calculated AOO decreased.  Wind speeds above 9 kph, however, resulted in 

the calculated AOO being closer to ground level than the known. 

 

 

Figure 6.3: Difference between the known and calculated Z coordinate at varying 
wind speeds (0-17 kph).Note: Overlapping wind speed due to slight fluctuations 
of wind speed.  
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6.5 Visual Results 

Table 6.1 summarizes visual observations of the effect of wind on the impact 

bloodstain patterns.  During the trials it was observed that the wind resulted in 

changes to the directionality of individual blood droplets, the creation of a second 

AOO, and a change to the fanned appearance of the impact bloodstain pattern. 

Table 6.1: Visual observations of the effect of wind on impact bloodstain patterns.  

 Wind Speed 

(kph) 

Change in 

Directionality 

Features 

Second Area of 

Origin 

Determination 

Change in 

Bloodstain 

Distribution 

Change in 

Fanned 

Appearance 

0.0 No No No No 

3.0 to 4.3 No No No No 

4.2 to 5.5 No No Yes Yes 

6.0 to 8.0 Yes No Yes Yes 

7.0 to 9.0 Yes Yes Yes Yes 

13.0to 14.0 Yes No Yes Yes 

15.0 to 17.0 Yes No Yes Yes 
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6.5.1 Area of origin location 

During all 70 trials only one impact bloodstain pattern (AOO) was created per 

trial. However, from the 10 total trials at wind speeds between 7.0 kph to 9.0 kph, 

a second AOO was observed and determined (calculated) during the 

reconstruction process on four occasions (Figures 6.4 and 6.5).  On all four 

occasions the location of the second calculated AOO was higher from the ground 

and closer to the fan than the first calculated AOO and the known AOO.   

 
Figure 6.4: Two AOO is determined (calculated) for trial 46 at a wind speed of 7.0 
to 9.0 kphs. 
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Figure 6.5: Two AOO is determined (calculated) for trial 50 at a wind speed of 7.0 
to 9.0 kphs.  

 

Many bloodstains within the bloodstain pattern of the other six trials at this wind 

displayed directional features that indicate the AOO for these bloodstains is 

different to the AOO that was determined (calculated) during the reconstruction 

process.  On all six occasions the directional features of the bloodstains indicate 

the location of the blood source was closer to the fan than the calculated and the 

known AOO.  For these six trials there were an insufficient distribution of suitable 

bloodstains to determine (calculate) a second AOO (Figure 6.6).  

Many individual bloodstains within the impact bloodstain patterns displayed 

directionality features indicating it is impossible for that bloodstain to have been 

generated at the known  AOO at all wind speeds above 6.0 kph to 8.0 kph. 

1st AOO 

2nd AOO 
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Figure 6.6: Impact bloodstain pattern for trial 14 at a wind speed 7.0 to 9.0 kph.  
Numerous bloodstains display directional features indicating AOO is different 
from the calculated and the known AOO. 
 

6.5.1 Appearance of the impact bloodstain pattern 

An impact bloodstain pattern creates a fan like appearance on the receiving 

surface as the bloodstains radiate out and away from the blood source (AOO).  

During the trials conducted, the fanned appearance was evident in impact 

bloodstain patterns throughout all the trials at the lower wind speeds; however as 

the wind speed increased the distribution of the bloodstains within the impact 

bloodstain pattern are affected. 
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A reduction in the number of bloodstains on the side of the impact bloodstain 

pattern that was closest to the fan, and an increased concentration of bloodstains 

on the side of the impact bloodstain pattern furthest from the fan, were observed 

(Figure 6.7). This was evident at wind speeds as low as 4.2 kph to 5.5k ph 

(Figures 6.8 and 6.9).   

 

Figure 6.7: Decreased distribution of impact bloodstains nearer to the fan and an 
increase in bloodstains furthest from fan at wind speed 15.0 to 17.0 kphs. 
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Figure 6.8: Typical fanned appearance of impact bloodstain pattern at wind 
speed 3.0 to 4.3 kphs. 

 

 
Figure 6.9: Decreased distribution of bloodstains nearer to the fan and an 
increase in bloodstains furthest from fan at wind speed 4.2 to 5.5 kphs. 
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As the wind speed increased above 13.0 kph, the fanned appearance of the 

impact bloodstain pattern began to disappear, with the effect of the wind on 

individual bloodstains becoming very evident.  The directionality features of the 

bloodstains indicate that the airborne blood droplets that commenced flight 

travelling against the wind changed direction to travel in the same direction as the 

wind prior to contacting the receiving surface (Figures 6.10 to 6.12).  The red 

arrows in Figures 6.10 and 6.11 identify the blood droplets that changed 

direction, from travelling into the wind, to travelling with the wind prior to 

impacting the surface.   The smaller blood droplets were influenced by the wind 

more than the larger blood droplets (Figure 6.12). 

 

Figure 6.10: The absence of the fanned appearance of the impact bloodstain 
pattern at wind speed 15.0 to 17.0 kph. 
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Figure 6.11: The effect of the wind on individual bloodstains direction of flight 
within the impact bloodstain pattern at wind speed 15.0 to 17.0 kphs. 

 

 
Figure 6.12: The effect of the wind on the direction of travel of smaller blood 
droplets versus larger blood droplets within the impact bloodstain pattern. 
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The fanned appearance of the impact bloodstain pattern became tilted, with the 

pattern side closest to the fan becoming more vertical, as a result of individual 

bloodstains being affected by the wind speed increase.  This tilting of the whole 

pattern resulted in the calculated AOO moving towards the fan, and closer to the 

ground, than the known AOO (Figure 6.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Change in the AOO resulting from the effect of wind on the impact 
bloodstain pattern (Diagram by David Spivey). 
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CHAPTER SEVEN – DISCUSSION AND CONCLUSION 

7.1 Introduction 

The primary objective of this project was to evaluate the effect of wind on the 

calculated AOO for impact bloodstain patterns.  In order to do this, it was 

necessary to compare known X, Y and Z coordinates with calculated X, Y and Z 

coordinates, and assess the relationship between the latter and various wind 

speeds.  A statistical analysis was performed to evaluate if wind speed 

significantly affects AOO calculations.  The results of these analyses indicate that 

wind does significantly effect AOO determination. This chapter discusses the 

factors that influenced those findings.  The final conclusions of this thesis are 

also presented, including limitations, suggestions for further research and the 

impact these findings have on crime scene reconstruction. 

 

7.2 Effect of wind on the calculated AOO of the X coordinate  

The calculated impact angle identifies the angle between the receiving surface 

and the blood droplet at the time the droplet contacted the receiving surface; it is 

calculated based on bloodstain width and length.  This angle is used to calculate 

the angle of the flight path of the droplet and is essential in determining the 

calculated X coordinate.  It was found that no significant difference existed 

between the known and calculated X coordinate values at different wind speeds.  

This finding indicates the influence of wind does not affect the AOO 

determination on the X coordinate, nor does it affect the trigonometric 

relationship that exists between the impact angle and the resultant bloodstains 

length/width ratio.  This relationship is clearly established in non-wind 

environments (e.g. Balthazard et al. 1939; James et al. 2005; Reynolds et al. 

2008 and Davison and Palmbach 2014), which has now been empirically 

demonstrated as holding true at varying wind speeds. 
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Previous research in the field of BPA has occurred in controlled environments 

with no wind.  The previous research establishes a baseline or control group that 

can be used to compare the results obtained in this study to ascertain the 

influence of wind on numerous aspects of BPA. 

In the present study the average difference between the known and calculated X 

coordinate ranged from 3.3 cm to 6.8 cm in the positive direction; this indicated 

all of the calculated X coordinate values were determined to be closer to the wall 

than the actual known values.  deBruin et al. (2011) also determined that the 

calculated X coordinate value was closer to the wall than the known value with 

results ranging from 2.6 cm to 13.1 cm difference between the calculated and the 

known X coordinate.  The calculated X coordinate value will always be closer to 

the wall than the known value, due to the curved trajectory of the blood droplet.  

The difference between the known and calculated AOO is resultant of the flight 

trajectory of the blood droplet.  The Tangent method assumes the blood droplet 

trajectory is considered to be a straight line, although in fact the trajectory more 

resembles a parabola, due to gravity. 

When using the Tangent method, Carter et al. (2006) found an average 

difference between the known and calculated X coordinate of 3.91 cm, whilst 

Davison and Palmbach (2014) found the difference between the known and the 

calculated ranged from 0.08 to 5.71 inches (0.2 to 14.5 cm).  The level of 

variance in the latter research, and that of Carter et al. (2006) and Davison and 

Palmbach (2014), may be attributed to the effect of gravity and/or the accuracy of 

the bloodstain measurements that were used to determine the angle of impact of 

the resulting bloodstains.   
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Davison and Palmbach (2014) identified a 5.94% deviation in the calculated X 

coordinate due to error in the stain measurement.  Reynolds et al. (2008) found 

that with the use of computer-assisted methods the variance (error rate) between 

the known angle of impact and the calculated angle of impact for bloodstains with 

an impact angle between 15° and 25° is approximately 2°.   

Reynolds et al. (2008) demonstrated that a bloodstain with an impact angle of 

22°, and 100 cm from the blood source, would result in a variation between the 

known and the calculated AOO of 6.0 cm.  

It is not possible in this study to determine the error rate resulting from bloodstain 

measurement, as the impact angle for each bloodstain was not controlled or 

known.  However, the difference between the calculated and known AOO is 

within the limits identified by Carter et al. (2006) and Davison and Palmbach 

(2014) and fall within the calculated variance identified by Reynolds et al. (2008), 

indicating stain measurement and angle of impact calculations were within the 

accepted error rate. This study also demonstrates that the computer-fitted ellipse 

method for the measurement of bloodstains is both accurate and precise, making 

it a very effective tool for bloodstain reconstruction.   

The present research also demonstrate that the BPA analyst can be confident 

that the AOO calculated at crime scenes for the X coordinate will not be affected 

by the presence of wind.  The empirical evidence that this research provides 

enables the BPA analyst to confidently provide reconstructive information to the 

court about the AAO calculation of the X coordinate, even when the crime scene 

is affected by wind.  
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7.3 Effect of wind on the calculated AOO of the Y Coordinate (distance 

from left reference) 

The Y coordinate was determined by utilising the long axis of a number of well-

defined bloodstains to trace back the flight paths for the bloodstains to determine 

the AOC; this provides the two-dimensional location of the blood source at the 

time of impact (Bevel and Gardner 2008). Statistical analysis of the data 

identified three different levels of influence the wind had on AOO at varying 

intensities. 

Statistical analyses for wind speeds (≤5.5 kph) indicate no significant difference 

between the known and calculated Y coordinate values.  The average difference 

between the known and calculated AOO for the Y coordinate at these three wind 

speeds is less than 2.0 cm.  Carter et al. (2006) found an average difference 

between the known and calculated Y coordinate of 2.96 cm, which he used to 

validate the methodology of AOO determination and to validate the BackTrack® 

computer software.  That, and other research, have not investigated the influence 

of wind.  The results of the present project are similar, indicating that wind at 

these low level speeds has no appreciate effect on the AOO of the Y coordinate.  

The results of the present project also validate the methodology of AOO 

determination uses and can be used to support previous research that AOO 

determination methods are robust and accurate in determining the AOO of a 

blood source, especially with the assistance of computer software to assist in 

stain measurement. (Carter et al. 2006, Reynolds et al. 2008, Rogers 2009 and 

Connolly et al. 2012).   

 

 

 



113 | P a g e  

 

For wind speeds between 6.0 to 8.0 kph, there was a statistically significant 

difference between known and calculated AOO for the Y co-ordinate when 

compared to the low level wind speeds (≤ 5.5 kph).  On average the difference 

between the known and calculated AOO for the Y coordinate is 8.6 cms, with the 

calculated AOO for the Y coordinate being closer to the fan than the known.  So 

wind has a quantifiable effect on the value of the Y coordinate. 

The difference in Y co-ordinate value may have an associated flow-on effect that 

is significant in crime scene reconstruction.  For example, it may result in the 

analyst positioning the victim behind a piece of furniture (in an attempt to hide or 

cower from his attacker) or it may place the victim in a corner with no place to go, 

which may not reflect reality of the case.  Or it may have no effect on the 

interpretation provided by the BPA analyst.  For example, it may result in the 

analyst positioning the victim 8 cm to the left or the right of their actual position in 

the centre of a room.  This would not result in any real alteration to the 

interpretation of the events that resulted in the bloodshed.  Regardless, this study 

has shown that even a relatively low wind speed (6.0 to 8.0 kph) will affect the 

calculated AOO and subsequent scene interpretation. 

The statistical analysis of wind speeds, 7.0 to 17.0 kph identified AOO 

determinations were not significantly different from each other, but were 

significantly different from the previous wind speeds.  At these wind speeds the 

average difference between the known and calculated AOO for the Y coordinate 

increased to between 16.8 to 17.5 cms, with the calculated AOO for the Y 

coordinate being closer to the fan than the known.  This result is significantly 

different to the previous wind speeds and indicates that not only does wind affect 

the calculated AOO, the intensity of the wind also has an effect. 
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As wind speed increases, the difference between the known and calculated AOO 

for the Y coordinate increases.  This finding is very significant to the BPA analyst 

who often attends crime scenes in outdoor locations.  This study shows that at a 

wind speed of approximately 17.0 kph the difference between the known and 

calculated is 17.5 cm.  In Western Australia a wind speed of 17.0 kph is 

considered moderate.  The mean 3pm wind speed at the Swanbourne Weather 

Station (a suburb in Western Australia) ranges from 18 to 27.7 kph depending on 

the month (Bureau of Meteorology 2015). 

At these wind speeds (7.0 to 17.0 kph) numerous observations were made during 

the AOO determinations.  Firstly, many impact bloodstains displayed 

directionality features indicating these bloodstains could not have originated from 

the known blood source location.  For example, trial 14 (wind speed 7.0 km to 9.0 

kph) two impact bloodstains were observed on the edge of the receiving surface 

(cardboard) on the side closest to the fan (Figures 7.1 and 7.2).  The 

directionality features of these two bloodstains indicate the blood source was 

located to the left of these bloodstains (area between the fan and these 

bloodstains). The known AOO for this impact bloodstain pattern, however, was 

approximately 85.0 cm to the right.  The influence of wind has resulted in these 

bloodstains changing direction from travelling into the wind, to travelling with the 

wind, prior to contacting the surface.   

In the forensic interpretation of the above scenario, the BPA analyst would deem 

it impossible for these two bloodstains to have originated at the known AOO, thus 

it would be deemed to have originated from another location, and thus 

interpretation as being the result of a different event or incident.  This may result 

in the BPA analyst determining that the victim has been subjected to another 

impact/assault that in reality did not occur. 
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Figure 7.1: Two impact bloodstains on the left hand side of the impact bloodstain 
pattern for trial 14 at a wind speed of 7.0-9.0 kphs. (photograph by David Spivey) 

 

 
Figure 7.2: Close up of two impact bloodstains for trial 14, black arrows show the 
direction the bloodstain was travelling prior to impacting card board. (photograph 
by David Spivey) 
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In four of the 10 trials at 7.0 kph to 9.0 kph, a second AOO was calculated, 

indicating an impact had occurred at another location (Figures 7.3 and 7.4).   On 

all occasions the second AOO was closer to the fan than both the known and the 

first calculated AOO.  The bloodstains selected (for the second AOO) were all 

appropriate for AOO determination; specifically well-formed upward travelling 

bloodstains positioned between 10 and 2 on a clock face, and with low impact 

angles.  The analyst would see this as separate impacts, resulting in an 

interpretation that identified two assaults on the victim, when in actuality there 

was only one. 

 

A visual examination of these impact bloodstain patterns reveal that bloodstains 

on the left and right hand side of the pattern have been affected by the wind.  

Bloodstains from the left side of the pattern are more vertical compared to the 

bloodstains surrounding them that were used in the first calculated AOO.  

Bloodstains from the right side of the impact bloodstain pattern have clearly been 

affected; directionality features indicate the wind altered the direction of these 

blood droplets during flight. This resulted in the calculated AOO moving towards 

the fan (Figures 7.3 and 7.4). 



117 | P a g e  

 

 

Figure 7.3: Impact bloodstain pattern with calculated AOO’s for trial 50. The red 
arrows indicate the directionality of some of the bloodstains affected by the wind 
(photograph by David Spivey). 
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Figure 7.4: Visual representation of change to Area of Origin for non-affected 
bloodstains (blue AOO) and wind affected bloodstains (red AOO). (Diagram by 
David Spivey). 
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The remaining six trials at 7.0 kph to 9.0 kph, in addition to all other trials at 

higher wind speeds, resulted in individual bloodstains displaying directionality 

features that indicate they were from another location to that of the calculated 

and known AOO. However, there was an insufficient number of suitable 

bloodstains for AOO reconstruction to determine a second blood source location 

(AOO).  A visual inspection showed that the smaller bloodstains were influenced 

more by the wind than larger bloodstains.  The latter is explained by Newton’s 

Second Law of Motion, whereby the smaller bloodstains have a smaller mass, 

thus any force applied (wind) will result in a greater affect than that on a larger 

massed bloodstain.  Although a larger droplet will experience more force (wind) 

due to a larger surface of area, the net effect of its mass is greater than the effect 

of the surface tension.  This is because as the droplet increases the surface area 

increases length2, whilst the mass increases length3.  So a droplet that is twice 

as big could have 4 times the force acting on it, but 8 times the mass.  What is 

not known is how these smaller bloodstains were created; are they resultant from 

the initial impact to the liquid blood source or have they been created as a result 

of droplet separation during flight.   

 

The Weber Number (We number) and the Reynolds Number (Re number) are 

used to calculate drag coefficients in flight.  The shape of the droplet depends on 

the We number.  The drag coefficients of the droplet depends on the Re number, 

for a given shape.  In addition to the droplet shape, the We number defines the 

probability of a blood droplet breaking into smaller droplets during flight (Attinger, 

et al., 2013). Droplet separation occurs during flight when the aerodynamic force 

overcomes the surface forces at the droplet-air interface.  The We Number is the 

competition between kinetic energy trying to break a droplet apart and surface 

tension trying to hold it together.  Attinger, et al. (2013) suggests that a We 

number less than 1 will not divide during flight, where as a We number 

approximating 1 will deform during flight.  Values above 13 result in a 

deformation so severe that the droplet will disintegrate into smaller droplets.    
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The We and Re numbers were not calculated during this research as the droplet 

velocity, density, diameter and surface tension were not known. 

A further discussion on the effects of We and Re numbers on the blood droplets 

flight and shape are beyond the scope of this research and could be considered 

as a future area of research. 

 

The visual identification of the different orientations of the smaller bloodstains 

(Figure 6.11) provides the BPA analyst with valuable information that wind may 

have affected the impact bloodstain pattern and any interpretation of the AOO 

should be conducted with caution.   

An experienced BPA analyst will notice that the smaller bloodstains within the 

impact bloodstain pattern are on a different alignment than the larger bloodstains.  

If the analyst is aware of the results of the present research, appropriate steps 

can be taken to exclude/explain the presence of the smaller bloodstains, and 

thereafter not use these smaller bloodstains for the interpretation of the 

bloodshed event.  

The overall appearance of the impact bloodstain patterns at higher wind speeds 

(7.0 to 17 kph) showed a change in the distribution of the bloodstains within the 

fanned appearance.  Minimal bloodstains were observed on the side of the 

impact bloodstain pattern closest to fan (left side) and a large concentration of 

bloodstains were observed on the side of impact bloodstain pattern furthest from 

the fan (Figure 7.5).  The alteration to the distribution of the bloodstains within the 

impact bloodstain pattern is due to the wind changing the direction of the blood 

droplets that were initially travelling towards the fan.   

The wind speed was also measured at the known AOO location; as you moved 

from this location towards the fan, the wind speed increased, as you moved from 

the AOO location away from the fan, thus the wind speed decreased. Bloodstains 

travelling towards the fan were subjected to an increase in wind speed.   
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The uneven distribution of the impact bloodstain pattern provides a BPA analyst 

with an indicator that the impact bloodstain pattern may have been affected by 

wind and any determination of the AOO should thereafter be conducted with due 

caution.   

 

Figure 7.5: Distribution of impact bloodstains within an impact bloodstain pattern 
at a wind intensity 7.0-9.0kms/hr.  The wind direction (blue arrows) results in the 
concentration of the bloodstains being distributed away from the fan. (photograph 
by David Spivey). 

 

7.4 Effect of wind on the calculated AOO of the Z coordinate  

The Z coordinate was determined using the long axis of a number of well-defined 

bloodstains to trace back the flight paths for the bloodstains to determine the 

AOC. This provides a two-dimensional location of the blood source at the time of 

impact (Bevel and Gardner 2008). Statistical results identified two distinct groups 

at varying wind speeds. 

Fan 

location 
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At wind speed up to 8.0 kph there was no significant difference between the 

known and calculated AOO for the Z coordinate.  The average difference 

between the known and calculated AOO for the Z coordinate at these wind 

speeds ranged from -9.1 cm to -7.0 cm.   

The negative values indicate that the calculated AOO height is higher than the 

known AOO height. This is expected, because as James et al. (2005) explains, 

the calculated height will be above the actual height, as gravity and air resistance 

are pulling on, and slowing down, the travelling droplet, thus resulting in the 

trajectory being a parabolic arc.  The calculations used to determine the AOO do 

not take gravity and air resistance into account, with all calculations being 

performed using straight lines, as opposed to a parabolic arc (see Chapter Two).   

The results of the present study are consistent with Carter et al. (2006) and the 

FORident Software (2009) who both determined the average difference between 

the known and calculated AOO on the Z coordinate to be -7.9 cm and -7.4 cm 

respectively.  The research conducted by Carter et al. (2006) and the FORident 

Software (2009) was conducted in a controlled environment with no wind.  Thus 

this research indicates that wind speeds below 8 kph does not affect the AOO 

determination on the Z coordinate. 

At wind speeds between 8.0 to 17.0 kph it was shown that the AOO 

determinations were not significantly different from each other but were 

significantly different from wind speeds below 8 kph.  At wind speeds between 

8.0 to 17.0 kph the average difference between the known and calculated AOO 

for the Z coordinate ranged from 0.9 cm to 2.7 cm.  The positive results indicate 

the calculated AOO height is less than the known AOO height.  This is a 

significant result as it contradicts all the literature suggesting that the calculated 

height will be above the known height due to the effect of gravity and air 

resistance on the air-borne blood droplet.  
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Although this result is statistically significant, the difference between the non-wind 

affected result and the wind effected result is approximately 10.0 cm.  The 

analyst’s inference/interpretation on the height of the AOO is often associated 

with the victims possible body position specifically, standing, kneeling, or laying. 

Based on the spacial differences between these positions the affected wind result 

of 10 cm should not alter an interpretation of the body position of the victim. For 

example, in crime scene reconstruction the AOO is considered as an estimate 

and provides information on the body position of the victim at the time of being 

struck.  The 10 cm difference between the known and calculated AOO will not 

influence the interpretation of whether the victim is standing, kneeling or laying on 

the floor. 

 

7.5 Conclusion 

The determination of the AOO is a valuable tool used by the BPA analyst in the 

reconstruction of a bloodshed event.  Extensive research has been conducted to 

validate the methodology on accuracy of AOO determination.  The present study 

demonstrated the presence and intensity of wind does affect the AOO 

determination for impact bloodstain patterns.  Wind resulted in the AOO 

determination moving in the direction towards the wind source and towards the 

ground.  In addition the present study identified numerous characteristics that 

indicate to the BPA analyst that wind may have influenced an impact bloodstain 

pattern.  For example, the distribution of individual bloodstains and the orientation 

of smaller bloodstains within the pattern are different to that of the larger 

bloodstains within the impact bloodstain pattern.  It was identified that wind had a 

greater effect on the smaller bloodstains within the impact bloodstain pattern.  

These findings identify that the BPA analyst should be cautious when conducting 

AOO determination.  
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7.6 Limitations 

The force applied to the liquid blood to create the impact bloodstain patterns was 

not controlled, resulting in varying levels of force being applied to the blood used 

to create a total of 70 trials.   

From a purely scientific perspective this may be considered a limitation of this 

research, as the level of force being applied to the liquid blood is unknown and 

likely varied between each trial.  However, what is known is that the level of force 

applied to the liquid blood was sufficient to create the impact bloodstain pattern.  

From the perspective of a BPA analyst, it is not possible to determine the force 

applied to the liquid blood during a crime scene examination; all that is known is 

the force applied to the liquid blood was sufficient to create the impact bloodstain 

pattern. 

The intensity of the wind fluctuated as a result of the turbulent air flow created by 

the fan.  Every attempt was made to ensure wind intensity was consistent and 

remained within the range indicated in the project [(0 kph, 3.0 to 4.3 kph, 4.2 to 

5.5 kph, 6.0 to 8.0 kph, 7.0 to 9.0 kph, 13.0 to 14.0 kph and 15.0 to 17.0 kph)].  

From a purely scientific perspective the wind flow could be more accurately 

controlled by conducting this project in a wind tunnel to ensure no wind 

fluctuations.  However, the BPA analyst will not be conducting the scene 

examination or reconstruction in a wind tunnel and the wind present at a crime 

scene will be largely unknown with a random wind flow that varies at any given 

time.   
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7.7 Future Research 

This project has shown that wind does have an affect on individual blood droplets 

flight path and the AOO determination; the use of high speed video would track 

the flight path of the individual blood droplets, thus providing additional 

information on the behaviour of these droplets under the influence of wind.  This 

would assist in explaining the behaviour of the droplets and could incorporate 

additional research looking at the effect of Weber and Reynolds numbers to 

determine the level of drag co-efficient that is require.  Are these smaller droplets 

created at the location of the blood source or are they created because the force 

of the wind results in the separation of larger droplets during flight (high We 

number)? 

This research examined the effect of wind in a horizontal plane (fan blowing wind 

across the impact bloodstain pattern); additional research into the effect of wind 

that has originated from above (ceiling fan) on impact bloodstain patterns would 

provide valuable practical information as ceiling fans are regular fixtures in many 

homes in Australia. 

This research demonstrated that as wind speed increased the difference 

between the known and calculated AOO also increased.  The maximum wind 

speed examined was 17.0 kph; higher wind speeds should be analysed to 

determine if this relationship (higher wind speed results in increase difference 

between known AOO and calculated AOO) continues to a certain wind speed or 

continues until the wind speed is that great that an impact bloodstain pattern 

cannot be created. 
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APPENDIX TWO 

Australia & New Zealand recommended  Bloodstain Pattern Analysis 

Glossary 

The following is terminology specific to Bloodstain Pattern Analysis and as such 

the definition should be included whenever these terms are utilised within a court 

report. 

The definitions used for the development of this glossary are derived from the 

following sources:  

Raymond, M., Hall, N. & Jones, M. 1999, ‘Bloodstain Pattern Interpretation, 

in Expert Evidence, eds Freckelton & Selby, Chapter 97, Law Book Company 

Limited, North Ryde, Australia, pp 8-2031-8-7159  

IABPA Terminology list 

James S., Kish P. & Sutton T.P. 2005, Principles of Bloodstain Pattern 

Analysis, CRC Press, Boca Raton 

Bevel T., Gardner R. 2002, Bloodstain Pattern Analysis: With an introduction 

to Crime Scene Reconstruction 2nd Edition CRC Press, Boca Raton 

Senior Managers Australia and New Zealand Forensic Laboratories 

(SMANZFL) Bloodstain Pattern Analysis Specialist Working Group (BPA 

SWG) 2008 
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Altered bloodstains - patterns whose appearance indicates the blood and/or 

pattern has undergone a physical and/or physiological alteration (James, Kish & 

Sutton 2005). 

Angle of impact - the acute or internal angle formed between the direction of a 

blood drop and the plane of the surface it strikes (Raymond, M., Hall, N. & Jones, 

M. 1999). 

Arterial pattern - a pattern resulting from blood exiting the body under pressure 

from a breached artery (Raymond, M., Hall, N. & Jones, M. 1999). 

Backspatter - blood directed back towards the source of energy or force that 

caused the spatter.  (Raymond, M., Hall, N. & Jones, M. 1999). 

Blood pool - an accumulation of a volume of blood on a surface whose shape is 

not specific but it conforms to the surface contour (James, Kish & Sutton 2005).  

Bloodstain - the resulting transfer when liquid blood has come into contact with a 

surface or when a moist or wet surface comes into contact with dried blood 

(Raymond, M., Hall, N. & Jones, M. 1999). 

Bubble rings - result when blood containing air bubbles retains the bubbles’ 

circular shape. (SMANZFL BPA SWG 2008). 

Cast-Off pattern - created when blood is released or thrown from a blood-bearing 

object in motion (Raymond, M., Hall, N. & Jones, M. 1999). 

Clot - a gelatinous mass formed as a result of a complex mechanism involving 

red blood cells, fibrinogen, platelets and other clotting factors. Over time, the 

blood clot retracts, resulting in a clear separation of the mass from the more fluid, 

yellowish blood serum which remains at the periphery of the stain (Raymond, M., 

Hall, N. & Jones, M. 1999). 
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Convergence, Area of, - The area to which stains within a bloodstain pattern can 

be reconstructed on a two-dimensional surface determined by tracing the long 

axis of well-defined bloodstains within the pattern to a common area. (James, 

Kish & Sutton 2005). 

Directionality - indicates the direction the blood was travelling when it impacted 

the target surface. Directionality of a blood drop’s flight path can usually be 

established from the geometric shape of its bloodstain (Raymond, M., Hall, N. & 

Jones, M. 1999). 

Directionality Angle - the angle between the long axis of a bloodstain and a 

predetermined line on the plane of the target surface which represents 0º 

(Raymond, M., Hall, N. & Jones, M. 1999). 

Diffuse bloodstain - the result of movement of blood through a porous substrate 

from an area of high concentration to an area of lower concentration (James, 

Kish & Sutton 2005).  

Drip pattern - a bloodstain pattern which results from blood dripping into blood 

(Raymond, M., Hall, N. & Jones, M. 1999). 

Drip trail - a bloodstain pattern which results when free-falling blood drops are 

released from a laterally moving source. Directionality may sometimes be 

established from the stain shape and edge characteristics (SMANZFL BPA 

SWG).  

Expirated pattern - results from blood that is expelled from the nose, mouth or a 

wound as a result of air pressure and/or air flow (SMANZFL BPA SWG). 

Flight path - the path of the blood drop as it moves through space from a source 

to a target (Raymond, M., Hall, N. & Jones, M. 1999).  
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Flow pattern - a bloodstain resulting from the movement of liquid blood across a 

surface due to the influence of gravity and/or movement of the surface 

(SMANZFL BPA SWG) 

Forward spatter - blood which travels in the same direction as the source of 

energy or force causing the spatter. (Raymond, M., Hall, N. & Jones, M. 1999). 

High-velocity impact spatter - This term has been included for its historical 

context but is not recommended for use in contemporary reports. 

Impact pattern - a bloodstain pattern created when liquid blood is subjected to a 

force such as a blow resulting in the dispersion of blood through the air in the 

form of drops (SMANZFL BPA SWG). 

Low-velocity impact spatter - This term has been included for its historical context 

but is not recommended for use in contemporary reports  

Medium-velocity impact spatter - This term has been included for its historical 

context but is not recommended for use in contemporary reports  

Mist pattern - produced by blood that has been reduced to a fine spray as the 

result of the energy or force applied to it (Raymond, M., Hall, N. & Jones, M. 

1999). 

Origin, Region of, - the three-dimensional region from which the blood that 

produced a bloodstain originated.  (This region is determined by projections of 

blood drop flight paths of selected bloodstains back to their convergence) 

(SMANZFL BPA SWG) 

Parent Drop - a drop of blood from which a wave cast-off or satellite spatter 

originates (Raymond, M., Hall, N. & Jones, M. 1999). 

Passive bloodstains - stains primarily created by gravity acting on liquid blood  

(SMANZFL BPA SWG) 
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Passive drop(s) - a bloodstain drop(s) created or formed by the force of gravity 

acting alone (I.A.B.P.A.).  

Perimeter (skeletonised) stain - a bloodstain that consists of only its outer 

periphery, the central area having been removed by wiping or flaking after the 

liquid blood has partially or completely dried (I.A.B.P.A.). 

Projected bloodstain - a pattern created when blood is propelled or released as 

the result of force additional to gravity (Raymond, M., Hall, N. & Jones, M. 1999). 

Satellite spatter - peripheral stains that result through the partial fragmentation of 

a drop of blood upon impacting a surface. (SMANZFL BPA SWG). 

Saturation pattern - an accumulation of a volume of blood without specific shape 

that has absorbed into the surface rather than pooled on top of the surface 

(James, Kish & Sutton 2005). 

Serum stain - the clear, yellowish stain component often appearing around a 

bloodstain after the blood has retracted due to clotting.  (Raymond, M., Hall, N. & 

Jones, M. 1999). 

Spatter bloodstains - patterns which exhibit directionality, vary in size, and are 

associated with a source of blood being subjected to an external force(s), in 

addition to gravity and friction (James, Kish & Sutton 2005). 

Spine - the pointed edge characteristics that radiate away from the centre of a 

bloodstain.  (Raymond, M., Hall, N. & Jones, M. 1999). 

Swipe - a bloodstain created when a wet, bloody surface contacts a second 

surface when the surfaces are in relative lateral motion (SMANZFL BPA SWG) 

Target - the surface upon which blood has been deposited (Raymond, M., Hall, 

N. & Jones, M. 1999). 
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Transfer pattern - a bloodstain created when a wet, bloody surface contacts a 

second surface as the result of compression or lateral movement.  A 

recognisable mirror image or at least a recognisable portion of the original 

surface may be transferred to the second surface (Raymond, M., Hall, N. & 

Jones, M. 1999). 

Void (Shadow) - the absence of blood staining in an otherwise continuous 

bloodstain pattern (Raymond, M., Hall, N. & Jones, M. 1999). 

Wipe Pattern - a bloodstain pattern created when an object moves through an 

existing stain, removing and/or altering its appearance (I.A.B.P.A.). 
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APPENDIX THREE 

Stain Measurements and Angle of Impact Results 

Trial 1 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.22 4.63 0.48 28.7 

Stain 2 2.59 6.69 0.39 22.8 

Stain 3 2.59 5.69 0.45 26.9 

Stain 4 1.93 6.54 0.30 17.2 

Stain 5 2.12 6.09 0.35 20.4 

Stain 6 3.44 8.65 0.40 23.4 

Stain 7 2.28 6.32 0.36 21.1 

Stain 8 1.93 0.00 0.33 19.3 

Stain 9 1.27 2.41 0.53 31.8 

Stain 10 2.17 4.95 0.44 26.0 

Trial 2 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.09 7.73 0.27 15.7 

Stain 2 2.86 9.34 0.31 17.8 

Stain 3 2.86 6.90 0.36 21.2 

Stain 4 2.36 8.39 0.28 16.3 

Stain 5 3.04 9.84 0.31 18.0 

Stain 6 2.73 8.65 0.32 18.4 

Stain 7 1.75 4.95 0.35 20.7 

Stain 8 2.70 0.00 0.28 16.4 

Stain 9 1.96 7.25 0.27 15.7 

Stain 10 1.14 2.81 0.41 23.9 

Trial 3 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.67 4.93 0.54 32.8 

Stain 2 2.09 5.03 0.42 24.6 

Stain 3 2.09 4.23 0.41 24.0 

Stain 4 1.27 3.44 0.37 21.7 

Stain 5 2.17 5.48 0.40 23.3 

Stain 6 2.51 4.79 0.52 31.6 

Stain 7 2.01 3.47 0.58 35.4 

Stain 8 1.61 0.00 0.41 24.4 

Stain 9 1.32 2.97 0.44 26.4 

Stain 10 1.32 2.37 0.56 33.8 

Stain 11 2.22 4.90 0.45 26.9 

Stain 12 1.61 4.10 0.39 23.1 
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Trial 4 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.20 6.41 0.34 20.1 

Stain 2 1.48 4.32 0.34 20.0 

Stain 3 1.48 4.66 0.32 18.5 

Stain 4 1.54 4.37 0.35 20.6 

Stain 5 1.46 3.08 0.47 28.3 

Stain 6 1.54 3.52 0.44 25.9 

Stain 7 1.85 4.68 0.40 23.3 

Stain 8 1.35 0.00 0.44 26.2 

Stain 9 0.85 2.53 0.34 19.6 

Stain 10 0.90 2.70 0.33 19.5 

Trial 5 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 0.71 2.41 0.29 17.1 

Stain 2 1.22 3.60 0.34 19.8 

Stain 3 1.22 4.00 0.34 19.7 

Stain 4 1.09 3.97 0.27 15.9 

Stain 5 1.35 3.57 0.38 22.2 

Stain 6 1.09 2.91 0.37 22.0 

Stain 7 0.93 2.38 0.39 23.0 

Stain 8 1.32 0.00 0.36 20.9 

Stain 9 0.66 2.14 0.31 18.0 

Stain 10 0.98 3.06 0.32 18.7 

Trial 6 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.16 3.89 0.30 17.3 

Stain 2 1.35 3.73 0.36 21.2 

Stain 3 1.35 4.45 0.32 18.7 

Stain 4 1.06 2.52 0.42 24.9 

Stain 5 1.01 3.24 0.31 18.2 

Stain 6 1.22 3.39 0.36 21.1 

Stain 7 1.27 3.10 0.41 24.2 

Stain 8 0.98 0.00 0.41 24.4 

Stain 9 0.98 2.69 0.36 21.4 

Stain 10 1.64 4.90 0.33 19.6 

Trial 7 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.64 4.13 0.40 23.4 

Stain 2 1.59 3.78 0.42 24.9 

Stain 3 1.59 4.45 0.38 22.3 

Stain 4 2.12 5.45 0.39 22.9 

Stain 5 1.61 4.55 0.35 20.7 

Stain 6 1.88 4.87 0.39 22.7 

Stain 7 2.12 6.09 0.35 20.4 

Stain 8 2.14 0.00 0.34 20.1 

Stain 9 2.36 6.83 0.35 20.2 

Stain 10 1.67 4.47 0.37 21.9 
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Trial 8 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.48 3.07 0.48 28.8 

Stain 2 2.30 4.68 0.49 29.4 

Stain 3 2.30 2.39 0.60 36.8 

Stain 4 1.67 3.58 0.47 27.8 

Stain 5 2.62 5.16 0.51 30.5 

Stain 6 2.28 3.63 0.63 38.9 

Stain 7 1.98 4.10 0.48 28.9 

Stain 8 1.80 0.00 0.50 30.3 

Stain 9 1.83 4.47 0.41 24.2 

Stain 10 2.30 3.18 0.72 46.3 

Trial 9 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.14 5.79 0.37 21.7 

Stain 2 2.51 5.99 0.42 24.8 

Stain 3 2.51 6.06 0.32 18.4 

Stain 4 2.38 5.87 0.41 23.9 

Stain 5 2.14 5.69 0.38 22.1 

Stain 6 2.22 5.10 0.44 25.8 

Stain 7 2.94 7.59 0.39 22.8 

Stain 8 2.43 0.00 0.33 19.4 

Stain 9 1.51 4.30 0.35 20.6 

Stain 10 1.88 5.37 0.35 20.5 

Trial 10 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.94 7.62 0.39 22.7 

Stain 2 2.20 7.22 0.30 17.7 

Stain 3 2.20 7.22 0.39 22.9 

Stain 4 1.51 3.10 0.49 29.1 

Stain 5 1.32 4.00 0.33 19.3 

Stain 6 2.20 7.51 0.29 17.0 

Stain 7 2.28 6.24 0.37 21.4 

Stain 8 2.12 0.00 0.36 21.4 

Stain 9 2.46 6.99 0.35 20.6 

Stain 10 1.03 2.56 0.40 23.7 

Trial 11 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.80 6.38 0.28 16.4 

Stain 2 1.96 5.64 0.35 20.3 

Stain 3 1.96 6.35 0.27 15.7 

Stain 4 1.93 6.48 0.30 17.3 

Stain 5 1.93 5.79 0.33 19.5 

Stain 6 1.40 5.19 0.27 15.6 

Stain 7 1.72 5.77 0.30 17.3 

Stain 8 1.54 0.00 0.25 14.6 

Stain 9 2.14 7.51 0.28 16.6 

Stain 10 2.01 5.32 0.38 22.2 
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Trial 12 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.57 7.09 0.36 21.3 

Stain 2 1.09 2.43 0.45 26.7 

Stain 3 1.09 6.64 0.33 19.1 

Stain 4 2.09 6.62 0.32 18.4 

Stain 5 2.65 8.65 0.31 17.8 

Stain 6 1.88 6.38 0.29 17.1 

Stain 7 2.14 7.28 0.29 17.1 

Stain 8 2.38 0.00 0.35 20.6 

Stain 9 1.75 5.50 0.32 18.6 

Stain 10 1.85 6.64 0.28 16.2 

Trial 13 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.78 7.83 0.36 20.8 

Stain 2 2.62 8.15 0.32 18.8 

Stain 3 2.62 4.68 0.38 22.2 

Stain 4 1.64 4.23 0.39 22.8 

Stain 5 1.19 3.52 0.34 19.8 

Stain 6 1.80 4.66 0.39 22.7 

Stain 7 1.77 5.40 0.33 19.1 

Stain 8 2.49 0.00 0.32 18.7 

Stain 9 2.14 6.11 0.35 20.5 

Stain 10 1.46 5.21 0.28 16.3 

Trial 14 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.83 6.06 0.30 17.6 

Stain 2 1.72 6.03 0.29 16.6 

Stain 3 1.72 4.92 0.30 17.3 

Stain 4 2.14 6.19 0.35 20.2 

Stain 5 1.32 3.94 0.34 19.6 

Stain 6 1.22 4.76 0.26 14.9 

Stain 7 1.38 4.26 0.32 18.9 

Stain 8 1.16 0.00 0.27 15.6 

Stain 9 1.88 4.97 0.38 22.2 

Stain 10 1.48 4.95 0.30 17.4 

Trial 15 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.01 5.91 0.34 19.9 

Stain 2 2.09 6.85 0.31 17.8 

Stain 3 2.09 4.97 0.36 21.1 

Stain 4 2.20 5.85 0.38 22.1 

Stain 5 1.64 5.72 0.29 16.7 

Stain 6 0.98 3.33 0.29 17.1 

Stain 7 1.43 4.68 0.31 17.8 

Stain 8 1.88 0.00 0.30 17.6 

Stain 9 1.83 6.69 0.27 15.9 

Stain 10 1.59 5.45 0.29 17.0 

 



145 | P a g e  

 

Trial 16 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.51 4.39 0.34 20.1 

Stain 2 1.56 6.11 0.26 14.8 

Stain 3 1.56 6.64 0.32 18.8 

Stain 4 1.56 5.53 0.28 16.4 

Stain 5 1.91 6.48 0.29 17.1 

Stain 6 1.43 5.53 0.26 15.0 

Stain 7 1.30 4.74 0.27 15.9 

Stain 8 2.38 0.00 0.29 16.9 

Stain 9 1.67 6.48 0.26 14.9 

Stain 10 1.30 5.21 0.25 14.4 

Trial 17 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.30 4.71 0.28 16.0 

Stain 2 1.85 5.32 0.35 20.3 

Stain 3 1.85 6.03 0.21 12.2 

Stain 4 1.77 6.62 0.27 15.5 

Stain 5 1.61 5.85 0.28 16.0 

Stain 6 1.64 6.43 0.26 14.8 

Stain 7 1.67 5.85 0.29 16.6 

Stain 8 1.80 0.00 0.27 15.7 

Stain 9 2.12 7.25 0.29 17.0 

Stain 10 2.04 7.65 0.27 15.5 

Stain 11 1.46 6.11 0.24 13.8 

Stain 12 1.96 6.93 0.28 16.4 

Trial 18 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.54 6.06 0.25 14.7 

Stain 2 1.64 6.77 0.24 14.0 

Stain 3 1.64 6.01 0.36 20.9 

Stain 4 1.69 6.27 0.27 15.6 

Stain 5 1.96 5.12 0.38 22.5 

Stain 6 1.22 4.45 0.27 15.9 

Stain 7 1.96 4.87 0.40 23.7 

Stain 8 1.22 0.00 0.21 12.2 

Stain 9 2.17 7.12 0.30 17.7 

Stain 10 1.46 6.43 0.23 13.1 

Trial 19 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.67 5.77 0.29 16.8 

Stain 2 1.72 8.78 0.20 11.3 

Stain 3 1.72 6.19 0.36 20.8 

Stain 4 2.09 6.11 0.34 20.0 

Stain 5 1.51 4.50 0.34 19.6 

Stain 6 2.06 7.20 0.29 16.6 

Stain 7 2.49 8.47 0.29 17.1 

Stain 8 1.75 0.00 0.26 15.2 

Stain 9 1.67 6.67 0.25 14.5 

Stain 10 2.20 7.51 0.29 17.0 
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Trial 20 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.93 4.51 0.43 25.3 

Stain 2 1.88 6.32 0.30 17.3 

Stain 3 1.88 5.42 0.27 15.6 

Stain 4 1.75 5.16 0.34 19.8 

Stain 5 2.30 6.27 0.37 21.5 

Stain 6 1.64 7.25 0.23 13.1 

Stain 7 1.11 4.42 0.25 14.5 

Stain 8 2.17 0.00 0.35 20.4 

Stain 9 1.14 6.01 0.19 10.9 

Stain 10 2.01 5.66 0.36 20.8 

Trial 21 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.59 4.02 0.40 23.3 

Stain 2 1.75 5.87 0.30 17.3 

Stain 3 1.75 4.84 0.32 18.8 

Stain 4 1.54 6.22 0.25 14.3 

Stain 5 2.22 6.56 0.34 19.8 

Stain 6 1.54 4.68 0.33 19.2 

Stain 7 1.83 5.79 0.32 18.4 

Stain 8 1.96 0.00 0.36 21.3 

Stain 9 1.40 5.00 0.28 16.3 

Stain 10 1.56 7.73 0.20 11.6 

Trial 22 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.01 4.90 0.41 24.2 

Stain 2 1.93 5.35 0.36 21.1 

Stain 3 1.93 6.35 0.29 16.9 

Stain 4 1.72 4.74 0.36 21.3 

Stain 5 1.80 6.19 0.29 16.9 

Stain 6 2.62 7.49 0.35 20.5 

Stain 7 2.06 6.59 0.31 18.2 

Stain 8 2.17 0.00 0.31 18.3 

Stain 9 2.09 6.59 0.32 18.5 

Stain 10 2.22 7.06 0.31 18.3 

Trial 23 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.83 6.22 0.29 17.1 

Stain 2 1.85 5.56 0.33 19.4 

Stain 3 1.85 6.22 0.32 18.4 

Stain 4 2.28 8.60 0.27 15.4 

Stain 5 1.56 5.48 0.28 16.5 

Stain 6 2.41 5.82 0.41 24.5 

Stain 7 1.83 5.58 0.33 19.1 

Stain 8 1.91 0.00 0.33 19.1 

Stain 9 1.75 6.01 0.29 16.9 

Stain 10 2.38 7.20 0.33 19.3 

 



147 | P a g e  

 

Trial 24 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.41 6.72 0.36 21.0 

Stain 2 2.28 6.35 0.36 21.0 

Stain 3 2.28 6.56 0.28 16.2 

Stain 4 1.93 6.11 0.32 18.4 

Stain 5 2.67 7.49 0.36 20.9 

Stain 6 1.67 4.90 0.34 19.9 

Stain 7 1.83 4.78 0.38 22.5 

Stain 8 1.80 0.00 0.31 17.9 

Stain 9 1.83 4.83 0.38 22.3 

Stain 10 2.17 6.64 0.33 19.1 

Trial 25 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.33 5.64 0.41 24.4 

Stain 2 2.14 5.72 0.37 22.0 

Stain 3 2.14 7.06 0.27 15.9 

Stain 4 1.91 5.64 0.34 19.8 

Stain 5 2.12 5.82 0.36 21.4 

Stain 6 1.91 6.27 0.30 17.7 

Stain 7 1.88 5.29 0.36 20.8 

Stain 8 2.17 0.00 0.34 19.9 

Stain 9 1.59 5.90 0.27 15.6 

Stain 10 2.06 5.50 0.37 22.0 

Trial 26 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.30 6.91 0.33 19.4 

Stain 2 2.17 5.58 0.39 22.9 

Stain 3 2.17 7.38 0.32 18.4 

Stain 4 2.30 7.12 0.32 18.8 

Stain 5 1.91 5.53 0.35 20.2 

Stain 6 1.48 4.60 0.32 18.8 

Stain 7 1.61 4.39 0.37 21.5 

Stain 8 1.43 0.00 0.30 17.7 

Stain 9 1.27 4.92 0.26 15.0 

Stain 10 1.64 5.48 0.30 17.4 

Trial 27 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.20 6.88 0.32 18.6 

Stain 2 1.64 4.50 0.36 21.4 

Stain 3 1.64 8.63 0.34 19.7 

Stain 4 1.91 7.73 0.25 14.3 

Stain 5 3.12 7.86 0.40 23.4 

Stain 6 2.78 7.96 0.35 20.4 

Stain 7 2.43 5.79 0.42 24.8 

Stain 8 2.20 0.00 0.32 18.4 

Stain 9 2.06 6.83 0.30 17.6 

Stain 10 2.96 8.07 0.37 21.5 
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Trial 28 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.41 6.91 0.35 20.4 

Stain 2 2.70 7.41 0.36 21.4 

Stain 3 2.70 6.64 0.30 17.2 

Stain 4 2.70 7.17 0.38 22.1 

Stain 5 2.46 6.93 0.35 20.8 

Stain 6 2.22 6.64 0.33 19.5 

Stain 7 2.36 7.25 0.33 19.0 

Stain 8 2.25 0.00 0.32 18.8 

Stain 9 1.85 6.35 0.29 16.9 

Stain 10 2.30 5.85 0.39 23.2 

Trial 29 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.14 4.52 0.47 28.3 

Stain 2 2.70 8.18 0.33 19.3 

Stain 3 2.70 9.50 0.32 18.7 

Stain 4 3.28 9.31 0.35 20.6 

Stain 5 2.67 7.30 0.37 21.5 

Stain 6 2.14 7.14 0.30 17.4 

Stain 7 2.73 8.02 0.34 19.9 

Stain 8 1.75 0.00 0.32 18.8 

Stain 9 2.36 9.13 0.26 15.0 

Stain 10 2.78 8.52 0.33 19.0 

Trial 30 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.54 5.05 0.30 17.8 

Stain 2 2.70 6.88 0.39 23.1 

Stain 3 2.70 5.79 0.30 17.3 

Stain 4 2.49 6.14 0.41 23.9 

Stain 5 2.46 7.25 0.34 19.8 

Stain 6 2.22 6.38 0.35 20.4 

Stain 7 2.36 6.72 0.35 20.6 

Stain 8 2.38 0.00 0.30 17.3 

Stain 9 2.30 7.04 0.33 19.1 

Stain 10 1.64 5.21 0.31 18.3 

Trial 31 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.01 5.64 0.36 20.9 

Stain 2 3.02 7.51 0.40 23.7 

Stain 3 3.02 5.90 0.38 22.4 

Stain 4 2.73 7.14 0.38 22.5 

Stain 5 2.14 6.35 0.34 19.7 

Stain 6 2.12 6.85 0.31 18.0 

Stain 7 2.36 6.51 0.36 21.3 

Stain 8 1.85 0.00 0.27 15.4 

Stain 9 2.06 5.58 0.37 21.7 

Stain 10 2.12 4.95 0.43 25.4 
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Trial 32 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.67 5.69 0.29 17.1 

Stain 2 1.56 6.01 0.26 15.0 

Stain 3 1.56 6.30 0.22 12.7 

Stain 4 1.88 6.22 0.30 17.6 

Stain 5 2.12 6.46 0.33 19.2 

Stain 6 2.36 7.57 0.31 18.2 

Stain 7 1.69 4.38 0.39 22.7 

Stain 8 1.72 0.00 0.32 18.9 

Stain 9 2.99 7.54 0.40 23.4 

Stain 10 2.75 7.95 0.35 20.2 

Trial 33 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.83 7.33 0.39 22.7 

Stain 2 1.56 4.31 0.36 21.2 

Stain 3 1.56 5.98 0.36 21.0 

Stain 4 2.65 6.56 0.40 23.8 

Stain 5 1.88 6.62 0.28 16.5 

Stain 6 1.56 5.03 0.31 18.1 

Stain 7 1.69 5.45 0.31 18.1 

Stain 8 1.98 0.00 0.29 16.6 

Stain 9 2.91 8.04 0.36 21.2 

Stain 10 2.99 6.38 0.47 27.9 

Trial 34 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.64 5.98 0.27 15.9 

Stain 2 2.78 8.15 0.34 19.9 

Stain 3 2.78 4.27 0.33 19.6 

Stain 4 2.04 6.01 0.34 19.8 

Stain 5 2.75 7.46 0.37 21.6 

Stain 6 1.30 5.05 0.26 14.9 

Stain 7 1.61 7.59 0.21 12.2 

Stain 8 1.72 0.00 0.26 15.1 

Stain 9 1.69 5.45 0.31 18.1 

Stain 10 2.46 7.20 0.34 20.0 

Trial 35 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.04 5.95 0.34 20.1 

Stain 2 2.17 8.23 0.26 15.3 

Stain 3 2.17 7.78 0.37 21.6 

Stain 4 1.80 6.19 0.29 16.9 

Stain 5 1.69 5.98 0.28 16.4 

Stain 6 2.41 7.67 0.31 18.3 

Stain 7 2.22 7.33 0.30 17.6 

Stain 8 1.93 0.00 0.24 14.1 

Stain 9 2.51 9.76 0.26 14.9 

Stain 10 1.80 6.69 0.27 15.6 
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Trial 36 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.22 3.28 0.37 21.8 

Stain 2 2.38 7.12 0.33 19.5 

Stain 3 2.38 6.48 0.39 22.8 

Stain 4 2.67 7.25 0.37 21.6 

Stain 5 1.88 4.58 0.41 24.2 

Stain 6 1.98 8.10 0.24 14.1 

Stain 7 1.51 5.56 0.27 15.8 

Stain 8 2.25 0.00 0.24 14.0 

Stain 9 2.25 7.20 0.31 18.2 

Stain 10 2.17 7.41 0.29 17.0 

Trial 37 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.06 7.20 0.29 16.6 

Stain 2 1.83 6.30 0.29 16.9 

Stain 3 1.83 6.72 0.34 20.0 

Stain 4 2.38 7.20 0.33 19.3 

Stain 5 1.93 7.65 0.25 14.6 

Stain 6 1.46 5.45 0.27 15.5 

Stain 7 1.35 6.01 0.22 13.0 

Stain 8 2.09 0.00 0.37 21.4 

Stain 9 1.75 5.72 0.31 17.8 

Stain 10 1.80 4.31 0.42 24.7 

Trial 38 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.12 7.06 0.30 17.5 

Stain 2 1.77 6.77 0.26 15.2 

Stain 3 1.77 7.70 0.28 16.1 

Stain 4 1.72 7.12 0.24 14.0 

Stain 5 1.75 7.12 0.25 14.2 

Stain 6 1.46 6.77 0.22 12.5 

Stain 7 1.61 4.94 0.33 19.0 

Stain 8 2.22 0.00 0.30 17.4 

Stain 9 2.06 9.74 0.21 12.2 

Stain 10 1.80 7.41 0.24 14.1 

Trial 39 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.01 6.06 0.33 19.4 

Stain 2 1.54 5.77 0.27 15.5 

Stain 3 1.54 6.06 0.37 21.5 

Stain 4 1.96 6.62 0.30 17.2 

Stain 5 1.75 4.30 0.41 24.0 

Stain 6 2.30 6.62 0.35 20.3 

Stain 7 1.83 4.08 0.45 26.6 

Stain 8 2.25 0.00 0.42 24.6 

Stain 9 3.41 7.28 0.47 27.9 

Stain 10 2.73 8.18 0.33 19.5 
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Trial 40 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.83 4.66 0.39 23.1 

Stain 2 1.88 5.27 0.36 20.9 

Stain 3 1.88 5.35 0.39 23.0 

Stain 4 2.41 6.38 0.38 22.2 

Stain 5 1.85 4.84 0.38 22.5 

Stain 6 2.30 5.61 0.41 24.2 

Stain 7 1.85 5.69 0.33 19.0 

Stain 8 1.88 0.00 0.34 19.9 

Stain 9 0.00 0.00 #DIV/0! #DIV/0! 

Stain 10 2.49 6.46 0.39 22.7 

Stain 11 2.59 7.20 0.36 21.1 

Trial 41 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.85 5.37 0.34 20.2 

Stain 2 2.17 6.62 0.33 19.1 

Stain 3 2.17 5.08 0.40 23.3 

Stain 4 2.28 8.33 0.27 15.9 

Stain 5 2.01 4.52 0.44 26.4 

Stain 6 1.96 5.52 0.36 20.8 

Stain 7 2.25 5.90 0.38 22.4 

Stain 8 2.22 0.00 0.50 29.8 

Stain 9 2.88 7.09 0.41 24.0 

Stain 10 2.01 6.85 0.29 17.1 

Trial 42 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.38 6.62 0.36 21.1 

Stain 2 2.88 7.04 0.41 24.1 

Stain 3 2.88 7.17 0.45 26.5 

Stain 4 3.15 8.49 0.37 21.8 

Stain 5 3.14 8.55 0.37 21.5 

Stain 6 1.83 5.16 0.35 20.8 

Stain 7 2.14 7.65 0.28 16.2 

Stain 8 1.98 0.00 0.27 15.8 

Stain 9 2.75 8.10 0.34 19.8 

Stain 10 1.83 6.69 0.27 15.9 

Trial 43 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.99 7.86 0.38 22.4 

Stain 2 2.67 7.30 0.37 21.5 

Stain 3 2.67 9.84 0.32 18.4 

Stain 4 3.33 8.60 0.39 22.8 

Stain 5 2.09 6.99 0.30 17.4 

Stain 6 2.99 8.52 0.35 20.5 

Stain 7 2.54 6.48 0.39 23.1 

Stain 8 3.10 0.00 0.35 20.4 

Stain 9 2.28 7.36 0.31 18.0 

Stain 10 2.78 7.75 0.36 21.0 
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Trial 44 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.86 7.46 0.38 22.5 

Stain 2 2.36 8.04 0.29 17.1 

Stain 3 2.36 6.96 0.31 18.2 

Stain 4 1.93 6.06 0.32 18.6 

Stain 5 1.93 6.91 0.28 16.2 

Stain 6 1.83 4.82 0.38 22.3 

Stain 7 1.88 6.69 0.28 16.3 

Stain 8 1.69 0.00 0.28 16.6 

Stain 9 1.85 7.41 0.25 14.5 

Stain 10 2.06 6.62 0.31 18.1 

Trial 45 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.96 5.24 0.37 22.0 

Stain 2 2.54 7.67 0.33 19.3 

Stain 3 2.54 6.93 0.33 19.4 

Stain 4 2.96 8.41 0.35 20.6 

Stain 5 2.88 6.93 0.42 24.6 

Stain 6 1.91 6.24 0.31 17.8 

Stain 7 3.31 9.45 0.35 20.5 

Stain 8 2.73 0.00 0.31 17.8 

Stain 9 3.30 10.35 0.32 18.6 

Stain 10 2.38 6.62 0.36 21.1 

Trial 46 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 3.04 10.50 0.29 16.8 

Stain 2 2.57 7.94 0.32 18.9 

Stain 3 2.57 8.81 0.41 24.5 

Stain 4 3.24 9.10 0.36 20.9 

Stain 5 2.45 7.59 0.32 18.8 

Stain 6 2.66 7.75 0.34 20.1 

Stain 7 2.77 8.73 0.32 18.5 

Stain 8 3.11 0.00 0.35 20.3 

Stain 9 2.66 8.36 0.32 18.6 

Stain 10 1.97 6.03 0.33 19.1 

Trial 47 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.71 4.93 0.35 20.3 

Stain 2 2.95 8.52 0.35 20.3 

Stain 3 2.95 4.92 0.26 15.3 

Stain 4 2.37 8.07 0.29 17.1 

Stain 5 2.08 6.80 0.31 17.8 

Stain 6 1.73 5.48 0.32 18.4 

Stain 7 1.60 5.50 0.29 16.9 

Stain 8 1.94 0.00 0.35 20.7 

Stain 9 1.87 6.09 0.31 17.9 

Stain 10 1.26 4.76 0.26 15.3 
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Trial 48 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.44 4.43 0.33 19.0 

Stain 2 1.94 6.11 0.32 18.5 

Stain 3 1.94 8.18 0.34 19.7 

Stain 4 1.79 5.16 0.35 20.3 

Stain 5 1.92 5.95 0.32 18.8 

Stain 6 0.99 4.60 0.22 12.4 

Stain 7 1.49 4.63 0.32 18.8 

Stain 8 1.09 0.00 0.19 10.7 

Stain 9 1.47 5.53 0.27 15.4 

Stain 10 1.02 6.09 0.17 9.6 

Trial 49 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.70 5.41 0.31 18.3 

Stain 2 1.05 4.00 0.26 15.2 

Stain 3 1.05 4.55 0.36 21.3 

Stain 4 1.07 3.33 0.32 18.7 

Stain 5 1.76 4.79 0.37 21.6 

Stain 6 1.18 4.01 0.29 17.1 

Stain 7 1.07 5.61 0.19 11.0 

Stain 8 1.60 0.00 0.26 15.2 

Stain 9 1.49 4.90 0.30 17.7 

Stain 10 1.28 6.11 0.21 12.1 

Trial 50 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.37 3.66 0.37 22.0 

Stain 2 2.25 6.38 0.35 20.7 

Stain 3 2.25 5.05 0.35 20.4 

Stain 4 1.36 4.54 0.30 17.4 

Stain 5 1.15 3.60 0.32 18.6 

Stain 6 1.20 4.87 0.25 14.3 

Stain 7 2.08 6.75 0.31 17.9 

Stain 8 1.55 0.00 0.29 16.7 

Stain 9 1.26 4.31 0.29 17.0 

Stain 10 1.55 6.09 0.25 14.7 

Trial 51 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.61 4.87 0.33 19.3 

Stain 2 1.84 3.47 0.53 32.0 

Stain 3 1.84 4.26 0.41 24.0 

Stain 4 1.57 4.52 0.35 20.3 

Stain 5 2.08 6.77 0.31 17.9 

Stain 6 1.47 5.48 0.27 15.6 

Stain 7 2.26 7.91 0.29 16.6 

Stain 8 1.71 0.00 0.27 15.7 
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Trial 52 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.51 9.47 0.27 15.4 

Stain 2 1.91 7.59 0.25 14.6 

Stain 3 1.91 8.15 0.28 16.2 

Stain 4 2.06 6.30 0.33 19.1 

Stain 5 2.06 7.62 0.27 15.7 

Stain 6 1.98 5.48 0.36 21.2 

Stain 7 2.28 6.62 0.34 20.1 

Stain 8 1.72 0.00 0.21 12.1 

Stain 9 1.75 5.64 0.31 18.1 

Stain 10 1.91 6.38 0.30 17.4 

Trial 53 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.32 3.23 0.41 24.1 

Stain 2 1.59 5.45 0.29 17.0 

Stain 3 1.59 8.57 0.35 20.2 

Stain 4 1.91 6.62 0.29 16.8 

Stain 5 3.18 8.52 0.37 21.9 

Stain 6 1.88 5.66 0.33 19.4 

Stain 7 3.04 8.52 0.36 20.9 

Stain 8 1.85 0.00 0.27 15.4 

Stain 9 2.91 9.34 0.31 18.2 

Stain 10 3.65 11.17 0.33 19.1 

Trial 54 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.75 7.28 0.38 22.2 

Stain 2 2.04 6.91 0.30 17.2 

Stain 3 2.04 6.11 0.34 19.7 

Stain 4 2.04 6.01 0.34 19.8 

Stain 5 2.38 7.36 0.32 18.9 

Stain 6 2.04 7.09 0.29 16.7 

Stain 7 1.67 5.58 0.30 17.4 

Stain 8 2.12 0.00 0.31 17.8 

Stain 9 2.36 7.86 0.30 17.5 

Stain 10 1.85 7.62 0.24 14.1 

Trial 55 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.33 5.61 0.42 24.5 

Stain 2 2.36 7.51 0.31 18.3 

Stain 3 2.36 8.23 0.32 18.8 

Stain 4 3.04 9.55 0.32 18.6 

Stain 5 2.67 8.44 0.32 18.4 

Stain 6 2.33 7.83 0.30 17.3 

Stain 7 1.91 7.22 0.26 15.3 

Stain 8 1.96 0.00 0.32 18.6 

Stain 9 2.41 7.94 0.30 17.7 

Stain 10 1.93 6.38 0.30 17.6 
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Trial 56 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.38 7.81 0.30 17.7 

Stain 2 1.67 7.91 0.21 12.2 

Stain 3 1.67 8.60 0.30 17.7 

Stain 4 2.12 8.26 0.26 14.9 

Stain 5 2.59 9.71 0.27 15.5 

Stain 6 1.75 7.20 0.24 14.1 

Stain 7 2.30 9.58 0.24 13.9 

Stain 8 2.06 0.00 0.19 11.0 

Stain 9 2.46 8.04 0.31 17.8 

Stain 10 1.98 7.99 0.25 14.3 

Trial 57 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.93 6.88 0.28 16.3 

Stain 2 1.30 4.10 0.32 18.5 

Stain 3 1.30 5.64 0.27 15.5 

Stain 4 1.72 7.01 0.25 14.2 

Stain 5 1.56 5.13 0.30 17.7 

Stain 6 1.46 4.97 0.29 17.1 

Stain 7 2.22 9.58 0.23 13.4 

Stain 8 3.31 0.00 0.34 19.7 

Stain 9 2.41 7.25 0.33 19.4 

Stain 10 2.28 8.10 0.28 16.3 

Trial 58 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.75 5.95 0.29 17.1 

Stain 2 1.40 4.84 0.29 16.8 

Stain 3 1.40 4.21 0.31 18.0 

Stain 4 1.44 4.60 0.31 18.2 

Stain 5 1.42 5.16 0.28 16.0 

Stain 6 2.42 8.65 0.28 16.2 

Stain 7 1.65 5.93 0.28 16.2 

Stain 8 2.16 9.47 0.23 13.2 

Trial 59 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.30 5.66 0.41 24.0 

Stain 2 2.50 7.28 0.34 20.1 

Stain 3 2.50 7.22 0.36 21.2 

Stain 4 2.29 5.40 0.42 25.1 

Stain 5 2.45 5.48 0.45 26.6 

Stain 6 2.90 11.72 0.25 14.3 

Stain 7 1.49 7.54 0.20 11.4 

Stain 8 2.53 0.00 0.26 14.8 

Stain 9 1.68 6.69 0.25 14.5 

Stain 10 2.16 7.78 0.28 16.1 
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Trial 60 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.98 9.55 0.31 18.2 

Stain 2 2.34 7.75 0.30 17.6 

Stain 3 2.34 9.21 0.33 19.2 

Stain 4 3.14 10.53 0.30 17.3 

Stain 5 2.79 9.05 0.31 18.0 

Stain 6 4.48 11.72 0.38 22.5 

Stain 7 3.21 8.33 0.39 22.7 

Stain 8 1.94 0.00 0.23 13.5 

Stain 9 3.00 9.63 0.31 18.2 

Stain 10 2.02 5.74 0.35 20.6 

Trial 61 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.74 6.85 0.40 23.6 

Stain 2 2.32 7.86 0.30 17.2 

Stain 3 2.32 7.83 0.37 21.5 

Stain 4 2.63 7.96 0.33 19.3 

Stain 5 4.03 11.14 0.36 21.2 

Stain 6 3.74 10.29 0.36 21.3 

Stain 7 2.21 6.88 0.32 18.7 

Stain 8 1.55 0.00 0.20 11.3 

Stain 9 2.42 10.64 0.23 13.1 

Trial 62 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.42 6.56 0.37 21.6 

Stain 2 1.76 5.58 0.32 18.4 

Stain 3 1.76 7.41 0.25 14.6 

Stain 4 2.50 7.36 0.34 19.9 

Stain 5 2.42 6.30 0.38 22.6 

Stain 6 3.06 10.93 0.28 16.3 

Stain 7 3.51 10.50 0.33 19.5 

Stain 8 2.61 0.00 0.31 17.8 

Stain 9 2.95 8.60 0.34 20.1 

Stain 10 2.02 6.46 0.31 18.2 

Trial 63 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.29 5.87 0.39 23.0 

Stain 2 1.54 5.03 0.31 17.8 

Stain 3 1.54 6.69 0.40 23.7 

Stain 4 1.76 4.90 0.36 21.1 

Stain 5 1.57 6.96 0.23 13.0 

Stain 6 1.73 6.11 0.28 16.4 

Stain 7 2.26 7.30 0.31 18.0 

Stain 8 1.84 0.00 0.33 19.5 

Stain 9 1.60 5.79 0.28 16.0 

Stain 10 2.47 9.58 0.26 14.9 
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Trial 64 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.87 6.91 0.27 15.7 

Stain 2 2.58 7.94 0.32 19.0 

Stain 3 2.58 10.80 0.31 18.2 

Stain 4 2.87 9.55 0.30 17.5 

Stain 5 1.52 5.93 0.26 14.9 

Stain 6 1.60 5.58 0.29 16.7 

Stain 7 2.39 9.71 0.25 14.2 

Stain 8 2.90 0.00 0.29 16.6 

Stain 9 1.55 6.91 0.22 13.0 

Stain 10 2.13 7.17 0.30 17.3 

Trial 65 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.55 5.64 0.27 16.0 

Stain 2 1.49 6.46 0.23 13.3 

Stain 3 1.49 4.95 0.31 18.2 

Stain 4 1.84 5.77 0.32 18.6 

Stain 5 1.52 5.98 0.25 14.7 

Stain 6 1.63 6.80 0.24 13.9 

Stain 7 1.92 9.50 0.20 11.7 

Stain 8 2.84 0.00 0.31 18.1 

Stain 9 1.47 5.98 0.25 14.2 

Stain 10 2.00 7.30 0.27 15.9 

Trial 66 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.92 10.64 0.27 15.9 

Stain 2 2.76 7.57 0.36 21.4 

Stain 3 2.76 6.22 0.38 22.1 

Stain 4 1.65 4.83 0.34 20.0 

Stain 5 3.19 7.51 0.42 25.1 

Stain 6 2.84 9.50 0.30 17.4 

Stain 7 2.50 8.26 0.30 17.6 

Stain 8 2.47 0.00 0.29 17.1 

Stain 9 1.65 8.49 0.19 11.2 

Stain 10 2.95 10.43 0.28 16.4 

Trial 67 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.68 5.37 0.31 18.2 

Stain 2 1.94 5.19 0.37 21.9 

Stain 3 1.94 6.59 0.33 19.1 

Stain 4 2.26 6.48 0.35 20.4 

Stain 5 2.58 7.44 0.35 20.3 

Stain 6 1.63 6.99 0.23 13.5 

Stain 7 2.18 7.99 0.27 15.8 

Stain 8 2.00 0.00 0.27 15.7 

Stain 9 2.17 8.31 0.26 15.1 

Stain 10 2.32 8.07 0.29 16.7 
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Trial 68 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.18 6.43 0.34 19.8 

Stain 2 3.29 7.38 0.45 26.5 

Stain 3 3.29 5.45 0.33 19.4 

Stain 4 2.10 5.58 0.38 22.1 

Stain 5 3.56 9.74 0.37 21.4 

Stain 6 3.00 8.18 0.37 21.5 

Stain 7 3.16 9.87 0.32 18.7 

Stain 8 3.51 0.00 0.30 17.4 

Stain 9 2.76 8.55 0.32 18.8 

Stain 10 3.61 13.55 0.27 15.5 

Trial 69 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 2.69 8.81 0.31 17.8 

Stain 2 2.61 9.74 0.27 15.5 

Stain 3 2.61 7.54 0.30 17.7 

Stain 4 1.81 7.04 0.26 14.9 

Stain 5 2.34 6.46 0.36 21.2 

Stain 6 2.79 9.63 0.29 16.8 

Stain 7 2.29 6.83 0.34 19.6 

Stain 8 2.69 0.00 0.36 20.9 

Stain 9 2.26 8.47 0.27 15.5 

Stain 10 2.63 8.26 0.32 18.6 

Trial 70 

DATA SHEET Stain Width(AS) Stain Length(AS) W/L Ratio Impact Angle 

Stain 1 1.71 5.82 0.29 17.1 

Stain 2 1.73 4.92 0.35 20.6 

Stain 3 1.73 6.64 0.27 15.8 

Stain 4 2.08 7.81 0.27 15.4 

Stain 5 2.16 5.90 0.37 21.5 

Stain 6 1.73 7.91 0.22 12.6 

Stain 7 2.21 10.05 0.22 12.7 

Stain 8 2.79 0.00 0.26 15.2 

Stain 9 1.55 6.40 0.24 14.0 

Stain 10 2.74 8.84 0.31 18.1 
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APPENDIX FOUR 

Known and Calculated X, Y & Z Coordinates at various Wind Speeds 

Table 1 (wind 0 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 30 30 0 

  Y 239 238 1 

  Z 70 77 -7 

Pattern 2  X 55 47 8 

  Y 163 155 8 

  Z 70 78 -8 

Pattern 3 X 39 31 8 

  Y 181 191 -10 

  Z 70 82 -12 

Pattern 4 X 32 31 1 

  Y 193 191 2 

  Z 70 84 -14 

Pattern 5 X 52 36 16 

  Y 212 210 2 

  Z 70 82 -12 

Pattern 6 X 43 39 4 

  Y 167 167 0 

  Z 93 101 -8 

Pattern 7 X 41 38 3 

  Y 160 155 5 

  Z 93 100 -7 

Pattern 8 X 35 32 3 

  Y 213 212 1 

  Z 93 100 -7 

Pattern 9 X 55 48 7 

  Y 165 161 4 

  Z 93 101 -8 

Pattern 10 X 36 35 1 

  Y 170 166 4 

  Z 93 101 -8 
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Table 2 (wind 3-4.3 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 32 6 

  Y 136 133 3 

  Z 70 81 -11 

Pattern 2  X 38 32 6 

  Y 136 134 2 

  Z 70 82 -12 

Pattern 3 X 38 32 6 

  Y 136 132 4 

  Z 70 82 -12 

Pattern 4 X 38 30 8 

  Y 136 132 4 

  Z 70 80 -10 

Pattern 5 X 38 31 7 

  Y 136 139 -3 

  Z 70 84 -14 

Pattern 6 X 38 29 9 

  Y 136 138 -2 

  Z 93 98 -5 

Pattern 7 X 38 31 7 

  Y 136 141 -5 

  Z 93 94 -1 

Pattern 8 X 38 33 5 

  Y 136 139 -3 

  Z 93 97 -4 

Pattern 9 X 38 31 7 

  Y 136 143 -7 

  Z 93 99 -6 

Pattern 10 X 38 31 7 

  Y 136 138 -2 

  Z 93 98 -5 
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Table 3 (wind 4.2-5.5 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 36 2 

  Y 189 183 6 

  Z 70 78 -8 

Pattern 2  X 38 31 7 

  Y 189 185 4 

  Z 70 78 -8 

Pattern 3 X 38 35 3 

  Y 189 188 1 

  Z 70 81 -11 

Pattern 4 X 38 31 7 

  Y 189 189 0 

  Z 70 81 -11 

Pattern 5 X 38 29 9 

  Y 189 192 -3 

  Z 70 82 -12 

Pattern 6 X 38 28 10 

  Y 189 189 0 

  Z 93 97 -4 

Pattern 7 X 38 30 8 

  Y 189 191 -2 

  Z 93 99 -6 

Pattern 8 X 38 33 5 

  Y 189 189 0 

  Z 93 98 -5 

Pattern 9 X 38 37 1 

  Y 189 188 1 

  Z 93 96 -3 

Pattern 10 X 38 28 10 

  Y 189 185 4 

  Z 93 98 -5 
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Table 4 (wind 6-8 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 40 -2 

  Y 147 135 12 

  Z 70 85 -15 

Pattern 2  X 38 30 8 

  Y 147 133 14 

  Z 70 76 -6 

Pattern 3 X 38 37 1 

  Y 147 141 6 

  Z 70 79 -9 

Pattern 4 X 38 32 6 

  Y 147 137 10 

  Z 70 77 -7 

Pattern 5 X 38 34 4 

  Y 147 145 2 

  Z 70 78 -8 

Pattern 6 X 38 27 11 

  Y 147 140 7 

  Z 93 98 -5 

Pattern 7 X 38 29 9 

  Y 147 138 9 

  Z 93 103 -10 

Pattern 8 X 38 31 7 

  Y 147 142 5 

  Z 93 99 -6 

Pattern 9 X 38 36 2 

  Y 147 134 13 

  Z 93 94 -1 

Pattern 10 X 38 33 5 

  Y 147 139 8 

  Z 93 96 -3 
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Table 5 (wind 7-9 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 37 1 

  Y 120 100 20 

  Z 70 63 7 

Pattern 2  X 38 32 6 

  Y 120 104 16 

  Z 70 67 3 

Pattern 3 X 38 34 4 

  Y 120 100 20 

  Z 70 69 1 

Pattern 4 X 38 27 11 

  Y 120 104 16 

  Z 70 72 -2 

Pattern 5 X 38 36 2 

  Y 120 104 16 

  Z 70 55 15 

Pattern 6 X 38 26 12 

  Y 120 102 18 

  Z 93 99 -6 

Pattern 7 X 38 32 6 

  Y 120 105 15 

  Z 93 90 3 

Pattern 8 X 38 34 4 

  Y 120 106 14 

  Z 93 98 -5 

Pattern 9 X 38 35 3 

  Y 120 98 22 

  Z 93 95 -2 

Pattern 10 X 38 32 6 

  Y 120 102 18 

  Z 93 93 0 

 

  



164 | P a g e  

 

Table 6 (wind 13-14 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 30 8 

  Y 195 171 24 

  Z 70 85 -15 

Pattern 2  X 38 34 4 

  Y 191 171 20 

  Z 70 62 8 

Pattern 3 X 38 40 -2 

  Y 200 175 25 

  Z 70 68 2 

Pattern 4 X 38 42 -4 

  Y 191 169 22 

  Z 70 59 11 

Pattern 5 X 38 43 -5 

  Y 102 91 11 

  Z 70 65 5 

Pattern 6 X 38 28 10 

  Y 200 183 17 

  Z 93 91 2 

Pattern 7 X 38 33 5 

  Y 191 170 21 

  Z 93 89 4 

Pattern 8 X 38 28 10 

  Y 102 91 11 

  Z 93 94 -1 

Pattern 9 X 38 35 3 

  Y 195 188 7 

  Z 93 94 -1 

Pattern 10 X 38 32 6 

  Y 191 181 10 

  Z 93 99 -6 
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Table 7 (wind 15-17 km) 

Impact 
Pattern Coordinate Known (cm) 

Calculated  
(cm) 

Difference 
(cm) 

Pattern 1 X 38 33 5 

  Y 102 89 13 

  Z 70 71 -1 

Pattern 2  X 38 38 0 

  Y 200 175 25 

  Z 70 60 10 

Pattern 3 X 38 36 2 

  Y 102 92 10 

  Z 70 69 1 

Pattern 4 X 38 35 3 

  Y 191 173 18 

  Z 70 74 -4 

Pattern 5 X 38 37 1 

  Y 200 177 23 

  Z 70 66 4 

Pattern 6 X 38 30 8 

  Y 102 98 4 

  Z 93 94 -1 

Pattern 7 X 38 35 3 

  Y 191 175 16 

  Z 93 81 12 

Pattern 8 X 38 37 1 

  Y 200 175 25 

  Z 93 87 6 

Pattern 9 X 38 36 2 

  Y 191 175 16 

  Z 93 91 2 

Pattern 10 X 38 30 8 

  Y 195 175 20 

  Z 93 95 -2 

 

 

 

 

 




