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[bookmark: _Toc51833421][bookmark: _Toc153463726]Executive summary  
This report will look at the battle of Agincourt and what the contributing factors were that led to the English victory over the French Dauphin. One aspect that will be investigated is the penetrative power of the needle bodkin arrow in use with the English longbow. This has been referred to by many historical authors as the major contributing factor to the defeat of the French Dauphin at the Battle of Agincourt on 25th October 1415. Several technical references from credible and non-credible sources contradict this statement, this technical report will research the medieval longbow and bodkin arrow and if it does, or does not, deserve such an accolade. The assignment will conclude that although it is a contributing factor it is not the contributing factor that led to the victory. This is proven by using scientific principles of OME (Ordnance Munitions and Explosives) to determine the penetrating power of the needle bodkin versus armour and how effective it was. It also looks at what the other contributing factors were, these were the military tactics, the armour and the weapons that were used. 
[bookmark: _Toc153463727]Author notes
As Part of the assignment brief the table of information below in table 1 was provided and for information all calculations in this assignment have been done using this information that was provided. [1]
	Type of Ordnance 
	Bodkin Arrow

	Delivery System 
	Longbow

	Length of Ordnance (w/o bodkin)
	583.5mm

	Length of Bodkin 
	1115mm

	Diameter of Arrow Shaft 
	11.11mm (Assume same diameter for Bodkin) 

	Mass of Arrow 
	Arrow 0.116kg (1800 grains)

	Density of Penetrator
	Bodkin 6.25gcm-3

	
	Yew Wood 0.67gcm-3

	Density of plate Armour 
	2.85gcm—3 (rank and file) – 5.75gcm-3 (knight)

	Thickness of Plate Armour
	2.5mm – 4 mm

	Angle of obliquity of impact 
	30 degrees to the normal and greater 

	Yield stress of Armour
	350-600 Mpa (variation between feet soldier armour and that of a king

	Velocity of system at impact (100m) 
	Arrow 53.35ms-1 
Knight on horseback (8.95ms-1) 
Foot soldier (0.9ms-1)


[bookmark: _Toc153463826]Table 1- Table of assignment brief information




[bookmark: _Toc153463728]Introduction
The battle that will be discussed is the battle of Agincourt which took place on the 25th of October 1415 in Azincourt, North France. There will be research carried out into the penetrating power of the medieval longbow using the needle bodkin arrow and whether it was the deciding factor in the battle. The arrowhead was made of steel which is attached to a wooden shaft with a flight for stability at the end.  The image below in Figure 1 depicts an example of what the needle bodkin arrow looks like. [2]
[image: Bodkin point - Wikipedia]
[bookmark: _Toc153463789]Figure 1- Image of needle bodkin arrow [3]
The delivery system for the arrow depicted above was the English longbow, these bows were often made from Yew wood due to their material properties. This wood had good strength in both compression and tension due to the combination of sapwood and heartwood, this system is depicted below in figure 2. [4]
[image: A long thin yellow line on a grey surface
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[bookmark: _Toc153463790]Figure 2- Image of English longbow [3]
The ruler of England at the time was King Henry V and the ruler of the French Dauphin was King Charles VI. It is reported that the English army was around 6,000 men strong with 5,000 of those being archers, while the French had three battalions with around 8,000 men in each. This battle was one of many during the hundred-year war, with the victory of the English at this battle leading to the Treaty of Troyes which would make Henry V Charles VI successor. [5]


[bookmark: _Toc144284363][bookmark: _Toc153463729]Calculations and discussion
There were lots of factors that affected the outcome of the battle this section will discuss what the most important were. It will also use scientific principles of OME to prove if the needle bodkin arrow was the deciding factor. 
[bookmark: _Toc153463730]Penetrating power of the needle bodkin arrow
The armour of the time varied in quality, thickness and material properties, this was due to there being no standard way of manufacturing at the time. It also depended on who the manufacturer was and how wealthy the individual purchasing the armour was on its quality and thickness. There was also the same issue with the arrows of the time varying in material properties with some being better than others.  An example of an English archer from the time firing the needle bodkin is shown below in figure 3. 
[image: History of the English Longbow | ODINSON ARCHERY]
[bookmark: _Toc153463791]Figure 3- Image of longbow being fired [6]
[bookmark: _Toc153463731]Density of armour and penetrator 
The density of the penetrator and plate armour are shown in the table below in table 2, as can be seen in the table the arrow is denser than the armour. This makes it be able to penetrate both types of armour without the arrow deforming. The wood density does not affect the arrows performance due to it only being used to carry the arrowhead to the target. 
	Density of Penetrator
	Bodkin- 6.25gcm-3
Yew Wood- 0.67gcm-3

	Density of plate Armour 
	Soldier- 2.85gcm—3   
Knight- 5.75gcm-3 


[bookmark: _Toc153463827]Table 2- Density of penetrator and plate armour
[bookmark: _Toc153463732]Yield strength 
The Yield strengths of the different types of armours are shown in the table below in table 7, this shows the difference in the material properties of the different armours. 
	Yield stress of soldier armour
	350 Mpa

	Yield stress of Cavalry armour
	600 Mpa






[bookmark: _Toc153463828]Table 3- Yield stress of different armour
[bookmark: _Toc153463733]Length to diameter ratio
The bodkin needle arrow is a form of early long rod penetrator, this means that its ratio of length to diameter is vital. The equation for ratio of length to diameter is shown below in equation 1, [7] with equation 2 showing the calculation for this arrow head.  Although its length to diameter is low compared to modern standards it is however for the time relatively high, making it a good technologic advancement for penetrating armour. The other benefit the needle bodkin has is its nose shape being pointy and drawn out. 
Ratio of length to diameter
[bookmark: _Toc153463947]Equation 1- Length to diameter ratio equation
Where:
L=Length
D= Diameter
Ratio of length to diameter of needle bodkin:
Ratio of length to diameter
[bookmark: _Toc153463948]Equation 2- Arrow length to diameter calculation
Ratio of length to diameter 10.35

[bookmark: _Toc153463734]Angle of Impact 
The angle of impact of a projectile into armour has a big effect on its penetrating power, this is due to the distance that the round needs to travel. The longbow would need to be fired at a 45 degree angle to get its maximum range this means it would likely land at a 30 degree angle. The depiction below in figure 3 shows the angle the arrow would hit the armour at vs a flat straight on hit. 
[image: A drawing of a straight line
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[bookmark: _Toc153463792]Figure 4- Depiction of impact angle
This shows that there is a big difference in the required penetration depth between a straight on penetration and hit at an angle. The armour at the time ranged from between 2.5 to 4 mm in thickness. The minimum penetration at 2.5 mm thickness at 30 degrees hit angle is shown below in equation 1. [7]
2.5/Cos (30) = 16.21 mm
[bookmark: _Toc153463949]Equation 3- Minimum penetration thickness
The maximum penetration at 4 mm thickness at 30 degrees hit angle is shown below in equation 2. 
4/Cos (30) = 25.93 mm
[bookmark: _Toc153463950]Equation 4- Maximum penetration thickness
The image shown below in figure 5 further depicts the difference between a straight on hit and the hit at an angle as a triangle. 
[image: A drawing of a triangle
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[bookmark: _Toc153463793]Figure 5- Difference in impact distance at 30 degree impact angle
The table shown below in table 4 shows the big difference that a straight on hit and the hit at the 30-degree angle makes to the depth of penetration.
	Armour thickness
	2.5mm
	4 mm

	Armour penetration thickness at impact angle
	16.2mm
	25.93 mm





[bookmark: _Toc153463829]Table 4- Table of armour thickness
[bookmark: _Toc153463735]Velocity at impact 
The arrows fired at the time by the English archers were traveling at a velocity of around 53.34 m/s, however they would impact at a higher velocity. The reason there is an increase in the velocity is due to the soldiers heading towards the arrows which creates an impact velocity. The velocity of the cavalry heading into battle was around 8.95 meters per second and a foot soldier was around 0.9 meters per second. An arrow hitting a soldier heading towards the arrow works the same as two cars traveling towards one another. An example of this is if two cars impacting each other, if car A and B collide with car A traveling at 50 mph and B stationary then the impact velocity is 50 mph. If however car A is traveling at 50 mph and car B is also traveling at 50 mph towards one another then the impact velocity would be 100 mph. The image shown below in figure 5 depicts this impact velocity for the foot soldier.  
[image: A diagram of a mathematical equation
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[bookmark: _Toc153463794]Figure 6- Depiction of velocities of impact for soldier [8] [9]

As described above the impact velocity is true for cavalry and is also higher due to the higher speed that the horse travels at, this is depicted below in figure 6. 
[image: A diagram of a mathematical equation
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[bookmark: _Toc153463795]Figure 7- Depiction of velocities of impact for cavalry [8] [10]

	Velocity
	Soldier
54.24 ms^-1
	Cavalry
62.29 ms^-1


[bookmark: _Toc153463830]Table 5- Velocity for soldiers’ vs cavalry
The information from the images above is summarized in table 5 above, this information was gained by using equation 5 and 6 below. The difference in impact velocity for the foot soldier and cavalry is 8.05 meters per second, showing the difference the speed at which the soldiers were heading into battle made on the impact velocity of the arrow. 
Knight on horse: 53.34+8.95= 62.29 meters per second
[bookmark: _Toc153463951]Equation 5- Impact energy of cavalry 
Foot soldier: 53.34+0.9= 54.24 meters per second
[bookmark: _Toc153463952]Equation 6- Impact energy of foot soldier
[bookmark: _Toc153463736]Deceleration 
The arrow hitting the armour will come to a stop upon impact meaning that the arrow will decelerate to 0 m/s in 0.1 seconds. The equation for calculating this deceleration is shown in equation 7 below.  

[bookmark: _Toc153463953]Equation 7- Deceleration equation

Where:
∆𝑉=change in Velocity
t= time
Deceleration of the arrow hitting a foot soldier:

[bookmark: _Toc153463954]Equation 8- Deceleration of foot soldier
542.4
Deceleration of arrow hitting cavalry: 

[bookmark: _Toc153463955]Equation 9- Deceleration of cavalry

[bookmark: _Toc153463737]Force 
Using the calculated deceleration above the force of the arrow is calculated using the equation shown below in equation 10. 

[bookmark: _Toc153463956]Equation 10- Force equation
Where:
m= mass
a= acceleration
Force of arrow hitting a foot soldier: 

[bookmark: _Toc153463957]Equation 11- Force of arrow hitting foot soldier calculation.
 Newtons
Force of arrow hitting cavalry: 

[bookmark: _Toc153463958]Equation 12- Force of arrow hitting cavalry calculation.
72.2564 Newtons
[bookmark: _Toc153463738]Work 
Using the equation below in equation 13 the work required for the arrow penetrating the armour is calculated. 

[bookmark: _Toc153463959]Equation 13- Force equation
Where:
F= Force
s= Distance

Required work of arrow hitting a foot soldier: 

[bookmark: _Toc153463960]Equation 14- Required work of arrow hitting foot soldier calculation.
 Joules
Required work of arrow hitting cavalry: 

[bookmark: _Toc153463961]Equation 15- Required work of arrow hitting cavalry calculation.
289.0256 Joules
[bookmark: _Toc153463739]Work of ductile hole formation 
The equation to calculate the work of ductile hole formation is shown below in equation 25, [11] a yield stress of soldier armour is 350 Mpa and the yield stress of Cavalry armour 600 Mpa. 

[bookmark: _Toc153463962]Equation 16- perforation energy equation 
Where:
W. D. H. F= Work of Ductile Hole Formation
d= projectile diameter
t= plate thickness
σ= Yield stress
Work of Ductile Hole Formation for foot soldier:

[bookmark: _Toc153463963]Equation 17- Work of Ductile Hole Formation for foot soldier
W. D. H. F = 169.65 Joules 
Perforation energy or thick armour: 

[bookmark: _Toc153463964]Equation 18- Work of Ductile Hole Formation for cavalry
W. D. H. F= 465.33 Joules
This means that the work required for the arrow to penetrate the armour is higher than that that the arrow has so it will not penetrate.  
[bookmark: _Toc153463740]Impact energy 
The equation used to calculate the impact energy is shown below in equation 13:

[bookmark: _Toc153463965]Equation 19- Impact energy calculation
Where:
m= mass 
v= velocity
Impact energy for foot soldier:

[bookmark: _Toc153463966]Equation 20- Impact energy for foot soldier
Energy= 170.63 Joules
Impact energy for knight on horse:

[bookmark: _Toc153463967]Equation 21- Impact energy for knight on horse calculation
Energy= 225.04 Joules
The difference in impact energy between a foot soldier and the cavalry is 54.41 Joules due to the impact velocity. 
[bookmark: _Toc153463741]Maximum kinetic energy density
The diameter of the arrows of the time were around 11.11 mm, to calculate the kinetic energy density its required that the area be calculated first this is shown below in equation 16. The mass of the arrow head was around 0.116 kg. 

[bookmark: _Toc153463968]Equation 22- Area of arrow calculation
Area= 96.9 Micrometres squared
The requirement of a kinetic energy round is to have as high of a maximum kinetic energy density (K.E.D) as possible. The equation to calculate the K.E.D is shown below in equation 17. [7]

[bookmark: _Toc153463969]Equation 23- Maximum kinetic energy density equation
Where:
K.E.D= Maximum Kinetic energy density 
m= mass 
v= velocity
A= area
Maximum Kinetic energy density for cavalry:

[bookmark: _Toc153463970]Equation 24- Maximum Kinetic energy density for cavalry
K.E.D= 17.2 Joules
Maximum Kinetic energy density for foot soldier: 

[bookmark: _Toc153463971]Equation 25- Maximum Kinetic energy density for foot soldier
K.E.D= 11.6 Joules 
[bookmark: _Toc153463742]Limiting penetration velocity
The equation below in equation 20 shows how the limiting penetration velocity is calculated. [7]

[bookmark: _Toc153463972]Equation 26- Limiting penetration velocity equation
Where:
V= limiting penetration velocity (ms^-1)
p= armour thickness (mm)
d= Penetrator calibre (mm)
θ= impact obliquity 
W= projectile weight (kg)
Limiting penetration velocity for 4 mm armour at 30 degrees:

[bookmark: _Toc153463973]Equation 27- Limiting penetration velocity for thick armour calculation
V= 707.37 ms^-1
Limiting penetration velocity for 2.5 mm armour at 30 degrees:

[bookmark: _Toc153463974]Equation 28- Limiting penetration velocity for thick armour calculation
V= 543.67 ms^-1
Limiting penetration velocity for 4 mm armour at 0 degrees:

[bookmark: _Toc153463975]Equation 29- Limiting penetration velocity for thick armour calculation
V= 248.34 ms^-1
Limiting penetration velocity for 2.5 mm armour at 0 degrees:

[bookmark: _Toc153463976]Equation 30- Limiting penetration velocity for thick armour calculation
V= 190.87 ms^-1
Table 6 below summarizes the information gained from the calculations above showing the difference the impact angle and armour thickness has on limiting penetration velocity. 
	Armour thickness
	Limiting penetration velocity at 0 degrees
	Limiting penetration velocity at 30 degrees

	2.5 mm
	190.87 ms^-1
	543.67 ms^-1

	4 mm
	248.34 ms^-1
	707.37 ms^-1


[bookmark: _Toc153463831]Table 6- Table of limiting penetration velocity at different angles.
Using the equation shown above in equation 18 the limiting penetration velocity for various armour thicknesses at 30 degrees and at 0 degrees hit angle was calculated, this information is shown in the graph below in figure 8. 

[bookmark: _Toc153463796]Figure 8- Graph of Limiting penetration velocity vs armour thickness.
Using the graph and limiting penetration velocity equation three thicknesses of armour were selected for each angle of penetration. These were 0.25, 0.3 and 0.35 mm for hitting at 0 degree, the equivalent thickness for hitting at 30 degree is 0.039, 0.046 and 0.54 mm. It was then determined whether it would penetrate or not for a foot soldier and a cavalry soldier, this is show in table 6 below. 
	Limiting penetration velocity
	Armour thickness when penetrating at 0 degrees
	Armour thickness when penetrating at 30 degrees
	Soldier Penetration?
(54.24 ms^-1)
	Cavalry Penetration?
(62.29 ms^-1) 

	52.57 ms^-1
	0.25 mm
	0.039 mm
	Yes
	Yes

	58.22 ms^-1
	0.3 mm
	0.046 mm
	No
	Yes

	63.47 ms^-1
	0.35 mm
	0.054 mm
	No
	No


[bookmark: _Toc153463832]Table 7- Table of thickness to penetrate.
This shows that the thickness for a straight on hit would still not penetrate the armour of the time and for a 30-degree hit the armour would need to be very thin. 
[bookmark: _Toc153463743]Other contributing factors 
[bookmark: _Toc153463744]Military tactics
One contributing factor that led to the English victory over the French Dauphin was the military tactics that Henry V used in the battle. The English army was made up of 83.3% English and Welsh archers with the rest being foot soldiers fighting on the ground. The English knew that they were outnumbered by a factor of around 4. The military tactics they used to ensure success was to plan, prepare, to know their enemy as well as have trained and competent fighting force. [12]
[bookmark: _Toc153463745]Weapons & armour
Another key contributing factor that led to the English success is the weapon and armour that the English used. The French soldiers and cavalry were wearing heavy armour, with the weight of which being around 60/70 pounds. The French soldiers were required to advance more than 250 yards towards the English line of attack carrying this heavy armour. The previous day and during the night there had been significant rain fall making the ground boggy and waterlogged. The English wore light armour so that they could move easier in the mud as well as wield their weapons with ease more effectively. [13]
When the first line of attack of 8,000 men attacked the English men at arms, arrows rained down upon them from the many archers, even with this some soldiers still made it to attack. The archers however did slow the men down, this caused the soldiers to move closer together and closed their visors. This meant they were less mobile and had less visibility when fighting. [14]
Although the core and head was heavily protected in thick armour often other parts of the body were less protected. As a percentage of the area of the body 54% is made up by legs and arms, meaning that it is very likely to hit these areas which are less protected. A depiction break down of the percentages of area that make up the body is shown below in figure 8. An impact to the arm or leg might not kill a soldier however it would injure the individual, this would make them unable to fight as effectively if at all. The same principle applies for the cavalry however to more of a degree due to the size of the horse as well as the armour and angle it would hit the horse at. 
[image: A screenshot of a body chart
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[bookmark: _Toc153463797]Figure 9- Area of person [15]
The needle Bodkin arrow had the ability to pierce chain mail and armoured clothing but also the energy that the arrow carried was also imparted into the person giving some knock back force. [16] The English longbow as well as the skill of the archers gave the English the benefit of range overmatch meaning they could engage targets from further away than they themselves could be engaged. This also meant that they could fire more shots as the enemy headed towards the men at arms giving higher chance of impact. 
Many soldiers and cavalry had been injured prior to reaching the men at arms, this gave an advantage to the English due to them being easier to defeat. It also become an issue for the French soldiers trying to fight due to the congestion issues it caused and trying to get aid to personnel requiring it. Another contributing factor is the number of wounded and dead bodies to fight over as the battle went on acted like a defence for the English as well as de motivating the French army. This left the French line of attack with many wounded and fighting in the mud in heavy armour with little visibility, with the English in light armour making ease of the enemy. [17]
The problem with hitting muscle is it results in large temporary cavities but small permanent cavities due to the elastic nature of the muscle fibres. The greater the tissue strength the more absorption of kinetic energy the more elastic the tissue the more it will dissipate this. The kinetic energy of the projectile has the biggest impact on wound severity, this is however dependant on the whole of its energy being imparted into the body. The deformation and break up of projectile cause the most amount of damage with a low velocity pointier projectile yielding less abrasion. Although break up when hitting armour would be less effective, it is however more effective if it enters the body through thin armour or unprotected area. [7]
[bookmark: _Toc144284364][bookmark: _Toc153463746]Conclusion 
The needle bodkin although it was not the deciding factor it was a deciding factor in the victory of the English over the French dauphin. The English had appropriate equipment for the battle in the form of light armour, they also had a technological advancement with the overmatch and penetrating power of the combination of the longbow and needle bodkin arrow. As proven above using the scientific principals of OME the arrow did not have the penetrating power that some claimed it had. The arrow was however an advancement in ballistic performance and an early example of a long rod penetrator. The military tactics, planning, preparation, competency, the armour and weapons of the time were also factors that led to the Henry V victory. 
[bookmark: _Toc153463747]Recommendations 
It is recommended that further work be done into this area given that the above information has used theoretical calculations only. Further work could include the use of computer aided design in the form of finite element analysis, for example to model the needle bodkin arrow hitting various thicknesses of armour and at different impact angles. This will give a clear view on if an impact penetrates as well as how much and what forces are at play. Another area of additional work to support or give further confidence to the information above would be to conduct actual firing trials against armour. Trials would give a great deal of benefit to better understand the impact that a hit had in a real-world situation. A few examples would be a series of firings of the needle bodkin arrow at armour plate with variables including the thickness of the armour, the angle of impact and the distance. 
Investigation into land recovery method for uncrewed aerial targets

[bookmark: _Toc51833419]
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Graph of Limiting penetration velocity (ms^-1) vs armour thickness (mm) for 0 degrees and 30 degrees
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