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[bookmark: _Toc153383609]Abstract 

This report uses modern mathematical understanding of energy transfer and ballistic penetration to investigate the performance of the longbow in the battle of Agincourt with a particular focus on the use of the needle bodkin arrow against the French plate armour. The report concluded that the longbow’s penetration performance drastically decreased at ranges above 50 metres due to the mass of the arrows potentially caused by the poor manufacturing techniques of the period. This was complete by investigating modern and historical literature along with evaluating the manufacturing methods of the 15th century. To cross examine the results produced by the experimental calculations. 

[bookmark: _Toc153383610]Introduction	

The aim of this report is to evaluate the performance of the longbow at the Battle of Agincourt, with a specific focus on its performance against the plate armour used by the French soldiers. The longbow is considered by many modern accounts to be the decisive weapon in the English army’s victory at the Battle. This report will critically evaluate this statement by using mathematical principles to produce a conclusion on the overall performance of the longbow along with its decisiveness at the Battle of Agincourt. In order to fulfil the aim of this report the initial search for previous research was split into to three sections the Armour, Longbow and Bodkin arrow. 
The search for reports evaluating the plate armour worn by the French soldier around the early 15th century, this search found a Graduate thesis by a Nebraskan University student who evaluated the relationship between the Longbow and armour in the hundred years war [1]. In this publication the author presented data that analysed the armour worn by French soldiers for multiple data points across the hundred years war, the two data points of particular interest are “Post- Poitiers” to “Post- Agincourt”. In this section the author states produces an average percentage of the French soldiers’ bodies that were not cover by plate armour. The reports finds that Post Poitiers the percentage was 30.4% with this number reducing to 15% Post Agincourt. This suggests that the percentage of plate armour work by the French soldiers at the battle of Agincourt was in the range of 69.4-85% [1]. Although this number is contradicted by other reports suggest that the soldiers in the Battle of Agincourt wore primarily mail armour with small plates being added to vulnerable sections of the body [2] the report in reference draws these conclusions due to a report from Leeds suggesting that the French soldiers were heavily armoured causing exhaustion and an inability to fight at full capacity [3]. The differences in reporting of what level of plate armour was worn in the battle of Agincourt leads to discrepancies in the overall understanding of how the battle unfolded and the decisive factor to the French’s defeat. The research into the longbow and its performance at Agincourt uncovered a variety of supposedly credible reports that suggest contradicting accounts of the longbow’s performance. One source quotes Jehan De Wavrin whom was a French soldier during the battle who chronicled his firsthand account stating that “numbers of French were slain...by the English bowman” and “the French were disabled and wounded by arrows” [4]. The book goes on to suggest that these accounts demonstrated the penetration and overall power of the long bows during the battle. Further implying that the English archer was proven to be the decisive factor in the victory [4]. Other reports and historical accounts contradict these statements suggesting that the French had minimal casualties during their initial charge at the English stating “The English army had shown that it could repel the mounted French men-at-arms…but compared with what was to come the casualties were light” [5]. This suggested that the initial usage of the longbow was rather ineffective against the French’s front line. These statements are further supported by modern testing of period correct longbows suggesting they were overmatched by the typical armour worn by the French men-at-arms. The experimental testing used period correct manufacturing methods to fabricate the armour and the arrows, with mediaeval crafting methods used to create the longbow. The longbow used during the testing was craft from a longbow found on the H.M.S Mary Rose from the late 15th century [6]. 
The initial search into previous analysis on the bodkin arrow stemmed from its prominence and popularity in the late 14th century, with this style of arrowhead being favoured by the English bowman. The search specifically intended to gather research around the needle bodkin. A publication from the University of Pennsylvania titled “the role of the longbow in the “infantry revolution”” [7] evaluates the bodkin arrow suggesting that the bodkin arrow was initially developed in response to the early developments in plate armour and further suggesting that the bodkin arrow would be more successful against iron plate armour rather than steel armour which is backed up by other publications suggesting that the bodkin arrow would deform upon impact with steel armour [8]. this is further supported by the graduate thesis from a Nebraska University student references the type 7 needle bodkin arrow suggesting by this type of arrowhead was obsolete by the late 14th century [1]. These statements are then contradicted by other sources that suggest that the long bodkin arrow (needle bodkin) would inflict less damage than other types of arrowheads but was selected for its armour penetration capabilities [8].  During the research a report appeared in all three sections of the search, this report conducted performance testing of the longbow as a weapon system against multiple types of medieval armour. The report used 4 types of arrowheads in order to evaluate the over performance of the longbow [9]. The chapters of this report that are of particular interest are the plate armour chapters, the author conducted testing against two different types of plate armour. A coat of plate armour which was constructed out of 9 sections of varying sizes that overlapped in certain areas that were attached to a leather outer coat, and single plate of armour that constructed to represent the type of armour seen in helmets or breastplates. There were two types of bodkin arrows tested in this report, the short bodkin arrow, and the needle bodkin arrow. The experimental testing produced varying levels of penetration depending on the arrow and armour set up.

[bookmark: _Toc153383611]Methodology

[bookmark: _Toc153383612]	Equations and Mathematics

A dataset was provided as part of the brief for this report to eliminate any ambiguity in gathering reliable data for the parameters of the longbow, bodkin and armour used within the battle of Agincourt. The following section builds on this baseline dataset to enable further analysis of the ballistic and penetration mechanics of the longbow weapon system. 

Table 1 - Provided Dataset [10]
	Type of Ordnance
	Bodkin Arrow

	Delivery System
	Longbow

	Length of ordnance (w/o bodkin)
	583.5mm

	Length of Bodkin
	115mm

	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 0.67 gcm-3

	Density of Plate Armour
	2.85gcm-3 (rank and file) 


	
	5.75gcm-3 (knight)

	Thickness of Plate Armour
	2.5mm – 4mm

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

	Yield Stress of Armour
	350-600 MPa (variation between foot soldier armour and that of a king)[footnoteRef:1] [1:  Please note that there was no standardised process in medieval times, with armour plate ranging from bloomery wrought iron (0.05% carbon) to hardened bloomery steel (0.64% carbon). Only the wealthiest of nobles and knights would have worn the latter.] 


	Velocity of system at impact (100m)
	Arrow (53.34ms-1)

	
	Knight on horseback (8.95ms-1)

	
	Foot soldier (0.9ms-1)




The following equations and calculations were selected as part of this experiment to give the most beneficial analysis of the weapon system and type of ordnance. The provided dataset did not include every datapoint required to complete these calculations, therefore further research and data collection was undertaken to complete a comprehensive analyse of the experiment. Datapoints gather from further research can be found in the relevant subsections. The experimental equations were divided into three sections Arrow Velocities and Energy, Newtons Depth, Velocity Limit and Perforation. 
[bookmark: _Toc153383613]Arrow Velocities and Energy 
The initial calculations evaluated for this experiment were the arrow velocities, these equations were split into two sections the initial velocity of the arrow and the final velocities of the arrow. 
[bookmark: _Hlk153111029]Initial Velocity  [9]

[bookmark: _Hlk153110673][bookmark: _Hlk153110365]e is Efficiency, f is Draw Force in Newtons, x is Draw Length in Metres, K is a Kinetic constant  is Mass of Arrow and  is Mass of Bow both measured in Kilograms.
 e = 0.9
 f = 489.5
x = 0.7112
K = 0.4
[bookmark: _Hlk153116041] = 0.116
 = 1
[bookmark: _Hlk153113709]Initial Velocity  = 24.64 
		
Final Velocities  [11]

[bookmark: _Hlk153115760] is Initial Velocity in Metres per Second, S is Target Distance in Metres, t is Time of Impact in Seconds and g is Gravity measured in Metres per Seconds. 
 = 24.64
S = 100
t =    = 5.02
[bookmark: _Hlk153120034]	Final Velocity  = 15.2
		

[bookmark: _Hlk153205647]Kinetic Energy of Projectile KE

[bookmark: _Hlk153115733][bookmark: _Hlk153115802]
Whereby,  is the Mass of Arrow in Kilograms and  is the Final Velocity of the Arrow in Metres per Second.
Due to the output of the previous final velocity calculation and the presence of a final velocity data point in the provided dataset, two results were calculated for the Kinetic Energy. 
[bookmark: _Hlk153116084] = 0.116						 = 0.116
 = 15.2						 = 53.34
[bookmark: _Hlk153116159]Kinetic Energy KE = 13.4 J		Kinetic Energy KE =165.02 J

[bookmark: _Hlk153204809]Energy Limit of Steel Armour  [12]


This equation is an estimation of the Energy required to penetrate a designated target. This formula considers the area of the projectile to be that of a cylinder. Thus, T is the Toughness of the target material in Megapascals per Millimetres Squared,  is the Thickness of the Target in Millimetres, r is the Radius of the Projectile and l is the Length of the Projectile both measured in Millimetres. 
Due to the range of armour thickness in the dataset provided a maximum and minimum value was calculated, the following calculations also include a difference in the toughness of the steel that has been collected from a journal article of experimental testing. This report tested S355 type steel which has similar properties to the steel used in the 15th century. [13]
[bookmark: _Hlk153204699][bookmark: _Hlk153205400]T = 3.578 [13]					T = 4.04 [13]
 = 2.5						 = 4.0
r = 5.555 						r = 5.555
l = 115						l = 115
Min Energy Limit  376.38 J		Max Energy Limit  679.85 J



Minimum Velocity to Penetrate Target 



Whereby,  is the Mass of Arrow in Kilograms and  is Kinetic Energy in Joules
This follows from the previous calculation and is a modified Kinetic Energy Formula. Using the estimated energy to penetrate the target along with the mass of the arrow to calculate its minimum required velocity to penetrate the target. 
 = 0.116						
 = 376.38					
Minimum Penetration Velocity  = 80.56 


[bookmark: _Toc153383614]Newtons Depth D

[bookmark: _Hlk153117073][bookmark: _Hlk153116631]
[bookmark: _Hlk153116783]This equation is an approximation of the Depth of penetration of the project into its given target. As can be seen by the formula it does not take into account the Kinetic Energy or Velocity of the projectile. It also does not consider the thickness of the target plate. Thus the result of this should be evaluated with these caveats in mind. Whereby, L is the length of Projectile in metres,  is the Density of the Projectile and  is the Density of the Target both measured in Grams per Centimetre cubed. 
Due to the presence of two density of armour in the provided data set depending on the soldiers rank within the army, two results were calculated for the approximation of Newtons Depth. 
L = 11.5 						L = 11.5
[bookmark: _Hlk153117003] = 6.25						 = 6.25
[bookmark: _Hlk153117023]  = 2.85						 = 5.75
[bookmark: _Toc153383615]Max Newtons Depth D  25.2 mm   		Min Newtons Depth D  12.5 mm




Velocity Limit and Perforation

Velocity Limit  [14]


[bookmark: _Hlk153119167]This equation is a was theorised to calculate the Limit Velocity of a long rod penetrator, comparisons can be draw between the penetration mechanics of a long rod penetrator and an arrow fired from a longbow, thus this equation had been adopted in this report to calculate the velocity limit of the bodkin arrow. Whereby, d is the Penetrator Diameter measured in Millimetres, is the Mass of Arrow in Kilograms,  is the Target Thickness in Millimetres and θ is the Angle of Impact in Degrees.
Due to the presence of a range of armour thickness in the provided dataset a minimum and maximum result was calculated for the Velocity Limit.
d = 11.11 						d = 11.11
[bookmark: _Hlk153119394]= 0.116						= 0.116
[bookmark: _Hlk153119402] = 2.5						 = 4 
[bookmark: _Hlk153119409]θ = 30							θ = 30
Min Velocity Limit  = 206.9	         Max Velocity Limit  = 269.2

[bookmark: _Hlk153294681] Perforation Velocity 

[bookmark: _Hlk153121230]The following formulae are different variations of a Perforation Velocity equation that have been referenced and used within a variety of academic publications. This section enable the differences between equations and results to be analysed later in the report. The following equations include  as the Projectile Radius measured in Millimetres,  as the Target Thickness in Millimetres,   as the Yield Stress of the Target in Megapascals,  as the Mass of the Projectile in Kilograms, d as the Projectile Diameter in Millimetres, l as the Length of the projectile in Millimetres and k as the Empirical Material Constant
[bookmark: _Hlk153121434]Due to the presence of the armour thickness and yield stress of the armour in the following formulae, a minimum and maximum result can be calculated for each equation. 



Ballistic Research Laboratory (BRL) [15] [16]


d = 11.11						d = 11.11
 = 2.5						 = 4
 = 350						 = 600
[bookmark: _Hlk153122398] = 0.116						 = 0.116
Min BRL’s   = 	6.03			Max BRL’s   =8.58

Bethe  [17]

[bookmark: _Hlk153122482] = 5.555						 = 5.555
[bookmark: _Hlk153122537] = 2.5						 = 4
 = 350						 = 600
 = 0.116						 = 0.116
[bookmark: _Hlk153134342][bookmark: _Hlk153136645]Min Bethe’s   = 5.63			Max Bethe’s   = 9.33

[bookmark: _Hlk153383926]Gupta and Madhu  [18]


k = 1.05							k = 1.05
[bookmark: _Hlk153122137] = 2.5							 = 4
Min  = 6.56						Max  = 16.8






[bookmark: _Toc153383616]Discussion

[bookmark: _Toc153383617]	Analysis 
From the initial section of the methodology which evaluated the velocity of the arrow at two points during its flight, these two points were its initial velocity and its final velocity prior to impact. These calculations produced results that were vastly decreased compared to the value for the arrow’s velocities at 100m that was available in the provided dataset. This suggest a difference in the calculation method or parameters used to calculate the result, this also may indicate an error in the equation or calculate process itself.  Following on from the arrow velocity calculations kinetic Energy calculations. These were complete for two velocities, the first being the calculated final velocity and the seconding being the provided dataset arrow velocity. A comparison of these two values displays a difference of over a factor of 10 with the final velocity being 92% smaller than the provided dataset value. Once a value for the kinetic energy had been established further calculation swore completed in order to evaluate the amount of energy required to penetrate the armour of the French soldiers. This value was estimated by using a modified equation using the toughness and thickness of the armour and multiplying it by the area of the arrow. This produced a result in joules that could be further compared to the previously calculated kinetic energy to give further context as to the performance of the longbow. Due to the range in thicknesses in armour used in the battle of Agincourt a maximum and minimum value was produced to display the difference in armour of the rank-and-file soldiers compared to that of the Knights. Comparing the highest kinetic energy value to the penetration energy it indicated that the kinetic energy produced by the archer and his arrow were approximately 2.3 times smaller than the value required to defeat the thinnest armour deployed in the French army. This was deficiency was further illuminated when comparing the thickest armour to the kinetic energy, with the kinetic energy being over 4 times smaller than the required penetration energy.  
The second section of the methodology evaluated Newton’s Depth of penetration approximation; this calculation estimated the penetration depth of the arrow into an infinite block of target material. This approximation used the different densities and the length of the arrow to approximate its penetration, this approximation assumes the arrow is a non-deforming projectile. The results produced from these approximate calculations indicate a penetration of between 12.5 mm and 25.2 mm. These results draw similarities with results quoted in a 2006 report that that conducted physical test and firings on a longbow against period correct armour, where these tests produced needle bodkin arrow penetrations of 0.5 inches which is converted to 12.7 mm this result was produced from experiments against 2mm plate armour [9]. Suggesting a level of validation for the newton’s depth approximation, although the comparisons of these results should be caveated due to unknown differences in types of steel tested. 
The final section of the methodology evaluates a set of Perforation and Limit Velocity formulas that had been referenced from academic papers or journal articles. The Perforation Velocity equations were specified to evaluate modern bullet penetration into steel targets and have been adapted to evaluate the penetration of the needle bodkin arrow against medieval steel targets. The three formulas used within these sections utilise different parameters to calculate the perforation velocity, when comparing the results a concise range over data is displayed with all the results falling between 5 and 17 metres per second. Although these values should be caveated by the formulas calculating the impact of the projectile at the normal. If the velocity of impact is estimated to be between 15.2 and 53.34 metres per second, upon comparison with the results from perforation velocity calculations indicate that an impact from a bodkin arrow should perforate the steel armour worn by the French army. Although this statement is contradicted by modern experimental testing whereby from multiple firings of bodkin arrows against period correct armour zero visible perforation or penetration was found. [6] 
[bookmark: _Toc153383618]	Manufacturing Processes of Arrows and Armour

 Bodkin Arrow
Further context is given to the experimental results when evaluating the historical analysis of the materials used to manufacture arrows suggest that lower quality materials were used to manufacture the arrowheads due to the expectation that they were a one-time use projectile. This analysis indicates that most of the bodkin arrows made were either made from a phosphoric Iron or a softer Ferritic iron. Other Studies on the manufacturing process of bodkin arrow heads from around the 15th century indicate there were two main processes deployed to fabricate quality arrowheads. [19] The Case hardening process develops a hard out shell on the by heating the arrowhead to high temperatures in a high carbon environment creating a steel layer. This occurs as the soft iron core would react with its surrounding medium drawing the carbon into its structure creating the out layer. The carbon rich medium used during the 14th-15th century was typically made from ground animal bones.  Although this process creates a hardened outer shell it was susceptible to rust which would erode the hardened layer leaving the soft iron core. Non-case-hardened arrowheads were also used in the 15th century, [20] the non-cased hardened rounds were more susceptible to rolled points upon impact with a harder target. This was seen as a more inferior projectile than the case-hardened arrowheads. 
French Armour
The quality of the armour deployed by the French army in the battle of Agincourt is considered by historical accounts to be of a high standard, this is because the French army were well prepared for the English’s approach so were able to gather some of their most wealthy soldiers who adorned supremely crafted sets of armour. [21] Achieving the best performing set of armour would require various processes to take the raw materials to a high performing level. The banding of the steel this process required different types of steel with different properties to be forged together in an attempt to enhance the properties of each type of steel to create a superior performing steel.  Heat treatment process were used to improve the hardness and durability of medieval sets of armour, the typical type of heat treatment used in the 14th to 15th centuries was quenching [22].The quenching process relays on the rapid change in temperature in order to harden the exterior of the material. The steel would be heat to above a specific temperature or colour held above that point for a specified amount of time before being rapidly cooled in a liquid medium in order to seal and harden the exterior of the material. this method of heat treatment is still used by blacksmiths in the 21st century.  
[bookmark: _Toc153383619]Conclusion

The reliability of the available source material surrounding performance of the longbow against plate armour with a particular focus at the Battle of Agincourt is question due to the contradicting statements that occur when traditionally reliable forms of literature. Academic publications, historical accounts and modern understanding are inconsistent from author to author with various publications aiming to discredit certain other research that had previously been considered to be reliable information. The understanding from research surrounding the subject along with the calculations completed within this report conclude that the performance of the longbow and the needle bodkin arrow were not sufficient to penetrate the average armour at long range +100 metres. this is because of the severe velocity drop-off that is seen through the arrows flight towards the target, although the penetration capabilities of the needle bodkin arrow is drastically improved at close range sub 50 metres due to the higher velocity. These performance characteristics are potentially due to overall weight of the arrows being fired due the manufacturing methods of the time. 
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