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[bookmark: _Hlk153538140][bookmark: _Toc153538876]1. Introduction
The battle of Agincourt occurred on the 25th of October 1415, near the town from which the battle owes its name. It is prominent in popular culture, having been re-told as a Shakespearean play and portrayed in several films. [1] The battle is also the subject of many books and documentary films. It can be considered a contentious topic in some regards, with various historians debating the validity of reported aspects of the battle. [2] One of the key aspects that is often subject to scrutiny, is the use of the English longbow by Henry the V’s victorious army. Often claimed as one of, if not the most decisive factor contributing to the English victory. This report aims to examine this claim through the lens of scientific principles of ordnance, munitions, and explosives OME, to assess whether the English longbow was the most significant contributing factor during the battle.
[bookmark: _Hlk153538149][bookmark: _Toc153538877]2. Agincourt: An Overview
The battle of Agincourt was fought during the height of the Hundred Years’ war, a century-spanning conflict between the medieval kingdoms of England and France. Agincourt was the climax of King Henry V’s campaign on French soil to bolster English claims to the French throne and secure more territory on the Continent. During the battle, a beleaguered English force suffering from fatigue and illness were forced to face a numerically superior French army. [1]
Historians debate the size disparity between the two belligerents with modern estimates claiming the English were outnumbered 2:1. Less conservative estimates have placed it at 3:1, or even 5:1. Most sources suggest that, regardless of the French army size, the English fielded around 6000 troops. 
Regardless, the difference in troop numbers is perhaps not the most striking difference between the two armies, but rather their composition. While the French army was relatively well-rounded comprising of 25% archers, 25% infantry, and 50% Men-At-Arms (both foot and mounted); the English army was comprised mainly of longbowmen (approx. 5000) and foot Men-At-Arms (approx. 1000) this is illustrated in Figure 1. [2]
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[bookmark: _Ref153507006][bookmark: _Toc153521455]Figure 1 - participating forces composition diagram.
[bookmark: _Hlk153538165]Despite overall numerical superiority over the English army, the French suffered a resounding defeat at the battle of Agincourt, allowing Henry and his army to make their way back to England via Calais. This victory against the odds has cemented the battle in the hearts and minds of many. Henry’s campaign and the battle itself have been the subject of plays, films, television documentaries, books, and historical papers. Throughout various media the longbow is often portrayed as a battle-winning piece of military hardware, and the key reason the English were able to defeat the French so handily. Despite this narrative there were certainly other factors at play during the battle, and the romanticisation of this historical event should not proscribe the examination of other factors and their contribution to an English victory.
[bookmark: _Toc153538878]3. Performance Assessment
[bookmark: _Toc153538879]3.1 The Longbow
The longbow was a war bow heavily employed by the English during the Hundred Years’ war during several battles: Crecy, Poitiers, and Agincourt. Typically made of yew, a longbow could cast an arrow up to 230 m, with some sources stating longer ranges were possible. The arrows fired from these bows were heavier than training or hunting arrows, weighing up to 116 g, and could be outfitted with various heads. Needle bodkin arrows were used to penetrate mail armour – being able to punch between the links. Whereas so called “plate cutter” bodkin arrows were said to be used against armoured opponents. These arrow heads were made of iron or steel, and there is some debate over whether they would have been treated in any way to improve their material properties. Which may, in turn, have aided their penetrating ability against armoured targets.  [3] [4]
Most of the information we have today on English Longbows comes from remains of bows recovered from the Mary Rose, a warship that sank during the 16th century. Although from almost 100 years after the battle of Agincourt, these remains represent the best archaeological evidence for the construction of English longbows. Replicas made based on the Mary Rose bows suggest draw weights of up to 185 lbs were possible. However, these represent the upper bound of draw weights from a later point in the medieval period and do not necessarily reflect the longbows used at Agincourt. [5]
[bookmark: _Toc153538880]3.2 The Armour
The armour of the time would have been hand-forged by blacksmiths. They would have used iron or steel and the quality of the armour produced would depend on the quality of the raw materials and the skills of the smith. The armour one could afford to purchase would have been linked to social standing. This meant wealthy nobles were able to afford the best arms and armour of the day. 
In addition to varying across different suits of armour, the level of protection would have depended on the piece of armour in question. The torso and head were the best protected, with helmets and breastplates being made from up to 3.5 mm thick steel. Whereas armour covering the arms and legs would have been made of steel as thin as 1 mm. Even within individual pieces of armour, the thickness may not have been uniform, such as helmets being thinner at the back than at the front. Armour was also a multi-layered protection system, comprised of plate armour, mail armour, and a gambeson jacket. Each layer offered a different amount of protection against different threats, such as: slashing, stabbing/piercing, and blunt force attacks. [6]
[bookmark: _Toc153538881]3.3 Penetration Mechanics
Having established the parameters of the weapon system (the English longbow) and the protection system (plate armour) of the period; an examination can be made on the theoretical capability of a longbow arrow penetrating armour plate. To do this, scientific principals usually applied to the OME field can be used to make predictions on the penetrative capability of a bodkin arrow. 
[bookmark: _Toc153538882]3.3.1 Background to Penetration Mechanics
The interest in penetration mechanics goes as far back as the 18th century, with equations being produced to describe basic behaviours such as the Euler-Robins Equation:

[bookmark: _Toc153521559]Equation 1 - Euler-Robins equation [7]
Over time, several different equations have been derived which aim to predict the penetrative capability of a projectile interacting with a target, each one considering different parameters or aiming to describe different penetration regimes. For example:
· de Marre

[bookmark: _Toc153521560]Equation 2 - de Marre equation [8]
· Krupp: 

[bookmark: _Toc153521561]Equation 3 - Krupp equation [8]
· Milne de Marre:

[bookmark: _Toc153521562]Equation 4 - Milne de Marre equation [9]
The strike velocity of a projectile dictates how it will interact with the target. At velocities below 800 m/s, material properties are the determining factors in target failure mechanics. This is known as the “sub-hydrodynamic” regime. Impacts above 1200 m/s, are determined by the relative densities of the target and penetrator. This is known as the hydrodynamic regime. The velocities involved with longbow arrows are well within the sub-hydrodynamic regime, and so an appropriate equation is required to examine its performance. [10]  
[bookmark: _Toc153538883]3.3.2 Selection of equations and method for assessment
For the calculations in this investigation, the Tressider equation was selected to perform an analysis on the efficacy of the longbow against armour plate. 

[bookmark: _Toc153521563]Equation 5 - Tressider equation [7]
This was due to the equation not containing a variable that had to be determined by experiment and it was used for predicting penetration of wrought iron – a feasible material for period armour to have been constructed from.
The process for calculating the ability for a longbow to defeat medieval armour is described in Figure 2. 
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[bookmark: _Ref153507098][bookmark: _Toc153521456]Figure 2 - Method for estimating penetrative capability of bodkin arrow
[bookmark: _Hlk153538177]Assumptions:
Table 1 contains an information record for assumptions used to calculate penetration performance of the longbow.
	Variable
	Assumption

	Arrow Mass
	0.116 kg

	Arrow Radius
	0.00635 m

	Breastplate & Helmet Thickness
	0.0035 m

	Other Armour Thickness
	0.001

	Bow Draw Weight
	81.6 kg (140 lbs)

	Bow Draw Distance
	0.71 m

	Energy Transfer Efficiency of Bow
	50 %


[bookmark: _Ref153507137][bookmark: _Toc153521505]Table 1 - assumptions for penetration calculations [4] [6] [10] [11]
[bookmark: _Hlk153538186]The full process including calculations can be found in Appendix A.

[bookmark: _Toc153538884]3.4 Accuracy Assessment
Penetration of the target is not the only factor when considering the effectiveness of the longbow as a weapon. Before penetration is a possibility, first an archer must hit their target.
By following the process shown in Figure 3, an estimate can be made for the accuracy of the weapon system.
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[bookmark: _Ref153507196][bookmark: _Toc153521457]Figure 3 - Method for calculating accuracy estimate.
[bookmark: _Hlk153538195]This process works by calculating the circular area probable of the longbow at different ranges. Then this is compared with the silhouette area of a person-sized target. By looking at the percentage size of the target area vs. the circular area probable (CAP), an estimate for hit-chance can be made. This can then be further broken down into examining the probability of striking an area that can be penetrated, assuming a target has been hit.  
The assumptions for calculating an estimate of the accuracy are laid out in Table 2.
	Variable 
	Assumption

	Long range distance
	160 m

	Short range distance
	50 m

	Long range target radius
	4 m

	Short range target radius
	0.4 m

	Human target silhouette
	Rectangular area of man from metric handbook values

	Human target subdivisions
	Rectangular areas using dimensions from metric handbook

	Human target silhouette from above
	Squar area equal to hip width

	Arrow strike location
	Hits anywhere within target area with assumed equal probability


[bookmark: _Ref153507217][bookmark: _Toc153521506]Table 2 - Accuracy estimation assumptions [12] [13] [10]
[bookmark: _Hlk153538203]The CAP values were derived from the areas of the modern clout shooting scoring zone, and modern longbow field archery target sizes, using these as assumed lower bounds in terms of accuracy. Example visualisations of what both these types of shooting look like can be seen in Figure 4 and Figure 5.
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[bookmark: _Ref153507303][bookmark: _Toc153521458]Figure 4 - Clout target visualisation
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[bookmark: _Ref153507313][bookmark: _Toc153521459]Figure 5 - Field archery target visualisation
[bookmark: _Hlk153538212]These two data points allow for a crude graph to be drawn which can then be used to estimate the area in which an arrow might land at different ranges (Figure 6):

[bookmark: _Ref153507260][bookmark: _Toc153521460]Figure 6 - Graph showing CAP plotted against range.
[bookmark: _Hlk153538220]Estimates for a human-sized target are made by using data from the metric handbook relating to the proportions of the average human male. Extremely course zones were created for the sake of simplicity when dividing up the body (Figure 7)
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[bookmark: _Ref153507378][bookmark: _Toc153521461][bookmark: _Ref153537661]Figure 7 - Image displaying the zoning of the human figure to create a silhouette cross-sectional area estimate.
[bookmark: _Hlk153538226]The full process including calculations and further diagrams can be found in Appendix A.


[bookmark: _Ref153520877][bookmark: _Hlk153538235][bookmark: _4._Results][bookmark: _Toc153538885]4. Results
The results from following the penetration assessment calculations to predict penetration capability are:
· Required strike velocity of 38.5 m/s to penetrate the 1 mm thick armour plate
· Required strike velocity of 88.8 m/s to penetrate the 3.5 mm thick armour plate
· Theoretical maximum arrow velocity of 70 m/s
The results of the accuracy calculations are: 
· Chance of hitting a human-sized target at 50 m = 100%
· Chance of hitting a human-sized target at 160 m = 1.6%
· Chance of penetrating a struck target = 68%
· Chance of releasing a successful penetrating arrow at 50 m = 68%
· Chance of releasing a successful penetrating arrow at 160 m = 1.1%
[bookmark: _Toc153538886]5. Discussion
[bookmark: _Toc153538887]5.1 Comparison to modern studies
Documentaries have been made which look at the penetrative capabilities of bodkin arrows against plate armour. Although not necessarily to be considered a reliable source, the study carried out by Tod’s Workshop has been well documented. They have made a record of the different variables that have been considered, along with sources for each one, and tried to explain their experimental design decisions. During the film, they were able to use a chronograph to measure the velocity of their longbow arrows in flight. This came out to 55 m/s, a value that is in the right order of magnitude to the theoretical maximum calculated in Section 4. Explanations for this difference could be discrepancies in the draw weight of the bow, and an oversimplification in the calculations surrounding energy stored within the bow, and when working out the loss of energy as it is transferred to the arrow. 
The answers from Section 4 would suggest that a velocity of 55 m/s could penetrate 1 mm thick armour, but not 3.5 mm armour. This is supported by the results obtained from experimentation, with 1 mm armour being defeated several times by a bodkin arrow, but 3.5 mm armour remaining intact. This is shown in Figure 8. [14]
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[bookmark: _Ref153507398][bookmark: _Toc153521462]Figure 8 - bodkin arrow failing to penetrate a 3.5 mm thick steel breastplate from a Tod's Workshop documentary
[bookmark: _Hlk153538244][bookmark: _Toc153538888]5.2 Limitations to theoretical and experimental results
There are many limitations to both the theoretical and practical examination of longbow efficacy discussed in this report. The assumptions and simplifications used in the theoretical approach heavily curtail the validity of any figures produced. Additionally, the physical experiments that have been carried out by others fail to consider certain conditions and variables from the battle. Presented is a non-exhaustive list of the limitations and why they are important:
[bookmark: _Toc153538889]5.2.1 Limitations both theoretical and experimental
· Number of archers and targets – the theoretical approach and practical experiment assumes one archer firing at one target. Realistically there would be many archers firing at many targets. From calculations in Appendix A, a group of 386 Men-At-Arms stood together would approximately cover an area of 50 m2, and so firing at such a group would bring the chances of hitting a target up to 100%. Additionally, more archers would increase the amount of hits scored, as for every 100 archers firing at a single target you would expect at least 1 to hit at 160 m. An increase in archers and targets would again provide a different set of results.
· Shot angle and presented area – a shot at close range with a flatter trajectory would have a larger silhouette area to strike increasing the chances of scoring a hit. A shot aimed up into the air with a parabolic trajectory would have a smaller chance of hitting the target, due to the angle of incidence. This would also potentially increase the amount of armour to be penetrated as well as increasing the chance of ricochet. This effect is illustrated in Figure 9. 
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[bookmark: _Ref153507434][bookmark: _Toc153521463]Figure 9 - image illustrating that a parabolic shot trajectory presents a smaller target profile to the projectile. The distance x is clearly smaller than the distance y due to the incident angle of attack.
· [bookmark: _Hlk153538254]Cavalry – horses, upon which knights were mounted, represent much larger targets than people. They were also less armoured, meaning that alongside being easier to hit, they would also be more likely to become injured. Distressed/killed horses could throw their riders or fall on them, causing injuries or fatalities on the battlefield. 
· Chance of injury (and severity thereof) -Penetration of plate in this scenario does not necessarily equate to injury (fatal or otherwise) due to multilayered systems of armour and (for the theoretical approach) the location of penetration being unknown.
· Armour of opponents – this would not be the same depending on the wealth of the owner, with some being equipped with inferior quality armour, or simply lacking armour at all.
· Mobility – targets would be moving and not stationary, affecting accuracy.
[bookmark: _Toc153538890]5.2.2 Theoretical limitations
Silhouette area – The area used in these calculations is not accurate and has been done for simplicity. Refer to Figure 7 for an example.
Skill of archer – using a bound of accepted minimum threshold ability, to hit an area derived from modern day competition archery standards, is an assumption that does not reflect the quality of medieval longbowmen performance which is an unknown. 
Armour thickness – this varies across pieces of armour differing on front/back/sides and needs to be taken into account.
Armour morphology – pieces of armour are not flat plates, usually having curved surfaces which increase the amount of material arrow has to defeat and increases chance of ricochet.
Non homogeneity of projectile – equations assume a solid non-deforming projectile in estimating penetrative capability. The reality is a steel head on a wooden shaft, both with different material properties that will change how the projectile acts upon impact.
Ultimately, the theoretical assessment is unvalidated and is not very representative of the actual battle. Rather, it is an approximation to try and evaluate performance. Meanwhile the practical experiments that others have undertaken serve to give an indication on the performance of a longbow, but suffer from lack of repeated runs, and also do not accurately represent the myriad of scenarios that would have been present during the actual battle.
[bookmark: _Toc153538891]5.3 Additional deciding factors at Agincourt
There were many other factors at play during the battle of Agincourt that also had an impact on the outcome of the battle:
· Tactics – the English army were able to use stakes and the woodland which flanked the field of battle to create a favourable engagement position for their archers. The woods and stakes would disrupt enemy cavalry reducing their effectiveness. Additionally, the layout of the battlefield reduced the size of the frontline due to bottlenecking. This reduced the effectiveness of the French force as only a percentage of their troops could be engaged at any one time, nullifying the effect of having a larger army. [15]
· Order of battle – French cavalry went in first unsupported by infantry. This reduced their effect when they reached the English lines causing them to break. Compounding this effect, the retreating cavalry then ran through the advancing infantry forces which disrupted their formations and would have caused disarray and potentially injuries, as illustrated in Figure 10. For details of the whole order of battle, please see Appendix B. [16]
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[bookmark: _Ref153507502][bookmark: _Toc153521464]Figure 10 - image depicting the retreat of the French cavalry back through their own lines.
· [bookmark: _Hlk153538270]Weather and terrain – heavy rainfall on clay filled soil created a quagmire which the French troops were forced to march through, this slowed down French troops and meant that longbowmen had longer to shoot at the advancing force. 
· Fatigue – being forced to advance on the English lines meant that the French would have been more fatigued than the English troops once they were able to engage, this was exacerbated by the fact that the ground was extremely difficult to move through due to the previous factor of terrain.
· Leadership – if the French commanders had been able to keep tighter control over their own troops, they may have been able to prevent the unsupported cavalry charge from taking place. This may have allowed for the infantry to move up and support a charge which would have potentially had more of an effect in breaking the English lines.
· Morale – not all of the French forces saw combat during the battle. Those that did not retired from the field when they saw the English dispatching the majority of their prisoners after the initial combat. Historians theorise that this was done because the ability of the English troops to maintain control over so many prisoners would have been tenuous at best, leaving a high chance of French prisoners rising up and arming themselves – potentially completely overwhelming their English captors. [1]










[bookmark: _Hlk153538280][bookmark: _Toc153538892]6. Conclusions
Questions surrounding the decisiveness of the longbow at Agincourt are multi-faceted and can be approached from several different angles. Theoretical and practical testing have shown that the longbow would have been a contributing factor to the English victory at Agincourt, but there is no substantive proof that it was the single most decisive factor in the battle compared to other factors. 
Further study is needed to make a more robust case determining the supremacy of the longbow over other factors in determining the outcome of the battle. This could include more in-depth theoretical studies combined with modelling, as well as additional physical experimentation that aims to more accurately replicate the battlefield conditions and build up a larger data set for analysis. 
Ultimately, due to a lack of surviving evidence from the period, there will always be a degree of uncertainty with any modern investigation into the question: “was the longbow the most decisive factor at the battle of Agincourt?”





















References

[1] 	National Archives, “Campagin and Battle,” National Archives, [Online]. Available: https://www.nationalarchives.gov.uk/agincourt/campaign-and-battle/. [Accessed 09 December 2023].
[2] 	A. Curry, “ Participants in the battle of Agincourt,” Oxford Dictionary of National Biography, Oxford, 2008.
[3] 	Various, “"Longbow" - Encyclopaedia Britannica,” Encyclopaedia Britannica, 5 july 2019. [Online]. Available: https://www.britannica.com/technology/longbow. [Accessed 12 December 2023].
[4] 	G. Collet, Tech Auth Assignment Brief, Swansea: UWTSD, 2023. 
[5] 	D. A. J. Stirland, Raising the Dead: The Skeleton Crew of Henry VIII′s Great Ship, the Mary Rose: The Skeleton Crew of King Henry VIII's Great Ship the "Mary Rose", Wiley-Blackwell, 2000. 
[6] 	A. Williams, The Knight and the Blast furnace, Brill, 2003. 
[7] 	P. E. S. John R. Davidson, “Environmental problems of space flight structure 2 meteoroid hazard,” NASA, Washington, 1963.
[8] 	Various, Encyclopaedia Brittanica - 11th edition Vol 2, 2010. 
[9] 	A. Roberts, “Optimisation of small arms defeat via dynamic jacket removal,” Cranfield University, 2016.
[10] 	D. Littlefield, Metric Handbook, Amsterdam: Elsevier/Architectural Press, 2008. 
[11] 	R. Allain, “How Much Energy From a Bow Goes Into Kinetic Energy of the Arrow?,” WIRED, 08 DEcember 2014. [Online]. Available: https://www.wired.com/2014/12/much-energy-bow-goes-kinetic-energy-arrow/#:~:text=The%20data%20looks%20fairly%20linear,kinetic%20energy%20of%20the%20arrow. [Accessed 10 December 2023].
[12] 	A. GB, “Rules of Shooting,” Archery GB, 2022.
[13] 	World Archery Federation, “Barebow Archery,” World Archery Federation, [Online]. Available: https://www.worldarchery.sport/sport/equipment/barebow. [Accessed 05 December 2023].
[14] 	T. Cutler, “ARROWS VS ARMOUR – AGINCOURT MYTH BUSTING,” Tod's Workshop, 30 August 2019. [Online]. Available: https://todsworkshop.com/blogs/blog/arrows-v-s-armour-agincourt-myth-busting. [Accessed 3 12 2023].
[15] 	C. Phillpotts, “The French Plan of Battle during the Agincourt Campaign,” The English Historical Review, vol. 99, no. 390, pp. 59-66, 1984. 
[16] 	A. B. Bront, “On the effects of the English longbow against armour in the XIVth and XVth century”.
[17] 	K. DEVRIES, “Technological Determinisms of Victory at the Battle at Agincourt,” British Journal for Military History, vol. 2, no. 1, 2015. 



























[bookmark: _Ref153522063][bookmark: _Ref153522105][bookmark: _Ref153522113][bookmark: _Ref153522156][bookmark: _Ref153522256][bookmark: _Appendix_A:_Assumptions][bookmark: _Toc153538894]Appendix A: Assumptions and Calculations
Penetration evaluation:
Equations used:


Tressider equation:

VL = velocity for penetration, t = thickness of plate, R = radius of projectile, mp = mass of projectile

Threat and target assumptions:
	Variable
	Assumption

	Arrow Mass
	0.116 kg

	Arrow Radius
	0.00635 m

	Breastplate & Helmet Thickness
	0.0035 m

	Other Armour Thickness
	0.001

	Bow Draw Weight
	81.6 kg (140 lbs)

	Bow Draw Distance
	0.71 m

	Energy Transfer Efficiency of Bow
	50 %




Calculate energy to draw bow:

Apply energy loss:

Convert energy to give velocity of arrow:

Tressider equation for 1 mm thick target:

Tressider equation for 3.5 mm thick target:


Accuracy evaluation:
	[bookmark: _Hlk153505898]Variable 
	Assumption

	Long range distance
	160 m

	Short range distance
	50 m

	Long range target radius
	4 m

	Short range target radius
	0.4 m

	Human target silhouette
	Rectangular area of man from metric handbook values

	Human target subdivisions
	Rectangular areas using dimensions from metric handbook

	Human target silhouette from above
	Squar area equal to hip width

	Arrow strike location
	Hits anywhere within target area with assumed equal probability



Long range CAP:

Short range CAP: 

Human target silhouette:
[image: A black and red rectangular sign with a red border

Description automatically generated]

Percentage of human target area compared to CAP at 50 m:

As chance>100%, assumed to always hit a human sized target at 50 m
Percentage of human sized target area compared to CAP at 160 m:

Assumed there is a 1.6% chance to hit a human sized target at 160 m with a  longbow
Chance of hitting an area that is penetrable:
Areas with 1 mm protection = arms and legs
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Combined are total of arms and legs = 0.533 m2
Therefore, chance of hitting penetrable area is:

Chance to hit and injure an armoured person at 50 m:

Chance to hit and injure an armoured person at 50 m:

Human silhouette from above:
[image: A black and white symbol with red lines
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Number of men required to cover CAP at 160 m so hit is guaranteed:












[bookmark: _Ref153522280][bookmark: _Appendix_B:_Order][bookmark: _Toc153538895]Appendix B: Order of Battle

This appendix contains an illustrated overview of the order of battle at Agincourt to help better understand the events that unfolded. [15]
1 – The English army faces down the French on the field of battle flanked by trees to either side, with boggy terrain between the forces.
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2 – The English plant stakes into the ground to help disrupt any cavalry charges, as well as making use of the trees to disrupt cavalry formations. French Cavalry begins to charge forwards as the French men-at arms begin to advance. 
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3 – French cavalry engages the English lines unsupported after enduring a hail of arrows from the English Longbowmen
[image: ]
4 – The English manage to engage the French knights and force them to retreat.
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5 – The retreating mounted French troops disrupt the advancing foot men-at-arms, who are becoming bogged down in the saturated clay based terrain.
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6 – The French forces continue to advance slowly, enduring more arrow volleys from the English lines.
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7 – The French troops finally make it to the English lines, exhausted after the difficult advance.
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8 – The French eventually engage the English lines in fierce fighting which the English manage to emerge victorious from. Captured prisoners are slain and the rest of the French army retreats from the field.
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