
 

 

 

 

The application of engineering measurement and 

three-dimensional (3D) computer aided engineering 

techniques to the study of medieval period European 

swords. 

 

 

Simon McKenna 

 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

 

 

 

 

 

 

 

University of Huddersfield 

Submission date: October 2023 

 



2 

 

 

 

 

 

Copyright statement 

i. The author of this thesis (including any appendices and/or schedules to this thesis) owns 

any copyright in it (the “Copyright”) and he has given The University of Huddersfield the 

right to use such Copyright for any administrative, promotional, educational and/or 

teaching purposes. 

 

ii. Copies of this thesis, either in full or in extracts, may be made only in accordance with 

the regulations of the University.  Details of these regulations may be obtained from the 

Librarian.  This page must form part of any such copies made. 

 

iii. The ownership of any patents, designs, trademarks and any and all other intellectual 

property rights except for the Copyright (the “Intellectual Property Rights”) and any 

reproductions of copyright works, for example graphs and tables (“Reproductions”), which 

may be described in this thesis, may not be owned by the author and may be owned by 

third parties.  Such Intellectual Property Rights and Reproductions cannot and must not be 

made available for use without permission of the owner(s) of the relevant Intellectual 

Property Rights and/or Reproductions. 



3 

Abstract 

This thesis details the programme of research undertaken by the author to investigate the 

use of engineering measurement and computer-aided engineering techniques for the 

modelling and analysis of medieval period ‘knightly’ swords.   

The sword has an iconic cultural status that transcends its primary purpose as a tool of 

war, featuring frequently and extensively in art and literature from early human mythology 

through to contemporary film and digital media.  In Europe, the sword was arguably at its 

most influential, both practically and culturally, during the mid-late medieval period, and yet 

there has been limited understanding and a misinformed mythology around the iconic 

knightly sword that proliferated during this period. 

A resurgent interest, and associated research, in historical European martial arts has 

started to address this gap in understanding, and the use of engineering measurement 

and analysis techniques to inform historical research has been growing more generally in 

recent years.  There is a clear benefit that such techniques can bring to create a more 

complete picture of historical artefacts in terms of their design, construction, and 

performance, and that was the focus of this research programme.   

Of course, surviving medieval swords are, relatively speaking, rare, valuable, and often 

fragile, and these factors presented some specific challenges when trying to access and 

study them. 

The original contribution of this work has been to overcome these challenges to develop 

and demonstrate a robust methodology for creating and analysing 3-dimensional models 

that accurately recreate the geometry and mass properties of historical artefacts. During 

the programme, consideration has been given to accuracy, repeatability, ease of 

acquisition and the constraints associated with this type of artefact, such that the 

methodology might be used beyond this specific programme of work.  Having created 

these digital models, specific features have been analysed and simulated, and this 

approach has been applied to eight original medieval swords, providing new and 

interesting insights into their features, design, and original performance characteristics. 
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Chapter 1 – Introduction 

This chapter provides context to the research programme, with the aim of framing and 

then introducing the main research question.  This includes background on the research 

theme, consideration of how and why the programme has been designed as it has, and 

some initial discussion regarding the potential impact of this work. 

This is a multi-disciplinary research programme, designed to use engineering principles 

and advanced tools to provide new and unique insight to a group of historical artefacts, 

and so it is important initially to provide historical background to the programme.  

1.1 The cultural significance of swords 

References to swords have proliferated throughout art and literature for many centuries.  

From dark age myths and legends to contemporary literature and popular culture, the 

sword features prominently and enjoys a status and cultural significance that extends well 

beyond its basic function as a tool of martial practice (Loades, 2010).   

Stories in which swords are given an important role are commonplace and there have 

been many notable examples of swords given names in significant and influential literature 

(Classen, 2020).  This applies across many different cultures and timelines, ‘Hrunting’ was 

one of the swords given to the main protagonist in the old English poem Beowulf (Cooke, 

2003), ‘Gram’ was the sword used by Sigurd in the old Norse Volsunga Saga (Byock, 

2012), ‘Excalibur’ was King Arthur’s sword from Arthurian legend (Warren, 2000), 

‘Kusanagi no Tsurugi’ was a legendary sword and one of the three sacred treasures that 

made up the Imperial Regalia of Japan (Littleton), ‘Narsil’ was the sword used to cut the 

ring of power from Sauron’s hand (later reforged as ‘Anduril’) in Tolkien’s Lord of the Rings 

mythology (Brisbois, 2008), et al.  It should be noted of course that the naming of weapons 

is not unique to swords, ‘Mjolnir’ is Thor’s hammer in Norse mythology and ‘Ruyi Jingu 

Bang’ is the magical staff of the mythical Chinese Monkey King, Sun Wukong, but naming 

appears to be far more frequent for swords than for other weapon types.   

Sword naming has even been extended in some cases to artefacts associated with 

historical figures, ‘Joyeuse’, attributed as the personal sword of Charlemagne, and 

‘Colada’ and ‘Tizona’, swords associated with Spanish hero Rodrigo Díaz de Vivar, aka El 

Cid (Pendergrass, 2015).  This further supports the idea that swords have long been 

regarded as important artefacts with significant historical relevance and value, and this is 

perhaps unsurprising given they were for many centuries the preserve of the warrior elite.  
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It is not known if sword naming was a common personal practice historically, but what is 

clear is that in Europe, as larger numbers of swords came into circulation for military 

service, and even after the introduction of standard sword patterns, it was common for 

swords to be modified and embellished with decorative features (e.g., blade engravings, 

gilding of components) to suit the personal tastes of the user as can clearly be seen from 

looking at collections of swords from this period (Ffoulkes, 1916; J. W. Latham, 1966; 

Wilcock, 2012).  These were non-functional modifications that did not enhance the 

performance of the sword, but merely enhanced its aesthetic and, presumably, promoted 

the status of the individual.  This common practice of personalising swords again promotes 

the idea that swords have long been considered much more than just a tool.   

Given this enhanced status, the sword has acquired an element of mythology and it can be 

difficult to separate fact from fiction, hence the need for further study to reveal greater 

understanding of their history, form, and function. 

1.2 The historical development of swords in Europe 

The broad history of sword development has been the subject of considerable study and is 

well represented in literary form with many example texts (Blair, 1969; Richard F Burton, 

1884; Coe, 1989; McNab, 2010).   

The origins of the sword can be dated back over five thousand years, with the emergence 

of new metal working skills during the early Bronze age.  These earliest swords were 

typically made by casting bronze, an alloy of copper and (usually) tin, where copper is the 

main component.  Forging techniques were used to work-harden the alloy so that on 

sharpening it was possible to leave a relatively tough core but create harder material 

where required that would hold a sharp edge.  Bronze swords would be prone to 

deformation/bending however and archaeological finds have shown that most Bronze Age 

swords were small compared to those from later periods, with overall lengths of 50-70cm 

being typical.   

 

Figure 1: A typical Bronze Age sword (Royal_Armouries, 2010) 
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It has been shown (Gentile & van Gijn, 2019; Hermann, Dolfini, Crellin, Wang, & 

Uckelmann, 2020) that bronze-made weapons would have been perfectly capable for 

martial use and would withstand the impacts associated with sword fencing, though edge 

damage would occur on impact with any hard materials (including other weapons). 

Given the relative rarity of copper and tin (to make bronze) and the complexity and skill 

needed to make them, swords remained uncommon compared to other weapons (spears, 

bows, staves, clubs, and axes) of the period, and would have been considered high-status 

items.  In fact, examples have been found with minimal (or no) edge damage (Rasmussen 

& Boas, 2006), suggesting they had not been used at all in combat but may in fact have 

been used primarily for decorative and/or ceremonial purposes.  Bronze swords were, 

however, fully functioning weapons and there is clear evidence of them having regularly 

seen active military use throughout the period (Horn, 2013; Kristiansen, 2002). 

There is some debate regarding when iron was first used but around the 12th century BC 

iron started to become more prevalent as metal working skills developed.  Iron has a much 

higher melting point than copper or tin (1538°C versus 1085°C/232°C) and so smelting 

was needed to extract iron from ore, and then forging techniques used to create tools and 

weapons.  Once these processes became widespread and able to produce iron on a larger 

scale (around the 8th century BC) the much greater abundance of iron meant that it 

increasingly became the metal of choice for making many tools and weapons.  Iron also 

offered some performance benefits over bronze as a material for sword making, being 

slightly tougher and therefore less prone to bending and breaking.  Even so, swords 

continued to be made of both bronze and iron for several centuries and sword design and 

use changed slowly.  During this period, in Europe, the Greeks made use of iron in their 

so-called ‘hoplite’ and ‘kopis’ swords.  Both swords were widely adopted across the 

Mediterranean countries and remained in use for a number of centuries, though they were 

primarily considered as secondary/back-up/close-quarters weapons to the spear and, as 

with the earlier bronze swords, remained small in size.   
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Figure 2: A Greek kopis made of iron (Metropolitan_Museuem_New_York, 2001) 

In Europe, whilst the Greek civilisation peaked and then began to decline, a new power 

was emerging as the influence of Rome grew, initially as a republic but then transforming 

into the Roman Empire that controlled much of Europe for over 400 years.  Rome’s 

success was built on formidable military power and as their military developed and 

became professionalised, swords became common armament for both the legions and 

auxiliary forces.  These took two main forms, a short stabbing sword (typically c.60cm in 

total length) usually referred to as the ‘gladius’ and a longer sword (typically 75-90 cm) that 

was better suited to cavalry use (usually referred to as the ‘spatha’) but also widely 

adopted by infantry forces in the later centuries of the empire (Goldsworthy, 1998; Pollard, 

2006)     

 

Figure 3: A Roman gladius in preserved condition (Worthpoint, 2015) 

 

Figure 4: A Roman era spatha (Royal_Armouries, 2015) 

Both the gladius and spatha were manufactured in large quantities over several centuries 

to supply Roman forces based throughout the empire, but few original artefacts have 

survived so it is difficult to draw too many conclusion regarding their materials and 
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construction.  The Romans were clearly competent at making swords at scale, and it is 

believed that a significant proportion of the iron and steel they used was actually sourced 

via trade routes with the East, primarily India and China (Lang, 1988, 2017; Schoff, 2010).  

It is also widely acknowledged that whilst the sword was a widely used weapon, it was the 

training, discipline, structure and tactics of the Roman military that was the major reason 

for its success, not the specific weapons deployed (Pollard, 2006). 

A highly significant development in sword making was the emergence of steel.  In its most 

basic form steel is simply iron with a small carbon content (typically less than 1%) and 

small amounts of steel were regularly produced as a by-product of making bloomery iron.  

But the manufacture of steel in useful and reliable quantities required a new level of control 

during the smelting of iron ore, something that began to become more widespread after 

bloomery iron smelting had become well established.  Steel offered major performance 

benefits over bronze and iron in terms of strength, durability, and hardness, such that it 

has remained the material of choice for swords ever since its introduction.  Because of the 

relative rarity of steel, it was often mixed with iron, as can be seen to spectacular effect in 

the pattern welded swords that began to emerge in the late iron age and were made 

extensively in northern Europe during the early Middle Ages. 

The Romans had recognised that the best quality iron came from the East, and it was from 

here that reliable high-quality steel began to emerge in greater quantities.  Crucible steel 

had been produced from around the 3rd century BC and by the time of the fall of the 

Roman empire, high carbon crucible steel with exceptional performance characteristics (so 

called ‘wootz’ steel) was being produced in southern India (Srinivasan & Ranganathan, 

2004).  This new technology was not to be widely exploited in swords for some time 

though as the fall of the Roman empire plunged Europe into the dark ages and a period in 

which there was relatively little advance in scientific knowledge or new technology, and 

little development in sword design or manufacture. 

During the 5th to 8th centuries, swords remained rare with the best examples made by 

pattern welding to be able to produce strong blades from the iron and steel available at the 

time.  Large knives and small swords thought to have been a development of the Roman 

gladius appeared in the form of the seax, whilst swords based on the Roman spatha (and 

Celtic sword designs) continued to be developed, eventually evolving into the various 

types of ‘Viking’ sword found in the 8th to 11th centuries. 
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These swords were still single-handed weapons but were larger (typically up to 100cm in 

length) and tended to have broad blades well suited to cutting and thrusting, often with a 

wide fuller through most of their length which reduced mass without significantly 

weakening the blade.  Later in the period swords often had a more pronounced point 

which would improve thrusting, especially against armoured opponents (Petri, 2019a). 

 

Figure 5: Early middle age swords (Metropolitan_Museuem_New_York, 2010, 2012) 

Swords were often pattern welded and inlaid inscriptions also became common during this 

period, the most famous of these being the so called ‘Ulfbehrt’ swords.  Some of the 

swords produced during this period contained steel with very high carbon content 

(consistent with having been made from crucible steel) and Petri argues that many Viking 

blades were actually made in Frankia (Petri, 2019b), in some cases using steel that had 

been sourced via trade routes with the near east.  These higher quality blades would still 

have been rare and regarded as highly desirable, high-status weapons at a time when the 

cultural significance of the sword was growing.  

During the 11th and 12th centuries sword design in Europe moved towards the very familiar 

cruciform shaped sword long associated with chivalric deeds and the knightly class. 
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Figure 6: 11th and 12th century swords (Royal_Armouries, 2004a) 

This style of sword was by no means used exclusively during the period but was dominant 

and came in a wide variety of shapes and sizes over the next 500 years in response to 

changing armour and/or specific uses, retaining the basic style and features that emerged 

at this time.  Developments during this period will be discussed in more detail in Chapter 2.  

Studies of the metallography of artefacts from this period have suggested that there was 

actually a backward step in terms of the quality of materials that had been used in the 8th-

10th centuries (A. Williams, 2012; A. R. Williams, 1977), most likely as a result of high 

quality materials becoming less available with a reduction in trade with the near east (Edge 

& Williams, 2003; A. Williams, 2007), such that many 11th and 12th century swords may 

have, metallographically speaking, been no better than swords produced 1,000 years 

earlier.  However, by the 14th and 15th centuries the production of larger quantities (and 

pieces) of steel did result in significant improvements and wider scale manufacture of all-

steel swords that would have been both tough and able to retain a sharp cutting edge.    

Whilst swords were still considered a symbol of status associated with the warrior elite 

throughout the 11th to 15th centuries, they came into much wider circulation as 

manufacturing increased to support militarisation and swords became common side-arms 

for knights, yeomen, infantry, and archers.   

In the 16th and 17th centuries sword development followed two quite different paths as 

military and civilian weapons.  Swords for military use tended to continue to use blade 

styles similar to those of the 15th century but complex hilts became common. 
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Figure 7: 16th/17th century military swords (Royal_Armouries, 2007c, 2019) 

Meanwhile, as the carrying of a side-arm became fashionable for civilians, rapiers and 

small swords developed rapidly to service this new market. 

 

Figure 8: 17th century rapier and smallsword (Royal_Armouries, 2007b, 2012) 

Where military swords were generally functional and adaptable to different uses (both 

cutting and thrusting), civilian swords were usually thrusting-only weapons.  Whilst 

primarily for show they were, however, still very effective weapons against unarmoured 

targets, as demonstrated by the many injuries and fatalities caused by duellists using 

these types of swords. 

The wearing of civilian dress swords started to fall out of fashion in the late18th/early 19th 

century and so further significant development of the sword reverted to being driven by 

military needs.  Whilst artillery and personal firearms were growing to be much more 

important battlefield weapons, swords remained a common personal side-arm. 
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Figure 9: Examples of early-mid 18th century cavalry swords (Royal_Armouries, 2013, 2014) 

By the late 18th century in Europe, swords were being mass-produced to standard patterns 

and more consistently using high-quality steel, with large-scale manufacturing centres 

appearing in places such as Solingen and Klingenthal.  Whilst officers carried swords, 

most infantry were issued bayonets alongside their personal firearms.  For cavalry 

troopers, however, the sword continued to be an important weapon once they were 

engaged in close quarters combat. 

 

Figure 10: A Pattern 1796 Light Cavalry Officer's sword (Royal_Armouries, 2011) 

Even well into the 19th and early 20th centuries, long after firearms had become the 

dominant force on the battlefield, swords continued to be in common military use across 

Europe.  The British Army alone, for example, issued over 70 new patterns (or changes to 

existing patterns) of swords in the period between 1860 and 1914 (Robson, 1975). 

By the early 20th century, whilst remaining important in ceremonial activities, the sword had 

ceased to have any significant martial role in Europe, marking the end of a development 

over 5,000 years in the making. 
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As can clearly be seen, the sword has had a long and important cultural and martial role in 

European history.  However, it is during the mid-late medieval period that the sword was 

arguably at its peak of influence as a weapon of war, of significant martial value on the 

battlefield whilst also in wide circulation.  Whilst clearly not the only important weapon of 

the period (bows, lances, maces, polearms et. al. all served an important role), the sword 

is certainly the iconic weapon of that period, and it is the so-called ‘knightly sword’ of mid-

late medieval Europe that is the focus of this research programme. 

1.3 Our understanding of the mid-late medieval period sword 

Prior to the standardisation of military sword patterns in the 19th century our knowledge of 

historical sword design, manufacture and use has been, at best patchy and, at worst, ill-

informed.  As well as a shortage of reliable contemporary records on the subject, once we 

go back to the medieval era (and earlier) there are only relatively small numbers of 

surviving artefacts, many of which are in too poor a state of preservation to yield 

meaningful insight, or else are in private collections and not easily accessed for study 

purposes.  What we do have from observation is an understanding of the main 

components and features of knightly swords.  As shown in Figure 11, the features can be 

seen as consisting of two main sections, the hilt and the blade. 

 

Figure 11: Key features of the knightly sword 
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The hilt consisted of three separate components, these being the pommel, the grip, and 

the cross (also sometimes referred to as guard, crossguard, or quillons).  Whilst these 

components can be seen on historical artefacts in many different shapes and sizes, they 

all provide the same basic functions of ensuring a secure hold on the weapon, as well as 

providing an element of hand protection (by the cross) and some balancing of the sword’s 

distribution of mass (primarily via the pommel).  The hilt components were in most cases 

secured onto the blade’s tang (the section of the blade not visible when the sword is 

constructed) by means of a peen being applied at the end of the pommel opposite the 

blade.   

The blade, in contrast, was a single component but with a number of key features, notably 

the edges and point, and in many examples, one or more fuller running down part of the 

blade on both faces.  Blades typically displayed some varying degrees of tapering, both in 

terms of blade shape (profile taper) and blade thickness (distal taper).  

 

Figure 12: Profile taper of the blade 

Profile taper is the way in which a sword blade varied in width along its length from cross 

to point.  Swords designed predominantly for cutting tended to have less pronounced 

profile taper with edges running in parallel for much of the length and then forming a 

rounded/spatulate point.  For designs more focused on thrusting profile taper was often 

more pronounced and points were much more acute. 

 

Figure 13: Distal taper of the blade 

Wider     Narrower 

Thicker      Thinner 



27 

Distal taper describes the way in which the blade varied in thickness along its length, 

which would have helped maintain a suitable mix of balance and blade mass.  Many 

antique swords display distal tapering along their length, and it is commonly found in both 

cutting and thrusting swords throughout history.  As with profile taper, distal taper was not 

necessarily applied in a uniform/linear manner along the blade’s length. 

The other significant geometrical design feature of the blade was that of cross-sectional 

shape, i.e., the shape you would see if you were to cut through the sword blade 

perpendicular to its length.  Again, there were many variations of design as shown by 

some examples in Figure 14 below. 

 

Figure 14: Example blade cross-sections 

Blade cross-sections would often transition between different types along the length of a 

blade, in particular between fullered and plain lenticular cross-section, but other 

combinations are also seen (e.g., lenticular transitioning to a diamond close to the point, 

hexagonal to lenticular, etc.). 

Outside of these basic components, the lack of a strong physical and contemporary written 

evidence base, combined with the sword’s cultural significance, resulted historically in the 

development of a misinformed mythology of the knightly sword.  This is significant given 

the proliferation of these swords in the mid-late medieval period when the sword was at its 

zenith as a weapon of war.  This has included, for example, unrealistic perceptions of 

performance and a general lack of understanding of materials, manufacturing methods, 

size and mass, and how swords would be used in combat situations.  The gap in 

knowledge and understanding has been a focus of a significant body of research in recent 

years, beginning to address several key areas including metallurgy, manufacture, and 

inscriptions (Aleksic, 2007; Głosek & Kajzer, 1974; Głosek & Makiewicz, 2007; Hošek, 

Košta, & Bárta, 2012; Jones, 1997; Worley & Wagner, 2013).  However, of much greater 

significance to this research programme has been a resurgence in research regarding 

Historical European Martial Arts (HEMA), as well as a body of work related to sword 
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design and form, and these will be discussed in detail in Chapter 2.  Adding significant 

insight and understanding of swords (and their use), these bodies of work have also 

identified an important gap in understanding regarding geometry and its impact upon the 

dynamic properties of medieval swords.  

1.4 The importance and impact of sword geometry 

Until relatively recently, interest in medieval sword geometry was limited to capturing basic 

measurements as part of the process of cataloguing artefacts within other research 

programmes.  Using simple tools and techniques, measurement of key geometric features 

(e.g., overall length, blade length, hilt length and width, and pommel dimensions) would 

typically be completed manually using a tape measure, with a micrometer or digital 

callipers sometimes used to record blade width and thickness at key points (typically close 

to the hilt and close to the tip) to ascertain the degree of profile and distal taper.  These 

simple measurements would often be supplemented with a narrative description based on 

judgements from visual inspection.  This description might note blade cross-section, 

including any obvious transitions, and attempt to classify the sword into a specific type, 

purpose and/or historical period.  Whilst this gives useful insight to overall form/design and 

potential application, it misses the importance of detailed sword geometry.  This will be 

discussed in much more detail in Chapter 2, but it is important at this stage to highlight the 

influence of detailed geometry since this forms the crux of why this research programme 

has been undertaken. 

In essence, geometry dictates or significantly affects the critical functions of the sword: 

i) Overall geometry dictates mass distribution, which impacts on how the sword 

moves and ‘feels’ in the hand.  Given the complex techniques developed to 

maximise both the attack and defence capabilities of medieval swords, dynamic 

properties (how swords moved) would have been significant in combat situations 

such that a well-balanced weapon could give advantage to its user.  This element 

of design (along with extensive training of course) can be thought of primarily as 

enabling the user to hit the opponent (whilst avoiding being hit themselves).  

ii) Edge and point geometry impact directly on the sword’s offensive capabilities in the 

context of cutting/stabbing performance, including effectiveness against different 

types of target (clothing and armour).  Given the primary intent to incapacitate 

and/or kill an enemy combatant, appropriately designed edges and/or points would 

be important, and this element of design can be thought of as ensuring that when 
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function i) has been fulfilled (i.e., the opponent is successfully hit) the chance of 

incapacitating them is maximised.  

iii) Blade geometry (along with material and method of manufacture) impacts on the 

sword’s ability to survive the impacts of combat.  In this context the blade cross-

section is a significant factor since it directly affects stiffness whilst edge geometry 

is a factor in edge longevity.  This element of design can be thought of as enabling 

to sword to provide functions i) and ii) over a sustained period. 

These functions, and their associated geometric design parameters, do not of course exist 

in isolation, and there will always be an element of compromise in designing a well-

functioning sword with a particular purpose or style of combat in mind.  

Given detailed geometry has such an influence on sword performance, it has clearly been 

a neglected area of study, but has the potential to provide significant insight and dispel 

some of the mythology surrounding the design and use of medieval swords.  The 

challenge until very recently has been how to capture and analyse such complex objects, 

since swords are effectively complex freeform 3-dimensional objects.  The emergence of 

reverse engineering and CAE technologies and techniques over the past 20 years have 

opened many new opportunities for the analysis of engineered artefacts.  There is a 

growing use of engineering measurement and analytical methods to support historical 

research, supporting the proposition that this types of scientific approach, when combined 

with historical context and understanding, helps researchers to develop a more complete 

picture of an artefact (Wilcock, 2015). 

In the context of this research, the real question posed is can these methods be developed 

and exploited to accurately capture geometry from a historical artefact, to subsequently 

create a computer-based model, and then used to undertake analysis and simulation of 

the artefact, enabling researchers to analyse and test a virtual artefact in ways that would 

never be practical (or desirable) with a rare and valuable physical specimen. 

1.5 Aims, objectives and contribution of the research programme 

The overriding aim of this research programme is to develop and demonstrate a robust 

and accurate methodology for capturing and analysing the detailed geometry of mid-late 

medieval period European swords, to better inform our understanding of both their design, 

and their performance characteristics under combat conditions.  To be able to achieve this 

aim several specific objectives were defined at the outset of the work: 
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i. Identification of key features/characteristics of sword geometry (and their impact on 

overall sword characteristics and performance) 

ii. The development of mathematical methods and visualisation tools that can be used 

to analyse and illustrate geometry and mass distribution outcomes.   

iii. Review of methods (hardware) for data capture of geometric features and selection 

of one (or more) preferred method(s).  This will include consideration of factors 

including accuracy, repeatability, availability, portability, speed, and suitability for 

use with historical artefacts. 

iv. Review of methods (software) for post-processing of captured data to create usable 

3-dimensional models, and to undertake analysis and/or simulations.  One (or 

more) preferred tool(s) will be selected based on factors including accuracy, 

repeatability, functionality, and availability. 

v. Development and demonstration of a robust methodology for data capture and 

post-processing, using geometrically representative test pieces and the methods 

(hardware and software) selected in ii. and iii. above.   

vi. Application of the methodology developed in v. on a selection of historical artefacts, 

both to further demonstrate the applicability of the approach as well as to gain new 

insight into the selected artefacts. 

In terms of contribution to the research field, this thesis presents a body of work where 

advanced engineering tools have been applied in a novel way to deliver a unique new 

insight into a group of culturally significant and iconic historical artefacts.  As such, the 

research programme has delivered several specific outputs: 

i. A robust methodology for collecting detailed and accurate geometric data has been 

created, which considers the specific challenges of accessing and handling rare, 

high value (and sometimes fragile) artefacts.  This method uses available 

technology and is accurate, repeatable, and portable, as well as being relatively 

quick and easy to apply.  

ii. A robust methodology for creating, analysing, and visualising 3-dimensional models 

from the data captured above.  Again, this uses available technology and has been 
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shown to be accurate and repeatable (using empirical tests where appropriate to 

validate the models created and the outputs from analysis/simulation work). 

iii. The developed methodologies have been applied to a small selection of historical 

artefacts.  As well as further demonstrating the robustness of the approach, this has 

provided new insight into those specific artefacts in term of their design and how 

they would perform in use.        
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Chapter 2 – Literature Review 

This body of research is multi-disciplinary in nature, crossing the boundaries of physics, 

engineering and history.  As a result, the work draws upon a wide range of sources and a 

review of the relevant literature reflects this diversity of subject matter.  The broad history 

and cultural significance of the sword has been discussed in the introduction to this thesis 

since it provides background to the research.  That is by no means an exhaustive review 

since its purpose is only to provide context and explain the reasoning behind the 

boundaries and specific focus of the research programme.   

In terms of the detailed review of literature that supports the research programme, this can 

be separated broadly into three distinct categories: 

i) the design of the sword in the context of historical European martial arts  

ii) the physics/dynamics of swords (and similar hand-held objects) and how 

geometry impacts upon dynamic performance 

iii) the use of computer-aided engineering (CAE) techniques to model and simulate 

artefacts 

2.1 Design of the knightly sword in the context of martial practice 

As previously described, the knightly sword was a widely adopted design in Europe for 

almost 500 years during the period when swords were at their most influential from a 

martial perspective.  However, that is not to say that they were all the same, with many 

varieties appearing based on different designs of the key hilt and blade features described 

earlier. 

Early works by Ewart Oakeshott (Ewart Oakeshott, 1960) and by Bruhn de Hoffmeyer 

(Bruhn Hoffmeyer, 1963) began to look in a structured way at these design characteristics 

and this work was further developed into detailed analyses and categorisation of late-

medieval European swords through the study of surviving artefacts and period literature 

and artwork (including effigies).  In particular, the typologies developed by Oakeshott 

(Oakeshott, 1964b) for blade, hilt and pommel design were a significant breakthrough and 

this influential work remains the widely accepted standard for describing ‘knightly swords’ 

of this era by their ‘type’. 
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Figure 15: Oakeshott's typology of knightly swords (Oakeshott, 1964a) 

The classification (shown in Figure 15 above) consists of thirteen main types (plus a 

number of sub-types), beginning at Type X and finishing at Type XXII.  Type X was chosen 

as the starting point so as to provide some overlap and then continuity of numbering from 

previous work that had been done by Petersen, Behmer, et al. to classify swords in the 

preceding migration and Viking periods. 

In broad terms the typology followed a chronological path from swords first appearing 

around the late 10th/early 11th century through to the late 15th/early 16th century.  

Oakeshott split his typology into Group 1 (Types X through XIV and the period 1050 to 

1350) and Group 2 (Types XV to XXII and the period 1350 to 1550) though there were 

overlaps across both groups and types so that several types would have been in active 

use at any one time. 

The classification took a number of factors into account, but the geometry of the blade was 

the main tool used, with blade length, profile shape and taper, cross-section, and fuller 

characteristics all used to distinguish between sword types.  Oakeshott also looked 

extensively at hilt design and developed classifications for both cross and pommel 

designs, which were used to further aid categorisation and dating of swords into coherent 

groups. 
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As well as providing a much more thorough analysis than previous authors, Oakeshott 

also emphasised the nature of medieval swords as being neither heavy nor unwieldy but, 

in fact, agile, responsive, and effective tools that were well designed for their intended 

purpose, his suppositions being backed up by first-hand experience of having handled 

numerous historical artefacts.  This was a significant new perspective on medieval swords, 

perhaps best illustrated by Oakeshott’s own words: 

“It is a popular belief that the medieval sword was a weapon of unvarying (though 

vaguely defined) form, a crude chopping instrument intolerably heavy and clumsy, 

redolent of blood yet at the same time a symbol of much bogus romanticism … Such 

comment stems from lack of acquaintance with medieval swords, but coming (as it 

often does) from authoritative sources it can be very misleading.” 

      Oakeshott, 1964, The Sword in the Age of Chivalry, p11 

Oakeshott continued his work over the next 25 years, compiling data on a large group of 

over 200 historical artefacts, which were subsequently published using his own typology 

for categorisation (Oakeshott & Mansfield, 1991).   

 

 

 

 

 

 

Figure 16: Examples of Oakeshott's published records (Oakeshott & Mansfield, 1991) 

As can be seen in the examples shown above, the information for each artefact was 

mostly brief and typically included classification, dating, provenance, and some basic 

measurements and observations of condition and/or any unusual features.  Nevertheless, 

this was by far the most comprehensive catalogue of knightly swords that had been 
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produced to that point.  Oakeshott also considered other aspects of the knightly sword, 

including inscriptions, manufacture, and supply, but did not make any strong links between 

type/design and specific purpose, apart from implying that changes in armour may have 

been a significant factor in the development of later sword types. 

When considering the use of swords in martial practice, 25 years ago there was a very 

limited body of contemporary literature to draw upon, with the publication of books, 

manuals and manuscripts on sword usage in Europe (with the exception of sports fencing) 

having become a rarity as the sword became obsolete as a martial weapon.  The so called 

‘fechtbucher’ (combat manuals) of the medieval and renaissance periods were not well 

known and had not been the subject of significant study, and there had been little apparent 

interest in sword design and use outside of military circles since a flurry of activity in the 

Victorian period (Richard Francis Burton, 1876; Richard F Burton, 1884; J. Latham, 1863)     

This began to change in the late 1990s as researchers started to look more closely at the 

historical literature, initially in the compiling and cataloguing of information on the many 

surviving manuals from the late medieval period and later (LaRocca, 1998).  Pre-eminent 

in its significance and influence was Anglo’s ground breaking work (Anglo, 2000), which 

aimed to shine a light on a previously neglected field of study.  As Anglo pointed out in the 

introduction to this work: 

“Both the significance of these arts, and the fact that they have been largely ignored 

by historians, are easily established.  While nobody has ever doubted the importance 

of expertise in the handling of weapons of the knightly classes of medieval Europe, 

our knowledge of what these skills were and how they were acquired remains 

generalized and inexact.” 

      Anglo, 2000, The martial arts of Renaissance Europe, p2 

Anglo drew on a wide range of historical sources and gave scholars new context and 

interpretation of the original manuals and the various fighting styles they described, which 

included use of swords (and other weapons) both on foot and on horseback. 

Whilst there can be no doubt, as Anglo states, that expertise in weapons handling, and the 

associated systematic training regimes, must have existed throughout the medieval period, 

written historical sources have not surfaced from prior to the 14th century.  To date, the 

earliest surviving combat manual is ‘Royal Armouries Manuscript I.33’, sometimes referred 

to as the ‘Tower Fectbuch’, ‘Walpurgis Fectbuch’ or ‘Luitger Fechtbuch’, which is thought 

to date from the early 14th century Germany (Forgeng, 2018). 
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Figure 17: A folio from MS I.33 showing sword and buckler technique (Wiktenauer, 2016) 

Although Germany was a very significant source of fighting manuals during the 14th to 17th 

centuries, MS I.33 is actually atypical in that it focusses exclusively on training with sword 

and buckler, with many of the texts that followed considering a much wider range of 

weapons and techniques. 

At around the same time Anglo was publishing his seminal work, there was a resurgence 

of interest in the practicing of HEMA, i.e., the application of techniques from the original 

combat manuals into regular training and sparring sessions.  The modern HEMA 

community had started in a virtual vacuum of historical information, and this naturally 

drove growing interest in the study and interpretation of the historical texts in order to 

better understand and practice the fighting arts in their original form.  This led to a number 

of new texts focussing on interpretation of specific historical texts (Forgeng, 2018; 

Lindholm, Svärd, Ringeck, & Liechtenauer, 2003; Talhoffer, 2000), collected works of 

specific masters (Mondschein, 2011) or creating modern interpretations and training 

manuals based on a selection of historical sources (Tobler, 2015). 

This period also saw the creation of the ‘Wiktenauer project’ in 2009.  This online resource, 

which is a collaboration of researchers and practitioners seeking to collect all the primary 

and secondary source literature, currently holds information on over c. 150 manuscripts 

and c. 50 books, the vast majority of which originate from the 14th to 17th centuries, 

including many with content specific to combat with knightly swords. (Wiktenauer, 2021) 
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Figure 18: An example of dynamic combat from Codex Wallerstein, c.1420 (Wiktenauer, 2011) 

What these many books and manuscripts consistently imply, which is independently 

supported by practitioners as they interpret these sources, is that combat with swords was 

fast, dynamic and highly skilled.  This reinforces the previously made point that 

combatants would have required swords that were designed with speed of both action and 

recovery in mind, and hence the distribution of mass (and its impact on dynamic 

properties) would have been an important consideration in the design and manufacture of 

swords. 

2.2 The physics/dynamics of swords 

Given the aim of this research programme is to develop a method to better understand 

how knightly swords were designed for a fast and dynamic fighting style, it is important to 

understand how their geometry and mass distribution would impact on motion, and how 

that motion would affect combat.  This drives decisions regarding what information is 

relevant/important and needs to be collected on any specific artefact, as well informing 

how raw data should be used to generate meaningful outputs and new insight. 

Clearly the motion of a sword in combat use represents a very complex system in which 

the user’s body (skeleton, muscle, tendons, etc.) interacts to drive the sword though a 

series of motions, performing both attacking and defensive manoeuvres.  Trying to model 

and simulate this full system, even just for a single combatant, would be incredibly 

challenging and require detailed understanding of both the physics of the sword as well as 

the biomechanics of the person.  Significant elements would also change from person to 
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person so that pursuing a full-system approach quickly becomes an almost impossible 

task, hence the focus is on the sword itself. 

Starting with the basics, as has already been noted it is relatively easy to ascertain simple 

dimensions (e.g., total length, blade length, etc.) and mass of a sword and these 

properties have often been published as part of wider studies.  With access to an artefact, 

it is also very straightforward to find the centre of mass by finding the point of balance.  

Whilst clearly this is useful data to collect it is only a starting point and provides very 

limited insight regarding how the sword will behave in motion. 

 

Figure 19: The limited value of knowing length, mass, and centre of mass 

To illustrate this point, consider Figure 19 above.  This represents three metal bars (1, 2, 

and 3) that have the same length (l), the same mass (m), and the same centre of mass 

(CoM).  If you picked up any of these bars at the centre of mass and proceeded to move 

them in a linear manner (i.e., without any rotation about the centre), they would feel the 

same as each other and the forces required would be identical.  Introduce any form of 

rotation however and the situation changes dramatically.  In rotation about the centre of 

mass, bar 3 would be relatively easy (requiring least force) to accelerate/decelerate, whilst 

bar 2 would be much harder (requiring most force) to rotate, with bar 1 somewhere in 

between.  Clearly, knowing a sword’s mass and centre of mass (i.e., point of balance) is 

not enough to understand how the sword will feel and perform in motion, and we need to 

acquire or derive additional information that will describe this motion.  Fortunately, the 

movement of rigid bodies (and we are assuming for these purposes that the sword is a 
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rigid body when in motion) is well understood and can be applied to increase 

understanding.  In particular, the principle of moment of inertia is a useful tool to consider 

Moment of inertia (also called rotational inertia and represented by ‘I’) and its influence on 

rotational motion can be thought of as being analogous to mass in linear motion, except for 

the fact that it is defined in relation to a specific axis (Fishbane, Gasiorowicz, & Thornton, 

1993).  It represents the effort (or force) required to accelerate a mass through rotation 

and, of course, many combat manoeuvres, not least cutting, require this type of motion. 

 

Figure 20: Sword rotation when cutting 

In its simplest form, moment of inertia (I) of a rigid body is derived as follows: 

𝐼 = 𝑚𝑅2 

where m is the mass of the body and R is the perpendicular distance of that mass to the 

axis of rotation.  This simple form only really applies for a single point mass, however, so 

for a continues body the more common format is: 

𝐼 =  ∑ 𝛥𝑚𝑖𝑅𝑖
2

𝑖   

This reflects the concept of the object being separated into many very small elements 

(represented by i), with each element having its own mass (Δmi) and distance (Ri) from the 

axis of rotation.  Hence the moment of inertia becomes a sum of all these small elements.  

This concept will be discussed in more detail in Chapter 3 in the context of using computer 

aided engineering tools to calculate moment of inertia from a 3-D model of an artefact. 

In the context of a sword in rotational motion, the fact that moment of inertia obeys a 

square law is significant since as you move further away from the axis of rotation (i.e., 
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towards the tip of the sword) the impact of adding mass becomes much more pronounced.  

In real terms, this means a mass twice as far away requires four times the force (torque) to 

achieve the same acceleration or deceleration, at three times distance this becomes a 

factor of nine.  For a sword with a high moment of inertia this implies limitations on 

speed/manoeuvrability of the weapon as well as the potential to rapidly cause fatigue if 

larger forces are constantly required to get the weapon into both attacking and defensive 

positions.  However, designing a knightly sword with a very low moment of inertia is not 

necessarily ideal either, since to do so would require a very short and/or slender blade, at 

which point the weapon might well be highly manoeuvrable but is no longer fit for purpose 

as a weapon of war.  

This brings us back to the earlier point regarding the critical importance of mass 

distribution and goes a long way to explaining why the tapering of blades (both profile and 

distal taper) make such a difference to handling characteristics.  These concepts also 

apply to other hand-held objects and were explored in the context of the design and 

performance of both tennis racquets and baseball bats (Brody, 1985, 1990; Smith, 2001) 

before the resurgent interest in HEMA kick-started this work specifically in relation to 

sword physics (Turner, 2001a, 2001b, 2001c).  From reviewing this body of work, Moment 

of Inertia is clearly important and could be an integral part of the analysis of artefacts 

during the experimental analysis phase of the research programme.  

Although we have concluded that gaining knowledge and understanding of the moment of 

inertia represents a useful step forward given its impact on the ability to rapidly accelerate 

and decelerate a sword, the picture is still far from complete.  Research in sports 

equipment design and performance has increasingly focused on the physics of impacts 

and, in particular, the concept of the ‘sweet spot’, i.e., the point that maximises ‘hitting 

performance’ (Brody, 1979, 1981; Cross, 1998a, 1998b; Russell, 2005).  One of the 

concepts that is closely aligned to this work, centre of percussion, merits further 

consideration.   

As described by Le Chevalier (Le Chevalier, 2014) the concept of the centre of percussion 

(also known as centre of oscillation and/or percussion point) has a long scientific history 

dating back to at least the 17th century and a time when scientists were formulating many 

of the fundamental theories of motion.  The motion and performance of swords in this 

context was certainly mentioned in some of the correspondence taking part within the 

scientific community at that time, but the work was mostly focused on the study of 
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pendulums and featured in some of the most important publications of that era (Huygens, 

1673).  

It is important first to understand that the centre of percussion in any body is not really a 

single point at all.  Like moment of inertia, centre of percussion needs to be defined 

relative to an axis of rotation and, in this case, it will be considered to be in the hand 

holding the sword close to the cross. 

 

Figure 21: Centre of percussion in a sword 

Given an axis of rotation, as shown above, there will always be a corresponding 

percussion point, P.  If the sword rotates around the pivot point causing an impact, the 

percussion point is that point where the impact will result in minimal reactive force being 

felt at the pivot point.  In a sword, or similar hand-held tool, this results in minimal hand-

shock, and it will feel as though the sword is cutting cleanly.  In addition, the period of 

oscillation of a pendulum fixed at the percussion point P will also be the same as when 

fixed at the original pivot point.  It should be noted at this point that the position of P is a 

function of the distribution of mass in the body and is not necessarily found within the body 

itself (i.e., P could be an ‘imaginary’ point some distance beyond the tip of a sword).   

Centre of Percussion features heavily in literature on sports equipment (Brody, 1989; 

Cross, 2004; Kondekar, Wayzode, Deshmukh, & Wagh, 2013; Russell, 2005) where it was 

initially associated with the so called ‘sweet spot’ and thought to be the point at which an 

impact would generate maximum hitting force, though subsequent investigation has found 

this not to be the case.  There has also been much debate in this field as to whether it is 
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realistic to assume the axis of rotation of, for example, a baseball bat or tennis racquet, is 

in the handle rather than somewhere in the arm or even shoulder. 

The use of centre of percussion terminology related to swords is thought to have first 

appeared during the 18th century (de La Chesnaye, 1758) but became more commonly 

linked during the mid-19th century, appearing in a number of contexts (Richard Francis 

Burton, 1876; J. Latham, 1863).  It is also known that by 1844 at least one sword maker 

(Henry Wilkinson) was considering centre of percussion in the context of designing and 

making swords, to the point that a specific method was defined for testing swords 

(described by Latham) and a significant number of the company’s swords had the centre 

of percussion marked on the spine of their blade (Robson, 1975).  As with much of the 

early modern research on sports equipment, 19th century researchers, manufacturers and 

practitioners perceived the percussion point as being the location where the most effective 

cut would be made, whilst also minimising reaction forces into the hands.  

With the emergence of renewed interest in swords and their martial use, researchers have 

more recently revisited the subject of percussion point when considering sword design and 

performance, developing new empirical methods for deducing percussion point and 

making some comparisons of how centre of percussion varies across different historical 

sword types (Denny, 2006; Le Chevalier, 2013; Pulaczewski, 2017; Turner, 2002).  Some 

of the more recent research (Grotkampf-Schepers, Immel, Johnsson, & Wetzler, 2015) has 

also given more consideration to how the position of centre of percussion impacts on the 

handling and ‘feel’ of a sword and could be ‘designed’ for specific sword types and 

purposes: 

“The locations of corresponding pivot points in the hilt and the blade provide 

important information on how the sword will react to changes in motion, both in 

wards and attacks … For many thrusting longswords the forward pivot point is 

located very close to the point of the weapon, which helps in maintaining the 

point aimed towards the opponent in wards,” 

Peter Johnnson, 2015, The Sword – Form and Thought, p31 

Interestingly, this research also made the point that whilst in theory the forward pivot point 

(aka percussion point) can be at a point located beyond the tip of the blade, no example of 

that had been encountered by that author despite the examination of many hundreds of 

historical artefacts. 
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It is also worth noting at this point, other research being undertaken by Johnsson 

(Grotkampf-Schepers et al., 2015) regarding the design of medieval swords.  This work is 

also concerned with geometry, but in terms of overall design aesthetic and the relative 

proportions of the main sword components, as opposed to the detailed geometry and 

distribution of mass that is the focus of this programme of research.  As such, it represents 

a fascinating and complementary area of work. 

In Chapter 3 we will explore in more detail some of the methods for determining the centre 

of percussion, but the main conclusion from the review of literature is that this is indeed 

worth determining as something that gives meaningful insight to a sword’s design and 

performance characteristics. 

It is also worth noting that within the same body of work in 2015, the authors, in 

collaboration with Le Chevalier, also introduced new ideas on visualizing the distribution of 

mass and dynamic properties of swords. 

 

Figure 22: Visualizing mass distribution and dynamic properties of swords (Le Chevalier, 2015) 

This style of chart is designed to convey information on a combination of properties linked 

to mass/mass distribution (the authors use the term ‘effective mass’ to convey the idea of 

how much mass must be displaced to accelerate or decelerate that part of the sword), 

inertia, centre of percussion (described here as action point/pivot point) and vibration 

nodes.  This method of charting presents a large amount of data in a relatively digestible 

format and at the time represented a significant step forward in visualizing the dynamic 

properties of swords. 
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In summarising the physics/dynamics of swords, several factors need to be considered 

when identifying measurements to be taken and characteristics deduced in order to build a 

meaningful picture of a sword’s dynamic properties.  Clearly the methodology developed 

needs to capture complete measurements of geometry and mass to enable calculations of 

inertia, plus determining centre of percussion presents its own unique challenge but 

provides significant insight into weapon performance.  This leads naturally to the third main 

part of this literature review. 

2.3 Use of computer-aided Engineering techniques to simulate artefacts 

Computer-Aided Engineering (CAE) tools are a relatively recent invention, having only 

come to the fore in the last c.30 years.  The application of CAE tools for reverse 

engineering is similarly recent, and the specific focus on using these tools to catalogue, 

model, recreate and analyse historical artefacts has only become commonplace in the 

past 10 years, though a rapidly growing number of case studies can be seen in the 

literature (Cunningham, Rahman, Lautenschlager, Rayfield, & Donoghue, 2014; Guček 

Puhar et al., 2018; Kommula, Laudya, Eslavath, Karri, & Pandey, 2018; Mengoni & 

Leopardi, 2019; Neamtu & Comes, 2016; Segreto, Caggiano, & D'Addona, 2013; Thamir & 

Abed, 2020) et al. 

The use of computer-aided engineering tools within the context of this research 

programme falls into three broad categories, namely 

i) the use of metrology hardware to capture detailed geometry of artefacts 

(in the form of cloud point data) 

ii) the use of post-processing software tools to convert raw measurement 

data into 3-dimensional models 

iii) the use of software-based analysis and simulation tools to generate 

meaningful insight from these models. 

These three areas of technology were reviewed early in the research programme (during 

the period 2014-2017).  In each area there are large bodies of research literature, and the 

intention was not to undertake a comprehensive review but simply to gain enough 

oversight to support the selection of appropriate tools.  Hence where references are cited, 

they are only representative of work in the field and by no means intended to be an 

exhaustive list of the large body of work that exists. 
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This appraisal of the tools available at the time formed the basis for selecting suitable 

approaches and the subsequent development of the experimental methodology described 

in detail in Chapter 3.  It should be noted, however, that these types of technologies are 

evolving very quickly and, if the research programme were to restart in 2022, different 

choices would almost certainly be made based on current best-in-class and availability of 

specific technologies.  This issue of the speed of change and currency of specific tools will 

be discussed further in Chapter 5. 

2.3.1 Hardware for data capture 

General literature on the use of CAE systems for reverse engineering began to appear 

c.25 years ago, primarily focused on industrial/manufacturing applications (Ali, 2005; 

Motavalli, 1999; Raja, 2008; Sansoni & Docchio, 2004) et al. This early body of work 

considered a wide range of subjects, including general approaches/methods as well as 

reviewing the capabilities of what was the current state-of-the-art technology.   

 

Figure 23: Reverse engineering - typical steps using point clouds (Raja, 2007) 
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In the case of hardware (e.g., for the ‘Scanning’ step shown above) this was rapidly 

becoming focused on non-contact approaches including laser-based scanning, 

photogrammetry and other imaging techniques (Boehler & Marbs, 2002).   

By the start of this research programme there were several well-established technologies 

for geometric data capture that could be applied in a reverse engineering context.  

Interestingly, the only previous examples of using these types of technologies for collecting 

data on swords had been focused on analysing material properties and microstructures, 

typically using x-ray computed tomography (XCT) techniques, with minimal information on 

geometry collected (Lindegaard-Andersen, Vedel, Jeppesen, & Gottlieb, 1988; Stelzner, 

Gauß, & Schuetz, 2016).  Early in the research programme, detailed performance 

evaluations became available to provide reassurance that all of these technologies were 

capable of achieving appropriate resolution, accuracy and repeatability (Campanelli, 

Howell, & Hull, 2015; Geng & Bidanda, 2017; Herráez, Martínez, Coll, Martín, & 

Rodríguez, 2016) for this research.  As such, the selection of suitable data capture 

hardware became more focused on the suitability, availability, usability, and portability of 

specific technologies for this research programme.  This will be discussed in more detail in 

Chapter 3. 

2.3.2 Post-processing software 

Referring to the reverse engineering process described by Raja (Figure 23), the next step 

following ‘Scanning’ is ‘Point Processing’, which for the purposes of this research 

programme is described as ‘post processing’.  This stage involves several key steps 

(described in detail in Chapter 3) as the raw data is processed from cloud point via 

polygon modelling through to creation of a surfaced 3-D model of the artefact in question.  

This step is entirely software-based, using specialist tools and techniques specifically 

designed for this type of work. 

As already discussed, significant research in the field of reverse engineering began c.25 

years ago.  In terms of research on the post-processing stage the focus was initially on 

underpinning theory and mathematical/computational techniques (Daniels, Ha, Ochotta, & 

Silva, 2007; Gumhold, Wang, & MacLeod, 2001; Urbanic, ElMaraghy, & ElMaraghy, 2008; 

L. Wang, Chen, & Yuan, 2010; S. Wang, 2004; Werner, Skalski, Piszczatowski, 

Świȩszkowski, & Lechniak, 1998) et al. since mainstream software tools designed for this 

type of work did not yet exist.   
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A wide range of case studies began to appear in the literature as reverse engineering 

technologies gained traction and commercial CAE software products became more widely 

available to support the process (Chen, Li, & Su, 2012; Fisher, 2002; Mohaghegh, 

Sadeghi, & Abdullah, 2007; Tonella, Torchiano, Du Bois, & Systä, 2007) et al.  Initially 

these were mostly focused on engineering applications (reverse engineering of turbine 

blades for example was the subject of much research) and the rapid emergence of 

additive manufacturing (aka 3-d printing) technologies have added a new dimension to 

reverse engineering, though this is not directly relevant to this programme of work.  As 

previously highlighted, case studies relating to historical artefacts have also become 

commonplace. 

As was the case with data capture hardware, when this research programme began there 

were a number of established and proven commercial software products available and 

these were, quite helpfully, the subject of review and appraisal in the literature at this time 

(Minetola, Iuliano, & Calignano, 2015).   

 

Figure 24: Assessing commercial reverse engineering software (Minetola et al., 2015) 

This was a structured and detailed review of six mainstream software products that 

considered technical performance, usability, support, and cost.  As with the earlier 

discussed reviews of scanning hardware, it was again clear from the literature that, whilst 

not tested on the specific types of artefacts being studied in this research programme, all 

the tools tested could deliver repeatable results with sub-mm accuracies that would, in 

principle, be suitable for this research programme. 

2.3.3 Analysis and simulation software 

The use of mathematical and computational tools to perform engineering analysis and 

simulations is a vast research topic and a detailed review is well beyond the scope of this 

research programme.  Again, the priority was to gain an overview of the available 
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technologies and some confidence that they would be capable of producing reliable and 

repeatable results at appropriate levels of accuracy.   

For reasons that will be discussed in detail in Chapter 3, the types of simulations and 

motion studies of primary interest are relatively limited but do still rely on an underlying 

Finite Element Analysis (FEA) capability and the application of basic Newtonian physics.  

Fortunately, FEA techniques are long established tools for engineering analysis, having 

been in widespread use for c.40 years since the computing power became available to 

build and solve the large and complex mathematical data sets that the techniques require.  

Hence there are again many commercially available software packages with the 

capabilities required by the research programme, though it is still useful that some 

research in the field has undertaken specific case studies, reviewed specific approaches, 

or provided direct comparisons of the relative strengths of different software tools (Chang, 

2021; Glodová, Lipták, & Bocko, 2014; Magomedov & Sebaeva, 2020; Shi, 2021; 

Yetilmezsoy & Mungan, 2018) et al. 

As with the other CAE tools that have been reviewed, all indications from the literature 

suggest that commercially available tools are more than capable of undertaking the 

analysis and simulations required by the research programme, and that the choice of tool 

may be dictated by other factors (availability, cost, ease of use, etc.). 

 

In summary, the review of literature across the three main areas of interest (sword design, 

sword physics/dynamics, and CAE techniques for simulating artefacts) has shown 

significant bodies of closely related work, but also reinforced the view that the specific 

proposed research is novel, achievable, and will contribute useful new insight.  
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Chapter 3 – Methodology 

Having considered the context and aims of the research, and reviewed the most relevant 

literature, this chapter represents the main body of research work that has been 

undertaken over the period of the programme.  As such, it is an extensive and detailed 

representation of the research method development, presented in a systematic approach, 

and broken down into eight main areas of discussion: 

3.1 Underpinning theory and practice 

3.2 Overview of experimental approach 

3.3 Selection of CAE tools and technologies 

3.4 Development of suitable fixturing 

3.5 Data capture method and documentation 

3.5 Post-processing method and documentation  

3.7 Analysis and simulations 

3.8 Problems, challenges, and solutions 

3.1 Underpinning theory and practice 

To develop a research methodology that would produce appropriate results, it was 

necessary to first consider relevant underpinning theory and how it could be applied in a 

practical and meaningful way.  This included consideration of scientific theory that could be 

used to not only derive results, but also to validate results from the CAE ‘black box’ tools 

that would be used in the research programme once models of artefacts has been created.  

Some of this theory has been touched upon in Chapter 2 when reviewing literature in the 

field but will be presented more completely, and related more closely to this research 

programme, over the following pages. 

3.1.1 Rigid bodies in rotation 

As already discussed in Chapter 2, for the purpose of analysing the mass distribution of a 

sword and how this impacts its dynamic properties, we are considering the sword to be a 

rigid body and will, therefore, begin with long established scientific theory regarding the 

rotation of rigid bodies. 

We begin by considering a 2-dimensional rigid body, in our example a sword, rotating 

around a fixed point in the hilt, O, shown overleaf. 
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In rotation, any point, P, will rotate around O, 

always remaining at a fixed distance, R, from 

the point of rotation.  Similarly, during rotation 

by the sword through an angle, represented by 

θ2 - θ1, point P will rotate by the same angle.   

In fact, being a rigid body means that all points 

in the sword will rotate by the same angle, as 

well as always maintaining the same distance 

from both the origin, and from each other. 

Now, if we consider each point (or particle) in the sword as having a mass associated with 

it, then we can consider the rotational inertia, also called moment of inertia of the system. 

As previously discussed, moment of inertia (I) represents the force required to accelerate 

(or decelerate) a mass through rotation about any fixed axis and is highly relevant in the 

context of the dynamic performance of a sword used in combat.  In its simplest form, 

moment of inertia is defined for a single mass, 

𝑰 = 𝒎𝑹𝟐 

where m is the mass of the body and R is the perpendicular distance of that mass to the 

axis of rotation.  This simple form only really applies for a single point mass, however, so 

for a continues body the more common format is: 

𝑰 =  ∑ 𝜟𝒎𝒊𝑹𝒊
𝟐

𝒊   

This reflects the concept of the object being separated into many very small elements 

(represented by i), with each element having its own mass (Δmi) and distance (Ri) from the 

axis of rotation.  Hence the moment of inertia becomes a sum of all these small elements. 

It is worth noting that this value of I is being calculated for rotation around a specific axis, 

and its value will change if the axis of rotation is changed.  Fortunately, if we know I for a 

specific axis then it is possible to calculate I for any other axis using the parallel-axis 

theorem.  This theorem states, 

𝑰 = 𝑰𝑪𝑴 + 𝑴𝒅𝟐 

where ICM is the moment of inertia around the object’s centre of mass, M is the object’s 

total mass, and d is the distance between the two axes. 
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Hence, we have a theorem for calculating moment of inertia for any axis, but calculating it 

in this way, by manual means, would still be very challenging.  Fortunately, the use of CAE 

tools, and specifically their ability to use finite element approaches to problem solving, 

means that values for I can be calculated from the 3D models being developed by the 

research programme.  In section 3.7.2 it is possible to see an example of mass properties 

produced by analysis software, which includes information on the moments of inertia taken 

at the centre of mass, and from which I can then easily be calculated for other axes of 

rotation, for example at the typical point of grip on the hilt.  These outputs will be discussed 

further in Chapter 4 when reviewing and comparing results across the artefacts studied. 

3.1.2 Pendulum theory and Percussion length 

The second area of the research that 

benefits from underpinning physics 

theory being put into practical application 

relates to pendulum theory and its use to 

calculate the centre of percussion, also 

often referred to as percussion points, or 

percussion length. 

Shown right, we can consider the sword 

as acting like a simple pendulum, 

suspended at point O, which is a 

distance d from the sword’s centre of 

mass, and oscillating through the angle 

θ.  The centre of oscillation is the 

position where a point mass would be 

on a simple pendulum, with the oscillation length, l, equivalent to the massless string from 

which the point mass would be suspended.  

A simple pendulum moving in this way exhibits the most basic properties of periodic or 

oscillatory motion, known more commonly as simple harmonic motion, and we know 

(Fishbane et al., 1993) that for this type of motion, the period of oscillation of the 

pendulum, T, can be calculated as follows: 

𝑇 = 2𝜋√𝑙/𝑔 

where l is oscillation length and g is gravity, defined at 9.81 m/s2.  

Figure 25: A sword as a pendulum 
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In this context the term oscillation length is interchangeable with percussion length 

(Sears, 1956) and hence we are able to transpose this equation as follows: 

𝑇

2𝜋
= √𝑙/𝑔 

becomes 

𝑙

𝑔
= 0.0253𝑇2 

becomes 

𝑙 = 0.248𝑇2 

to produce a working equation that can be applied if we have a method for determining the 

period of oscillation, either experimentally or through simulation, both of which will be 

discussed further in sections 3.1.3 and 3.7.5 respectively. 

3.1.3 Empirical testing to inform and validate results 

Whilst the focus of the research programme was on the use of CAE techniques, during the 

development of the research methodology and experimental techniques, it was important 

that approaches could be tested and validated using practical empirical testing. Aside from 

basic measurements using tapes, rulers, callipers, and weighing scales, two possible 

methods were identified for identifying percussion length/points.  One of these was the so 

called ‘waggle test’ which is performed by hand with the percussion point judged by eye, 

and this will be discussed later in this chapter.  The second method was the pendulum 

test, where the period of oscillation of a sword acting as a simple pendulum can be used to 

deduce percussion points (as described in section 3.1.2 above).  Given the value of this 

experiment in particular, it was decided that some experimental apparatus should be 

developed to help generate reliable and repeatable results for comparison with 

simulations. 
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Figure 26: Experimental set-up for pendulum test 

As can be seen above, a housing was designed and machined from a block of aluminium 

to accommodate a standard industrial roller bearing, which was itself selected to match in 

diameter with the shaft of an off-the-shelf scientific clamp, the shaft being secured in place 

to prevent lateral movement with rubber ‘o’ rings at front and back.  These components 

could be fixed (using a standard G-clamp) to a tripod, table or similar surface, with a spirit 

bubble used to ensure the set-up was level. 

Testing with a variety of artefacts established that, even with the relatively small angles of 

displacement that were required for pendulum testing to be appropriate (≤5° off the 

vertical), the apparatus would consistently deliver >50 full oscillations without any visible 

signs of decay, i.e., well above the numbers needed to capture meaningful results. 
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3.2 Overview of experimental approach 

Before describing the experimental approach and specific activities in detail, it is useful to 

provide relevant background information and a high-level overview describing these 

approaches, plus some of the supporting tools and methods that were used during the 

work.  This helps to provide context and clarity when reading both this chapter and the 

results that appear in Chapter 4.  

3.2.1 Boundaries and Constraints 

As previously described, the research programme is ultimately concerned with a specific 

group of weapons (the so-called knightly swords of medieval Europe), though some other 

historical sword types were used at points in the programme to aid in method development 

(being more easily available for experimental work).  As such, the approach was 

developed with the target group of artefacts in mind, considering their specific features, 

availability, and typical condition.  This resulted in the identification of some significant 

constraints and early decisions regarding some of the key approaches to be used: 

i) Genuine historical examples of knightly swords are, relatively speaking, rare, valuable, 

and some cases, quite fragile.  Therefore:  

a. Any method development involving physical handling and/or experimental 

testing of artefacts would have to be undertaken with representative test pieces 

since owners/custodians of historical artefacts would not usually allow significant 

handling of their swords. 

b. The ultimate method used to capture data on artefacts needed to be non-

destructive and, ideally, involving minimal physical contact.  This constraint 

naturally favoured using non-contact, optical scanning methods. 

c. Artefacts would not typically be transportable with their custodians (e.g., owners, 

museum curators) being reluctant to let artefacts leave their premises.  Hence 

any work requiring access to the artefacts would have to be undertaken at their 

location (typically a museum), meaning that a portable, fast, and easy to use 

experimental set-up would be essential. 

d. It would be important to be able to demonstrate a safe and robust experimental 

approach to provide reassurance to owners/custodians of historical artefacts 

that by giving access they would not be putting their valuable assets at risk.  
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ii) Many surviving medieval swords no longer retain their original handle and grip - 

typically these were made of organic materials (i.e., wooden handle and leather grip) 

that have decomposed over the centuries.  Therefore, methods developed should 

focus on capturing data for artefacts in this condition.  This actually simplified the 

approach significantly since the remaining components would usually be of the 

same/similar material (with the same mass properties) which meant that 3D models 

built from surface geometry/form could have representative mass properties.  There 

are, of course, some limitations in using this as the basis for experimental method, and 

these are discussed in further detail at the end of this chapter. 

3.2.2 Test pieces used in the research 

Gaining access to handle and study original medieval swords is not straightforward, given 

their relative scarcity, high value, and often poor condition/fragility.  Therefore, it was 

established very early in the research programme that most of the experimental 

development and validation would need to be conducted using test-pieces.  This would 

ensure that only well developed and tested methods would ultimately be applied, making 

best use of the time and opportunity (when historical artefacts could be accessed) to 

maximise the chance of collecting high quality data. 

To this end, several test pieces were acquired that would be representative of historical 

artefacts in terms of their scale, materials, and geometry. 

 

Figure 27: Test piece TP1-SMck-3-15 

Test piece TP1 was an English police issue cutlass, dated c.1850, borrowed from the 

University’s small collection of historical artefacts.  This well preserved and relatively small 
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sword (total length 760mm) was primarily used for the purpose of early experimental 

development and to assess the basic capability of data capture hardware. 

 

 

Figure 28: Test piece TP2-SMck-6-15 (and variant a) 

Test piece TP2 was a low-cost modern reproduction sword, commissioned in February 

2015, specifically as a test piece for this research programme, for the development of 

scanning, modelling, and simulation methods.  It was intended to be representative of a 

typical ‘war sword’ as might have been in use during the 14th century, for example during 

the 100 years’ war in France, and is closest in style to Oakeshott Type XVIa (see 

Appendix 2 for detailed test piece records).  A design with a fuller was specifically chosen 

to test scanning and modelling methods with that type of feature and associated transition 

in blade cross-section.  As shown above, the sword was originally supplied complete, but 

the handle/grip was subsequently removed to leave a bare tang, which is more 

representative of the condition of most medieval artefacts where the handle has typically 

decomposed in the intervening centuries. 

Test pieces TP3 and TP4 were effectively designed to be ‘sword kits’ that could each be 

configured into four variations based in different pommel sizes/masses.  In both cases the 

blades were off-the-shelf Hanwei Tinker Longsword replacement blades, one being a blunt 

blade designed for HEMA practice and sparring, and one a sharp blade designed for 

cutting practice.  The cross for each blade, and the four pommel designs (which fit either 

blade) were designed and manufactured in-house, and the pommels were designed to be 

secured to the blade using a recessed 6mm hex nut. 
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Figure 29: Test piece TP3-SMck-3-17 

 

 

Figure 30: Test piece TP4-SMck-3-17 

As well as being available for testing of data capture hardware, these two test pieces were 

specifically intended for use in empirical testing.  For example, the ability to keep all other 

features the same but change pommel mass was of potential interest in terms of 

assessing its impact on percussion points. 

Two other test pieces, TP5 and TP6, were also acquired during the research programme.  

These were high-quality, hand-made, modern reproductions made by a Polish swordsmith 
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(Mateusz Sulowski) and designed to be representative of two types of medieval sword, an 

Oakeshott type XVIa (i.e., similar in style to TP2) and an Oakeshott type XIV ‘arming’ 

sword that might typically have been carried as a personal side-arm by men-at-

arms/archers during the 14th and 15th centuries and would also have been appropriate for 

a ‘sword and buckler’ fighting style. 

 

Figure 31: Test pieces TP5-SMck-6-17 (left) and TP6-SMck-6-17 (right) 

Both these test pieces were supplied as complete (i.e., non-removable handle/grip), and 

the intention was that these would primarily be used in empirical testing to provide some 

comparisons of the feel and general dynamic properties of high-quality customer made 

swords against the more basic test pieces. 

In addition to the test pieces described above, eight other historical artefacts (referenced 

as items AARI-01 to AARI-08) were used specifically in empirical pendulum tests to 

assess the position of percussion points across a range of weapons. 

3.2.3 Approach to documentation 

It was decided early in the programme that the main approach to documentation would be 

to develop a series of templates (see Appendix 1) that could be used to compile 

experimental records during both the method development and implementation phases of 

the programme. 

The most important template was the Sword documentation record, designed to collect 

data by artefact (effectively becoming documents within a ‘sword database’), this takes 

into consideration the following key information types and steps within the research 

programme: 

• Basic information on the artefact (background, provenance, overview of style/type 

and any key features) 
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• Main dimensional properties (in the case of test pieces more detailed dimensional 

data was captured for the purpose of validation against 3D models). 

• Main mass properties 

For historical artefacts, this record would also then be used to show: 

• Overview of the sword’s geometry (from scanning) and blade cross-sections and 

transitions, using images from software tools 

• Simulation results and interpretation, using images from software tools 

• Conclusions 

 

Figure 32: Example of a Sword Record Sheet (for a test piece) 

During the experimental development phase of the programme, other templates were used 

to focus on specific aspects/steps in the method development and validation stage, these 

being: 

i) A scanning documentation record, used to record date, location, general 

conditions, and hardware used (and any key settings). 

ii) A post-processing documentation record, used to record detailed step-by-step 

instructions for converting initial raw scan data into usable 3D models. 
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Figure 33: Example of a post-processing record 

iii) A simulation documentation record, used to record detailed step-by-step 

instructions and headline results for running motion studies and other 

simulations on 3D models. 

 

Figure 34: Example of a simulation record 

In addition to these templated document formats, the programme has generated large 

volumes of digital output in terms of scans (cloud point data), various stages of digital 

models (polygon → surface → 3D solid), and a variety of simulation outputs, examples of 

which can be seen in the body of this document.   

When capturing data on artefacts, photographs and rough sketches/traces have also been 

completed for the purpose of referencing overall design, specific features, and key 

dimensions later. 
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3.2.4 Approach to checking accuracy and repeatability 

When considering the accuracy and repeatability of data gathered and used in the 

research programme, several questions were asked during the method development 

stage, notably: 

i) Can geometry be captured at appropriate levels of accuracy? 

Before being able to answer this question during the experimental programme, perhaps 

the most important point was defining what ‘appropriate’ would be in this context.  The 

artefacts that are the subject of this research are all unique, hand-crafted objects, 

made hundreds of years ago using the methods that were available at the time, and 

have been subject to the ravages of time.  Even the test pieces used to develop the 

experimental method were unique hand-crafted items, though their manufacture will 

have benefited from being able to access modern tools.  The focus of the research is 

on better understanding how mass distribution impacts the ‘feel’ of the sword (but 

expressing this in scientific terms) and beginning to look at how different artefacts 

compare to each other.  Hence, the absolute accuracy of capturing geometry is a 

factor, but achieving very high precision (e.g., sub-micron) is clearly not required, as 

long as complete geometry can be captured with sub-mm levels of accuracy.  Given 

the known capability of available portable laser scanning technologies (typically 

operating at volumetric accuracies around 0.1mm or lower), there was a high degree of 

confidence that achieving appropriate accuracy would not be a problem, as can be 

illustrated when considering typical dimensions of these artefacts: 

- For a typical blade length measurement of 1m, 0.1mm inaccuracy represents 0.01% 

- For a typical blade width measurement of 5cm, 0.1mm inaccuracy represents 0.2% 

- For a typical thickness measurement of 5mm, 0.1 mm inaccuracy represents 2%  

Simple manual checks of global dimensions and key features (e.g., using tapes and 

rulers) would be sufficiently robust given the very small percentage errors that could be 

introduced.  In the case of blade thickness measurements, where errors could start to 

approach a scale that might impact on subsequent analysis, the use of digital callipers 

would be used to provide more accurate checks of scan data. 

It should be noted that manual checks would also be supplemented in the test 

development phase by using non-portable but high accuracy equipment (i.e., a high 

specification and recently calibrated CMM, housed in a controlled laboratory) to further 

validate the accuracy of method for data capture.  It should also be noted that the 
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preferred data capture hardware (Hexagon Romer arm) was an ‘industry standard’ 

product that received regular calibration throughout the experimental programme, 

providing further confidence in results across all instances of data capture. 

ii) Is data capture sufficiently repeatable, under a variety of conditions, to provide 

confidence in any single data set? 

Repeatability of method was considered an important factor that would require 

significant attention to demonstrate an experimental approach that could be used with 

confidence across a wide variety of artefacts and in a range of operating environments.  

As has already been discussed briefly (and will be covered in some length later in this 

chapter), the nature of the research means that portable methods had to be developed 

so that data capture could take place wherever artefacts could be available for study 

(typically where they are kept in a collection).  This meant that whilst experimental set-

up and tools would be common, the basic environment would change, and this could 

include variations in room temperature, humidity, and stability/vibration, all of which 

might impact of the data collection process.  At a more basic level, it would be 

important to check that, even in the same environment, the data capture process was 

repeatable within appropriate levels of accuracy, hence an approach would be needed 

to address these concerns during the experimental development phase.  This was to 

be addressed using a test-piece and capturing multiple sets of scan data across a 

variety of set-up locations and on different dates, and then to compare and evaluate 

different data sets to check repeatability.   

iii) Does post-processing of geometric data introduce errors and, if yes, are those errors 

significant, and when do they appear? 

Having addressed concerns of accuracy and repeatability regarding geometric data 

captured from the scanning process (i.e., raw data), the next area of consideration was 

the potential impact of the post-processing steps that would convert raw cloud point 

data, through a series of steps, into the 3D solid models required for analysis and 

simulation purposes. 

These are all steps undertaken using software tools and where variations in model 

geometry might be introduced as the various operations are undertaken.  Fortunately, 

the software platforms themselves provide tools that can be used to provide direct 

comparisons between models at each stage.  These software tools could also be 

supplemented with cross-referencing against the manual measurements already 
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described above to check that artefact geometry does not ‘drift’ significantly during the 

post-processing stages. 

iv) Do simulations produce results as expected, and can empirical methods be developed 

and implemented to provide confidence in these results? 

At the point where 3D models are being used for analysis purposes, the software is 

performing large numbers of complex calculations to build and run simulations and 

motion studies.  From a user perspective, the software is effectively a ‘black box’, 

where inputs and outputs are known but the internal workings are not visible.  As such, 

it is possible that simulations can diverge and/or the software simply fails to resolve the 

problem correctly, without it necessarily being apparent to the user. 

It was decided, therefore, that empirical methods should be employed to provide 

checks that the software produced the expected results, with pendulum testing the 

most significant method, for which the underpinning theory and test set-up has been 

described earlier in this chapter. 

 

3.3 Selection of CAE tools and technologies 

There are many CAE tools and technologies capable of capturing and post-processing 

geometric data to build 3-D models of artefacts, and these technologies are evolving 

rapidly.  As discussed in Chapter 2, during the research programme it became apparent 

that a number of tools had been performance evaluated for the type of work to be 

undertaken, and the literature suggested that many of these tools were capable of levels of 

accuracy and repeatability that would be more than adequate (Campanelli et al., 2015; 

Geng & Bidanda, 2017; Magomedov & Sebaeva, 2020; Minetola et al., 2015). 

Given this evidence base, the selection of tools to be used in the programme became 

more straightforward and was able to focus on technologies that were already available 

within the research group and/or closely aligned teams within the University, negating the 

need to secure new equipment and/or to arrange visits to external organisations to access 

and evaluate potential tools.  

3.3.1 Hardware for data capture 

Focussing first on data capture hardware and given the assumption that any tool selected 

would be non-destructive and capable of achieving suitable accuracy, resolution, and 
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repeatability (though these would be further evaluated later in the programme), the 

assessment of suitability was based on a number of factors relevant to overall 

experimental method and, in particular, any challenges and/or constraints associated with 

the artefacts being studied.  This meant that the evaluation process considered the 

following factors: 

a. Capability.  Aside from accuracy, resolution and repeatability, the ability to reliably 

capture the full geometry of artefacts would be a prerequisite.  Given the complex 

freeform nature of swords, and the high reflectivity of steel, this was not assumed to 

be achievable by all technologies.   

b. Portability.  This recognises that the historical artefacts in question are both rare 

and valuable and are typically located in museums and private collections.  In most 

cases, it would not be possible or practical to bring artefacts to the University for 

data capture, hence, the preferred solution should be sufficiently portable that it can 

be transported, set up, and used by a person working alone off site.  It should also 

be possible to operate the equipment in a variety of settings, i.e., it cannot be 

assumed that specific infrastructure will be in place, outside of being able to access 

standard mains electricity (240V) and some form of bench, table or trolley to place 

artefacts on for scanning. 

c. Ease of use.  The aim is to create a methodology that can easily be reproduced by 

others, so achieving successful data capture should be relatively easy and, 

assuming access to the hardware, require minimal training.  Given the need for 

portability and accepting that data capture work would take place in unfamiliar 

environments, having tools that are robust and easy to set-up and use would also 

be highly advantageous. 

d. Speed of use.  Assuming off-site access to artefacts could be time-limited (for 

example if scanning multiple artefacts in a single visit to a museum or private 

collection), a method where set-up, data capture, and strip down are relatively quick 

would also be highly advantageous.  In real terms, this would typically mean aiming 

for set-up in under an hour, data capture in less than 30 minutes per artefact, and 

strip down/packing for transport in less than an hour. 

Four specific types of data capture hardware were available for evaluation: an Artec Spider 

handheld video capture scanner, a FARO Quantum portable arm with laser scanner 

(subsequently upgraded to a later generation Hexagon Romer arm with laser scanner), a 
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Nikon LK precision CMM (Coordinate Measuring Machine) with laser scanner, and a 

Nikom XTH x-ray source precision imaging system.  Each of these data capture options 

was tested using one or more of the previously described test pieces (see Section 3.2.2). 

Artec Spider 

An Artec Spider hand-held scanner was acquired by the University’s 3M Buckley 

Innovation Centre in 2015.  An extremely compact and lightweight device, the Artec Spider 

was highly portable and both quick and easy to set up and use.  In terms of scanning 

performance, it was possible to evaluate this with research test pieces (TP1-SMck-3-15 

and TP2-SMck-6-15) as part of the training and demonstration programme delivered by 

the equipment supplier in June/July 2015. 

 

Figure 35: Artec Spider scan of test piece TP1-SMck-3-15 

As can be seen above, initial attempts to scan a test piece were problematic.  As well as 

there being significant ‘noise’ and unwanted ‘artefacts’ contained in the data, the scanner 

struggled to capture complete and continuous surface data, especially around hilt detail 

and blade edges.  In discussion with the supplier of the equipment, it was suggested that 

issues were most likely being caused by a combination of the highly reflective surface of 

the test piece, plus large changes in angle in the geometry. 

Noise and 

unwanted 

artefacts 

Missing 

surface 

features 
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By making changes to scanner and software settings it was possible to make some 

improvements, in particular the capture of surface data on blade faces was much 

improved.  This can be seen in the image below: 

 

Figure 36: Artec Spider scan of test piece TP2-SMck-6-15 

With setting changes, surface detail on the blade face was much improved, but problems 

remained with capturing hilt details where there were large changes in the angle of 

geometry.  This was still thought to be due to problems with high reflectivity. 

A possible solution to the challenge of scanning reflective surfaces would be to make use 

of a ‘Developer Spray’.  These sprays use a volatile solvent to propel a fine opaque white 

power coating onto an artefact to aid scanning.  The solvent quickly evaporates to leave 

non-shiny surfaces that are more easily captured by the scanner, and the powder is easily 

wiped off the artefact post-scan1. 

Whilst the idea of spraying a solvent-based product onto rare and valuable historical 

artefacts was considered problematic and ultimately to be avoided, it was felt that the 

Artec Spider should at least be evaluated using a test piece that had been treated with a 

developer spray to better understand its capabilities. The results of this test can be seen 

below:  

 
1 Developer sprays have also now been produced where the coating is temporary and evaporates over an extended 
period, negating the need to clean-up.  
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Figure 37: Artec Spider scan of developer-treated test piece TP2-SMck-6-15 

As can be seen, the application of a developer spray (in this case Ambersil Leak & Flaw 

Detector Spray, Developer) resulted in the scanner capturing more continuous geometry 

around the hilt.  However, the scan data remained noisy and introduced a surface 

finish/texture that was not present on the original test piece. 

At this stage of testing/evaluation, it was concluded that acquiring data successfully with 

the Artec Spider would be very challenging and a decision was made to move to the next 

available option. 

FARO Quantum articulated arm (and Hexagon Romer arm) 

When the research programme commenced the University had long-term loan of a FARO 

Quantum 1.8m articulated arm, a portable CMM with laser scanning head that could be 

mounted on a tripod or workbench.  Whilst not as portable or as easy to use as the Artec 

Spider, it was of a transportable size and would meet the criteria for speed of set-up and 

use, and usability. 

Initial testing and evaluation seemed, however, to generate some of the same problems 

that had been encountered with the Artec Spider.  

Geometry is more 

complete but still 

issues with ‘noise’ 
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Figure 38: FARO Quantum initial scan of test piece TP1-SMck-3-15 

As Figure 38 shows, results were still inconsistent with the scanner able to sometimes 

capture complex and acute edge geometry very well, yet missing data on patches of what 

should have been straightforward surfaces, despite having performed multiple passes with 

the scanner.  However, further testing (and practice of using the arm) did produce 

progressively stronger results, as shown below. 

 

Figure 39: FARO Quantum scan of test piece TP2-SMck-6-15 

Whilst some small gaps in geometry still appear, overall form is much better and most of 

the complex blade and hilt geometry is well captured.  The step feature appearing close to 

the tip of the test piece has been caused by poor alignment of multiple scans, these having 
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multiple passes 

Hilt geometry still causing 

problems leading to gaps 
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by problems aligning 

multiple scan data sets 

Hilt and edge geometry still causing 

some problems leading to small gaps 
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been necessary because the 1.8m arm reach was not quite large enough to scan this test 

piece from a single position. 

Given further practice with the arm, and the planned development of bespoke fixturing to 

make the data capture phase easier, there was confidence at this stage that the FARO 

Quantum arm was a viable tool. 

Later in the programme (but prior to starting to collect data on historical artefacts), the 

University was able to secure the long-term loan of a Hexagon Romer CMM arm with laser 

scanning head.  This was a much later version than the FARO arm (i.e., significantly 

newer technology) and, not surprisingly, proved to be much more capable.  It was also a 

2.4m arm with greater working volume which would enable single position data capture for 

all but the largest artefact. 

 

Figure 40: Hexagon Romer first use scanning test piece TP3a-SMck-3-17 

As with the FARO arm, the Hexagon Romer arm was semi-portable and when packed in 

its transport case it fitted in the boot of a medium sized hatchback car (with the rear seats 

down).  It was also relatively quick and straightforward to set-up and use.   

Nikon LK 

The Nikon LK is a high accuracy CMM with laser scanning head, owned by the University 

but located within the dimensional metrology laboratory of the National Physical 

Laboratory’s North of England facility in Huddersfield (https://www.npl.co.uk/about-

us/locations/north-england).  The Nikon LK CMM is in a temperature and vibration-

Much more complete geometry, with only 

minor gaps/imperfections that can easily 

be resolved during post-processing 
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70 

controlled environment and is regularly calibrated to maintain accuracy (it had been 

calibrated less than two weeks prior to being evaluated with test piece TP2a-SMcK-6-15). 

Whilst this is clearly not a portable piece of equipment and, therefore, unsuited to off-site 

data capture, it is a precision instrument capable of capturing high quality data that could 

be usefully employed both for method development and for checking/validating data from 

other sources (e.g., to check against data captured by the portable arms).  Therefore, it 

was decided that scan data would be captured on the Nikon LK for one of the test pieces 

(TP2a-SMck-6-15). 

 

Figure 41: Test piece set-up on the Nikon LK CMM 

 

Figure 42: Nikon LK CMM scan output (with some post processing) of TP2a-SMck-6-15 
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As Figure 41 shows, the test piece was secured using off-the-shelf modular fixturing to 

enable unobstructed access to most of the artefact.  As a result, it was possible to capture 

scan data covering the full artefact and, as shown in Figure 42, with some gap filling this 

was able to produce a complete model that appeared to be of high quality (to be checked 

against empirical measurements later in the programme). 

Nikon XTH 

The Nikon XTH is an industrial XCT (X-ray Computed Tomography) instrument that uses a 

micro-focus x-ray source and detector/imaging system to enable the scanning, capture, 

and measurement of components/assemblies, including internal features that cannot be 

captured using conventional optical techniques (cameras/lasers).  Whilst this could make 

XCT potentially a very powerful tool for the type of work in this research programme, there 

are several significant constraints of this machine/technology: 

i. A relatively small working volume (c. 0.6m x 0.6m x 0.6m) means that a 

complete sword cannot fit into the machine.  Hence, only smaller parts of an 

artefact (e.g., a pommel) that fitted inside this working volume could be fully 3-D 

scanned, or an area of a larger artefact (e.g., the hilt construction) could be 2-D 

scanned.  Note: XCT instruments with larger working volumes are available 

(e.g., North Star X7000 can accommodate artefacts up to 1.5m in x, y and z). 

ii. XCT machines are not at all portable, in fact with lead lining used to shield users 

from the x-ray source they typically weigh several tonnes. 

iii. Using XCT instruments requires specialist training. 

iv. Scan times can run into several hours per artefact. 

v. XCT machines are very expensive (c. £1million investment would not be 

uncommon for a large working volume machine). 

On this basis it was decided that XCT was not viable as the main data capture approach 

but was recognised as a potential tool for specific investigations (e.g., internal pommel 

features) if required. 

So, in conclusion, the Hexagon Romer articulated arm was selected as the primary tool for 

data capture, with the Nikon LK used as a comparator, and the Nikon XTH available if 

required for specific component/partial assembly checks.  Figure 43 overleaf summarises 

these findings: 
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Product Technology Advantages Disadvantages Conclusions 

Artec 

Spider 

Handheld scanner using high 

resolution video capture (at 
up to 7.5 frames per second) 
and proprietary image 
stitching software 

- Highly portable/lightweight 

- Minimal set-up time 

- Quick and easy to use 

- Relatively inexpensive technology 

- Performance issues capturing 
data on reflective (metallic) 
surfaces and complex blade 
geomteries1 

This product was not suitable due 

to its inability to capture data 

successfully on the types of artefact 

being studied2 

FARO 

Quantum3 

Portable 1.8m articulated arm 

(with laser scanner) that can 
be desk or tripod mounted 

- Semi portable 

- Reasonable set-up time 

- Quick and easy to use 

- Low/mid-range price 

- Capable of capturing data on 
reflective surfaces and blade 
geometry3 

- Potential issues on larger test 

pieces with registering and 
aligning multiple scans due to 
blade geometry3  

This technology performs 

reasonably well in all assessment 

criteria and represents a good 

compromise between performance, 

ease of use and price 

Nikon LK 
Precision CMM (coordinate 

measuring machine) with 
laser scanning head 

- High resolution, precision, and 

repeatability 

- Highly capable of capturing data 
on reflective surfaces and 
complex blade geometry 

- Large and heavy fixed asset (no 

portability) 

- Relatively complex to use 

- Longer set-up and scan time 

- Very high cost of investment  

Lack or portability makes this 

unsuitable for main data collection 

but useful used in conjunction with 

test pieces for checking the 

performance of other methods   

Nikon XTH 
X-ray source precision 

imaging system  

- High resolution, precision, and 

repeatability 

- Highly capable on reflective 

surfaces and blade geometry 

- Ability to capture hidden features 

(e.g., hilt and pommel details) 

- Large and heavy fixed asset 

- Relatively small working volume 
so cannot capture full geometry 

- Relatively complex to use 

- Longer set-up and scan time 

- Very high cost of investment 

Lack of portability makes this 

unsuitable.  However, the ability of 

XCT to see hidden features (e.g., 

voids in hollow pommels) does 

mean this technology could be 

used to provide additional insight 

1 On test the Artec Spider struggled to capture blade data, and this appeared to be due to both the reflective nature of the artefact and the geometry of the blade. 

2 Given the speed of technology development, equivalent hand-held scanners may now have significantly improved performance, but this has not been tested. 

3 During development of the methodology, a new 2.4m Hexagon Romer articulated arm (with laser scanner) was acquired which performed considerably better than the FARO arm 
and overcame most of the issues of aligning multiple scans due to its greater reach. 

Figure 43: Initial experimental assessment of data capture options 
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Note: photogrammetry is an additional potential non-contact method for data capture, 

where 3-dimensional data is created from multiple 2-dimensional images.  The technique 

is often applied to large objects/environments (e.g., to ‘map’ archaeological sites) but 

smaller objects can be measured using hand-held scanners that use photogrammetry for 

their operation.  Literature reviewed at the time when options were being evaluated 

(Campanelli et al., 2015) suggested that portable photogrammetry scanners (e.g., those 

produced by Creaform) were capable of capturing geometric data at appropriate levels of 

accuracy and repeatability, but hands-on assessment would be required to test their 

capability with the specific artefacts being studied in this research programme. 

3.3.2 Software for post-processing 

From a software (post-processing) perspective, tools that were readily available and that 

had been shown in the literature to be capable and reliable were: 

i. GeoMagic Studio 2014 (data capture and 3D model creation from scan data).   

This software had already been evaluated to some extent when testing the 

hardware options described above, since it was used to support data capture (and 

some simple clean-up and alignment of scans) for the FARO/Hexagon arms and 

the Nikon CMM.  GeoMagic was intended to be used in the programme for much of 

the post-processing work, converting point cloud scan data, through a series of 

steps (described in detail later in this chapter), into 3D models ready to be imported 

into other software products for subsequent engineering analysis and simulation 

studies.    

ii. SolidWorks 2015 onwards (computer-aided design, analysis, and simulation). 

This is industry standard CAD (Computer-Aided Design) software that includes a 

wide selection of engineering analysis and simulation tools, and the University 

maintains a site license for SolidWorks Student Edition, which includes Premium 

add-ons for analysis and simulation studies.  These tools include, for example, 

static loading, dynamic loading, and motion studies, all of which were potentially 

useful to the research programme. 

For both selected software tools, there was a high degree of confidence that they would be 

able to deliver the required post-processing and analysis capabilities once good quality 

scan data had been captured.  Hence, the focus would be on developing the correct 

methodology and process steps to take advantage of these powerful and proven tools.   
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3.4 Development of suitable fixturing 

One of the issues that had become apparent in the early stages of assessing hardware for 

data capture was the associated challenge in fixturing needed to hold/secure artefacts 

whilst they were being scanned.  For the purposes of hardware assessment, it was not 

essential to capture the full geometry of a test piece if the main features/geometry types 

could be accessed.  However, to move on to full method development (and then for 

scanning of actual artefacts), being able to access all parts of an artefact, ideally held in a 

single position, became much more important.  This need was reinforced by the early 

experiences of trying to align multiple scans from the FARO arm, where the shape of the 

artefact (i.e., very long and slender) made the process challenging and unreliable.  Hence 

it was apparent that a fixturing solution needed to be found that would consider the 

following criteria: 

i. Historical artefacts are valuable and potentially fragile, so fixturing must be 

sympathetic to this and provide confidence that no damage will be caused. 

ii. The workpiece must be secure enough so as not to move during the scanning 

process, but without being forcefully clamped (see point above).  Given the 

artefacts to be scanned will all be similar but also all unique, some flexibility is 

required to accommodate a range of artefact sizes.  

iii. Access to/around the workpiece should be clear to minimise having to take 

scans with multiple datums and/or filling-in of missing geometry. 

iv. Fixturing should be robust but portable and (ideally) lightweight and low cost. 

During the hardware assessment stage of the programme, various methods had been 

used to secure test pieces for scanning and these broadly fell into two approaches2.  The 

first was one of clamping or suspending (in a ‘vertical cradle’) the sword, either point-up or 

point-down, from either a workbench or tripod.  The second approach was to sit the sword 

in some form of ‘horizontal cradle’ with two supports to hold it in place.  Since these 

approaches had worked to varying degrees without much thought being applied, they 

seemed a useful starting point for possible solutions.  Given the success achieved on the 

Nikon LK CMM using off-the-shelf modular fixtures, it also seemed sensible to consider 

their use as part of a preferred solution. 

 
2 The fixturing used on the Nikon LK CMM was arguably neither (the test piece was secured at a point-up angle of c. 
30°) but was akin to the ‘horizontal cradle’ approach.  
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Vertical suspension 

For this design concept, the sword would be suspended from the cross ‘point-down’ with a 

soft-tipped post positioned to rest the blade against to hold it stationery.  Adjustment is by 

moving the position of the post up and down the support column (width of crossguard 

suspension could also be adjustable for increased flexibility. 

 

Figure 44: Concept sketch for a vertical suspension fixturing system 

Advantages - easy to use, small area of fixture contact with artefact, sympathetic to 

workpiece fragility, and good scanning head access around the workpiece. 

Disadvantages – not particularly portable or lightweight, and limited to swords with 

suitable (simple) and secure cross guards. 

Non-slip suspension hooks 

for crossguard suspension 

Head section holds 

suspension hooks, and 

could be designed for 

easy width adjustment 

Aluminium column (c. 1000 

mm long) with holes tapped 

to accept screw-in mounts 

Weighted base 
Soft-tipped post can be 

moved up and down the 

column to secure blade 

in chosen position 



76 

Horizontal suspension 

For this approach, the sword is placed ‘edge-down’ with the tang sitting in the clamp and 

the blade in the ‘v’ notch fixture.  Adjustment is by moving the position of fixtures on the 

baseplate so that one would be positioned either side of the centre of mass.  Fixtures can 

be raised using simple extension posts for greater clearance from the base. 

 

 

 

Figure 45: Concept sketch for a horizontal fixturing system 

Advantages - portable, lightweight, easy to use, and a small area of fixture contact. 

Disadvantages - perception of ‘clamping’ may be seen as less sympathetic, possible lack 

of security of ‘v’ notch, and scanning head access more limited than vertical method (post 

and clamp height extensions might reduce this issue). 

Of the two approaches, horizontal suspension seemed more attractive due to ease of 

application off-site and applicability to artefacts with loose crosses (not uncommon), and it 

was felt it had the potential, with some refinement, to meet all the core criteria.   

Whilst using off-the-shelf fixturing had initially seemed a sensible approach, it was decided 

that bespoke fixtures would provide a more workable solution and further thought was 

given as to how the concept could be developed, replacing the components shown in 

Figure 45 with alternates that addressed the shortfall of that concept.   

The result of this process was the adoption of portable, off-the-shelf tripods to provide the 

platform for two sets of bespoke supports.  The tripods were small, lightweight, and easily 

Aluminium baseplate (c. 500mm long) with 

holes tapped to accept screw-on mounts 

‘V’ notch fixture for 

blade edge seating 

Precision clamp with minimal pressure 

applied to hold the tang in place 
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adjusted, and had c.15cm of height range from c.25-40cm above the workbench, giving 

ample room for levelling, to accommodate a variety of cross widths, and for gaining 

scanner access around the artefact.  They were positioned either side of the sword’s 

centre of mass, one at the tang and one at the blade, but the exact position could be 

chosen to consider the specific geometry, any blade transitions, condition of artefact, etc.  

 

 

Figure 46: Chosen fixturing system 

The bespoke 3D printed supports were of two designs, one for blade support and one for 

tang support, each coming in a range of sizes to accommodate different sized artefacts. 

 

Figure 47: Sample designs of blade (left) and tang (right) supports 
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Figure 48: 3D printed blade supports to cover a range of sizes and profiles 

As can be seen above, the blade supports are designed in a range of sizes, with 

numbering indicating the width of profile at bottom and top in mm.  The profile was 

designed to flares outwards towards the top.  This was to accommodate a wide variety of 

blade sizes and cross-sections, with the intention that the contact area between the 

support and the artefact would always be on the faces of the blade, never on the edges 

which could be more delicate and where damage might occur.    

 

 

Figure 49: 3D printed tang supports in a range of sizes 

Tang supports were very simple in design, and were made in sizes from 4mm to 9mm, 

using 0.5mm increments, as shown above.  The tang simply sits in the support and does 

not particularly have to be a tight fit, the support just needs to be large enough for the tang 

to bed into it securely. 

Side ribs provide additional strength in the 

direction where most of the force occurs. 
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Both sets of supports were manufactured in nylon (an inert, non-acidic material) using an 

in-house FDM (Fused Deposition Modelling) 3D printer, and then manually tapped with a 

6mm thread on their base to enable easy attachment to the tripods which were pre-fitted 

with standard 6mm camera screw connectors. 

Overall, the fixtures proved both flexible and simple to use, with it typically taking less than 

five minutes to select appropriate supports, attach to tripods, adjust the tripod heights, and 

position the artefact ready for data capture. 

3.5 Data capture method, repeatability, and documentation 

As described previously, several different technologies and fixturing approaches were 

explored during the method selection and development phase of the programme before a 

final decision was made regarding the preferred approach.  This approach was then 

developed and refined in detail (using test pieces) to ensure a high degree of confidence 

that it was an effective and robust methodology before moving onto data capture of actual 

historical artefacts.   

 

 

This selected toolkit (shown above) can be summarised as follows: 

Hardware – Hexagon Metrology Romer Absolute Arm (2.4m) with laser scanning head, 

RA-7525 SI-5281-FA, with up-to-date calibration record. 

Figure 50: Data capture toolkit, and an example in use with a historical artefact 
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Software - GeoMagic Studio 2014 (data capture set at 100%). 

Fixturing - PhotoSEL portable tripod (x2) and bespoke set of 3D-printed blade and tang 

supports in a range of sizes. 

This set-up could be transported by car and prepared in approximately 30 minutes ready 

to begin scanning.  Scanning an artefact typically took approximately 15 minutes (plus 

another 15 minutes to collect basic empirical data for checking later), and the changeover 

time between artefacts was very quick, taking as little as five minutes. 

A simple scanning document template was initially developed so that, during the method 

development phase, a record could be kept of the hardware/software, fixtures, 

environmental conditions, and any specifically relevant scan settings.  

 

Figure 51: Scanning document template 

As previously discussed in section 3.2.4, it was important to establish that the scanning 

process would deliver consistent results, and that this was the case regardless of the 

environment and prevailing conditions under which data capture was taking place.  To 

establish this was the case, multiple scans were undertaken on the same test piece in 

several ways: 
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i) Five scans of the test piece under the same conditions (i.e., taken in rapid 

succession in one location without changing set-up or environment).  This was a 

simple test of repeatability. 

ii) Scans of the same test piece in three different locations and on different 

occasions (dates), representative of a range of environments that would be used 

for data capture on historical artefacts.  

 

Figure 52: Deviation analysis of multiple scan data sets 

Using the Alignment tools within GeoMagic it was possible to create a new dataset that 

compared the geometry of multiple scans of the same test piece across the different 

conditions described above.  Using the analysis statistics in the Global Registration tool, it 

was then possible to generate information on distance between equivalent points across 

these multiple scans. 

Looking at the results, as shown in the figure above, average distance between 

equivalents points, even across the large range of scans and conditions used, was an 

impressive 0.007mm (7 microns).  Maximum distance, at just over 6mm, was more of a 

concern, but these data sets were raw scanner data and only fixture artefacts had been 

removed manually before analysis.  Further investigation found that the larger distances 

were being caused by outlying points that would be removed in the early stages of post-

processing using GeoMagic’s Outlier tool, as described in section 3.6.1. 
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Removal of these outliers so that only ‘cleaned’ cloud point data was compared, resulted 

in a maximum distance of less than 0.5mm and brought average distance between 

equivalent points down to 0.005mm (5 microns). 

So, the conclusion from these tests was that environmental variations between the 

different laboratories, meeting rooms, offices, etc., and the workbench (where the test 

piece was positioned for scanning) appeared to have no significant influence on results.  

Given the expectation that scanning of artefacts would take place in such varied 

conditions, this was clearly an important finding that significantly increased confidence in 

subsequent results.      

Once the final preferred hardware solution was established (and validated as described 

above), a set of instructions were developed to ensure consistency of approach. 

 

Figure 53: Romer arm scanning instructions 

As noted on the instruction shown above, scan data was saved in an ‘xyz’ format ready for 

subsequent post-processing. 
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3.6 Post-processing method and documentation 

As has been described earlier, the post-processing stage of the method was conducted 

entirely using software tools, GeoMagic2014 and SolidWorks (2014-), and consisted of a 

series of steps to take cloud point models (from the initial raw scan data) through to 3D 

solid models on which analysis and simulations could be performed. 

 

Figure 54: Key post-processing steps 

Considering the steps (as shown above), stage zero is the raw cloud point data, as 

collected by the scanner and saved in digital format.  Each subsequent step requires 

further detailed explanation. 

3.6.1 Cleaning of cloud point data 

 

 

Figure 55: Typical raw scan data 
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As can be seen in the figure above, the initial (‘Stage 0’) raw scan data contains very large 

numbers of data points (over 4 million in this example).  For the types of artefact being 

considered and given the benefits of managing computing resources at later stages, it is 

possible to sample the raw data and achieve the same results with much smaller (in terms 

of numbers of points) models.  During the experimental development programme, it was 

found that 250,000 - 500,000 points produced models that were feature rich whilst 

remaining manageable in terms of computing power, and so 10% sampling was typically 

applied when importing the raw scan data to begin the post-processing steps. 

In terms of the cloud point data itself, it will typically include the fixtures, outlying data 

points/clusters created in error, and background objects (e.g., desk or workbench) as part 

of the data set (shown on the image above).  These are removed using selection and 

deletion tools within the GeoMagic Studio software, supplemented with the ‘Outlier’ tool to 

clean up data in and around the geometry of the artefact. 

 

Figure 56: Example of a cleaned cloud point model 

As can be seen above, all the noise and background data has now been removed on a 

model that has been sampled at 10%.  The model has good coverage over all its 

geometry, except for the noticeable gaps where fixtures were placed during scanning.  

Because this was taken into consideration when placing the fixtures, the gaps are in areas 

where there are not major transitions on geometry, making filling of these holes easier, but 

that will be considered during the next stage of the process.  Note, throughout the cloud 

point and polygon model clean-up phases, data was saved in GeoMagic’s proprietary file 

format as .wrp files. 
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3.6.2 Creation of raw polygon model 

Once a clean cloud point data set of appropriate size (number of points) is produced, the 

next step is to create a polygon model from this data.  This is done using GeoMagic’s 

Wrap tool, which converts the cloud point data into a triangular mesh. 

 

Figure 57: Example of a raw polygon model 

As can be seen above, the conversion to polygon model is not a perfect transition, with 

holes appearing in the new model where cloud point data was sparse, and small errors 

such as self-intersections, tunnels and spikes also appearing where data was noisy.  Note 

also that the number of triangles has grown significantly (compared to number of cloud 

points) and this may need further attention later in this stage (see below). 

3.6.3 Cleaning of polygon model 

Removing the anomalies in the mesh to create a clean and complete polygon model 

requires the use of a selection of tools within GeoMagic’s Repair, Smooth and Fill Holes 

options (found on the Polygons ribbon).  This is typically an iterative process, requiring two 

(or sometimes more) cycles through these tools to reach a complete model. 

Repair and Smooth tools 

If the mesh is relatively clean, with no significant errors (which should be the case) then 

GeoMagic’s Mesh Doctor function can be used, which can automatically repair several 

different types of imperfection within the model (non-manifold edges, self-intersections, 

spikes and small tunnels/holes).  The usual process is to run this tool with only the ‘Auto-
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Repair’ operation enabled (see below), look at the global results to see if the geometry still 

looks correct, and ‘Update’ the ‘Analysis’ tool.  

 

Figure 58: Mesh Doctor being used to remove imperfections 

 

Figure 59: All minor imperfections removed by Mesh Doctor 

 

The tool can be used more than once to iteratively improve the model.  In the example 

shown, only two iterations were needed to remove all small imperfections. 
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If the Auto Repair tool is taking excessive amounts of time to resolve then the option exists 

to use the Decimate tool, which is designed to reduce the number of triangles in the mesh 

without compromising surface detail. 

During the earlier stages of the research programme, when different scanning 

technologies were being tested (e.g., the earlier generation FARO arm), some polygon 

models did not respond well to the ‘Mesh Doctor Auto Repair’ tool, and this step of model 

cleaning had to be undertaken in smaller steps using ‘Repair’ and ‘Smooth’ tools manually.  

However, once the Hexagon Romer arm was adopted for data capture the quality of scan 

data improved and the Mesh Doctor tool worked consistently. 

Fill Holes tools 

Once all the small imperfections in the mesh have been removed, the model is complete 

apart from the remaining larger holes, and these are resolved using the Fill Holes tools.  

The software includes a Fill All tool, which also includes some filtering options (e.g., 

removing a selected number of the largest holes), and this has been found to produce 

good results on most hole filling operations.  

 

Figure 60: GeoMagic's 'Fill All' tool 

The Fill All tool can, however, be unreliable for some of the specific geometries of artefacts 

being studied in this body of research.  Small holes on the blade edges can occasionally 

produce strange bulges, and the larger gaps where fixtures have been placed (on blade 

and tang) do not always fill correctly to the surrounding geometry.  The use of the filtering 
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tools can help to complete most hole-filling tasks but there is an element of trial and error 

and, since this occurs, it is more reliable (though more time consuming) to use the Fill 

Single tool to complete the model. 

 

Figure 61: GeoMagic’s 'Fill Single' tool 

As shown above, the Fill Single tool comes with a three options for surface profile and 

three options for fill method, and a selection of these options were used to address 

different types of hole and geometry. 

For the majority of small holes, use of the Complete option to fill the hole in a single 

operation produced good results, with a Tangent surface profile working well in most 

cases, and Curvature sometimes giving better results, particularly on the blade edge 

where it typically generated a blade edge profile more consistent with the surrounding 

model.  Use of the Flat option for surface profile was generally avoided since it produced 

geometries that looked much more uniform and engineered, not in keeping with the 

artefacts themselves which are typically complex freeform shapes and, in the case of 

historical artefacts, include rough and age damaged surfaces.   
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Figure 62: Filling a single hole with 'Complete' and 'Tangent' options enabled 

Above is an example of the Fill Single tool (Complete, Tangent) having repaired a small 

hole in a pommel indentation, successfully matching to the surrounding surface even 

though there were significant transitions in the geometry around the hole.  

 

Figure 63: Filling a blade edge hole with 'Complete' and 'Curvature' options enabled 
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Above is an example of the Fill Single tool (Complete, Curvature) having repaired a small 

hole along the blade edge.  Note how the software was able to blend the new surface 

seamlessly with the existing geometry to retain an edge profile that matched the rest of the 

blade. 

Where the Complete option became less reliable was in dealing with larger gaps in 

geometry, especially if there were significant transitions in geometry within these gaps.  

The two notable examples of this were the gaps where fixtures had obscured geometry in 

an area of the tang and the blade, and where there were longer/larger holes along the 

blade edge and/or at the tip of the blade.  

 

Figure 64: Example of where the 'Complete' hole fill option does not work 

Above is an example where attempts to fill the missing tang data (where the fixture had 

been placed during scanning) using the Complete option did not work.  Here the software 

was unable to deduce that the geometry should have been complete up to the same width 

as the tang on either side and so simply filled the edges and left a significant notch/gap in 

the tang geometry.  In cases such as this, the Bridge option was used, which enabled 

bridges to be built across the hole.  This effectively divided a complex shaped hole into two 

or more smaller (and less complex) holes that could each then be filled using the 

‘Complete’ tool. 
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Figure 65: Use of the 'Bridge' option to address a complex hole 

Use of the Bridge option can be seen above, where the bridge was built to define the edge 

position/geometry of the tang, whilst also simultaneously dividing the complex hole that 

could not previously be filled correctly into two smaller holes (with simpler geometry) that 

the Complete tool could now process appropriately (see below). 

 

Figure 66: Complex hole filled using a combination of 'Bridge' and 'Complete' tools 
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Once all the holes were successfully filled to produce a complete polygon model, the Mesh 

Doctor/Auto-Repair tool was used again to remove any imperfections introduced by the 

hole filling process.  If required, the model was Decimated (to maintain a manageable 

model size) and Mesh Doctor applied a final time and then the Enhance Mesh for 

Surfacing tool was applied (default settings) as final preparation before the next stage.  

This tool thins the mesh in flat areas (i.e., where there is less transition of geometry) and 

adds points to higher-curvature areas so that the mesh is better suited to adding the 

surface, but without sacrificing shape. 

 

Figure 67: Example of a final cleaned polygon model 

3.6.4 Creation of surface model 

The next stage of post-processing was the creation of a surface model.  This used 

GeoMagic’s Exact Surfacing toolkit to generate surfaces that match the object exactly as it 

was constructed.   The toolkit has multiple steps that can be taken manually (contour 

detection, contour editing, patch construction, patch repair, grid construction, and surface 

fitting) but also has an Autosurface tool that runs through all these stages with minimal 

prompts and/or user intervention.  This was found to work when tested with a number of 

different polygon models (test pieces and historical artefacts) and was, therefore used as 

the method of choice.  The AutoSurface tool was run with default settings and an example 

of the results produced can be seen below. 
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Figure 68: Example of a GeoMagic surface model 

As this is the final stage of post-processing completed within GeoMagic, the output from 

this phase was saved in multiple formats, ‘.wrp’ (GeoMagic proprietary format) for any 

subsequent manipulation within GeoMagic, and ‘.stl’ (Step (AP214)) to enable importing 

into SolidWorks in the next stage of the process. 

3.6.5 Creation of 3D solid model 

At this final stage of post-processing, workflow was transferred from GeoMagic into 

SolidWorks.  The ‘.stl’ format surface model created within GeoMagic was opened in 

SolidWorks, which automatically prompted ‘Import Diagnostics’ to run on the model.  This 

opened up a toolkit to manage any repairs required to create a complete solid model.   

 

Figure 69: Importing into SolidWorks 
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In the examples tested during the research programme, only a small number of repairs 

were required, and these were typically to address self-intersecting geometry.  Most of 

these errors were auto repaired by the software, with the remaining requiring deletion of a 

face on the patch grid and then gap healing to fill the resulting small hole. 

 

Figure 70: Using SolidWorks 'Import Diagnostics' tool to repair any sub-surface errors 

These repairs did not have any impact on actual surface geometry but just corrected sub-

surface legacy errors from the original polygon model.   

 

Figure 71: Successfully imported model geometry in SolidWorks 
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At this point, the method had been developed, tested, and refined such that raw scan data 

could be post-processed using GeoMagic to enable the successful creation of 3D models 

in SolidWorks, ready for subsequent analysis and simulation. 

3.7 Analysis and simulations 

Having finally reached the point of creating complete geometrical models of artefacts (test 

pieces and historical pieces), the next step in the research methodology was to identify 

checks to validate the basic integrity of the model, and then develop methods to enable 

robust analysis and simulation under specific conditions, with the aim of being able to gain 

insight into the artefacts in terms of key aspects of their design and performance. 

3.7.1 Simple geometric analysis (main geometry, cross-sections) 

Having created a full model of an artefact, some very simple measurements could be 

made to check the main geometry and features of the model were consistent with 

measurements taken (using measuring tapes, rulers, and digital callipers) during the data 

collection phase.  Both GeoMagic and SolidWorks have distance measuring tools where 

points can be selected on a model and the software will calculate the distance between 

those points. 

 

Figure 72: Using GeoMagic's 'Analysis/Distance' tool to check model dimensions 

The measurements checked using this approach were typically Total length, Width of 

cross, Blade width at the hilt, Blade thickness at the hilt, and Pommel diameter.  These are 
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not meant in any way to be exhaustive but merely a quick check that the model has 

captured the main geometry of the artefact.  During the method development phase many 

more additional checks were made to ensure the data capture process was working 

accurately.  These included, for example, measurements of blade width and blade 

thickness at multiple points (up to 10 measurement on a single blade) along the blade 

length.  These were designed to check that the profile taper and distal taper of the blade 

were being captured and represented on the model since these are important design 

features that strongly influence mass distribution in the sword. 

As well as being able to perform basic measurement checks, it is also possible to generate 

cross-sectional information which can be informative when studying blade shapes/ 

transitions in the context of design and intended purpose.  The generation of cross-

sectional data was tested by three different approaches, two using GeoMagic and the 

other using SolidWorks. 

In the case of GeoMagic, within the Polygons tab it was possible to create cross-sections 

using the ‘Trim’ tool. 

 

Figure 73: Creating cross-sections using GeoMagic's 'Trim' tool 

This was, however, a slow process requiring manual repetition and making it difficult to 

present results for multiple cross-sections in a satisfactory way. 

An alternative approach within GeoMagic was to use the Curves/Create by Section tool to 

generate multiple cross-sectional views in a single operation.  Using the Create by Section 

option within the tool it is possible to create multiple sections by selecting the appropriate 

Cutting Plane (XY, XZ, or YZ) and choosing the number, spacing, and starting point for 

these cross-sectional views (see below).  
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Figure 74: GeoMagic's 'Curves' tool showing blade cross-sections 

This approach was much quicker and easier to use and, as can be seen above, produced 

a visually effective output. 

The third approach tested was within SolidWorks, using Section View and then selecting 

the appropriate plane and using the on-screen ‘slider’ to manually move up and down the 

blade to see the cross-section at any given point. 

 

Figure 75: Using SolidWorks' Section View' tool to create cross-sections 

Given SolidWorks also has video creation tools, this approach can be used for more 

dynamic outputs, in effect creating ‘fly-through’ video content that shows the change in 
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blade cross section as the tool moves down its length.  Whilst this approach is not helpful 

for a report of this nature, it produced useful and engaging content for presentations and/or 

digital media-based content. 

3.7.2 Mass properties 

To begin looking at the mass-related properties of an artefact, it was first necessary to 

introduce material(s) properties into the model, which is a straightforward process within 

SolidWorks.  

 

Figure 76: Selecting a material from the SolidWorks database 

As can be seen above, material properties can be added directly from a part’s ‘feature 

tree’ where a Material option is already present.  This option can be used to open the full 

list of materials in the SolidWorks database, and it is a simple process of selecting from 

the list.  Options also exist to configure the properties of any of these materials, or to add 

and configure a completely new material.  
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Figure 77: Quick material selection in SolidWorks 

An even quicker/simpler approach exists once the preferred material has been selected a 

first time, since the software will offer quick selection from a short list of commonly used 

‘favorite’ materials direct from the materials selection tool.  This can be seen in the 

example above. 

In terms of the actual materials to be used for the research, the test pieces used in method 

development were made of a variety of steel types/variants and historical artefacts would 

be constructed similarly, with most key components (blade, cross, pommel) made of some 

form of iron or steel.  In the case of medieval swords, the specific properties of the steel 

used (including importantly the proportion of carbon in the steel) is not easily deduced by 

non-destructive means, plus the homogeneity of materials was much lower compared to 

modern steels so there is an element of doubt regarding the specific properties of the steel 

found in these artefacts.  This will be discussed later, specifically in the context of 

simulating bending and impact.   

Iron and carbon steels all have very similar densities (typically in the range of 7,840 – 

7,860 kg/m3) so it is possible to assign generic material properties in this range with 

confidence that only very small errors (i.e., 0.25% or less) in mass properties would be 

introduced due to differences in iron and steel content.  As such, and unless otherwise 

stated, the SolidWorks materials defined as Plain Carbon Steel was used as standard 

across all models and historical artefacts during this research. 
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Having defined materials properties, it becomes possible to undertake mass-related 

analysis and model checking using the tools within SolidWorks, and with reference to 

empirical data (total mass and centre of gravity) collected at the time of data capture. 

 

Figure 78: Model mass properties once a material has been selected 

The check of basic mass properties on several test pieces (and on historical artefacts) 

provided further reassurance of correct model creation.  In the case of some test pieces 

(and some historical artefacts), this check highlighted a specific and interesting feature of 

the design (i.e., a semi-hollow pommel) that had an impact on other areas of analysis, but 

this will be discussed in greater detail later when looking at specific results and some of 

the challenges and limitations of method. 

3.7.3 Static loading 

With material properties added to the model, it now became possible to undertake 

simulations and motion studies on parts.   

SolidWorks simulations are a portfolio of structural analysis tools that use Finite Element 

Analysis (FEA) methods to predict part behaviour based on geometry, materials 

properties, and the conditions being applied (e.g., forces and fixtures).   

As with other stages of the research programme, a simple template document (Simulation 

Record Sheet) was first created to record the processes and outcomes of any simulations.  
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Figure 79: Simulation record template 

The first form of analysis becoming available that would not be attempted empirically on a 

historical artefact, was that of static loading, effectively a simple beam bending test.  This 

type of test used the Static study option within the Simulation tools in SolidWorks and, on a 

test piece at least, could also be created empirically to check results from the simulation 

were broadly as expected. 

 

Figure 80: Key steps in setting up and running a simple beam bending simulation 
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In this example, a model of a test piece is held horizontally at the tang using fixtures (steps 

3 to 5) and then a vertical force of 10N applied (steps 6 to 9).  The software creates a finite 

element mesh (which may need some refinement using the Mesh Control tool) and then 

the ‘solver’ implements the simulation steps to generate results (steps 10 to 13).  Once the 

simulation has completed then results can be created as required.  

 

Figure 81: Graphical output of displacement in a static loading test 

The simulation results in this case showed a maximum vertical displacement of the blade 

tip of 104mm.  A simple experimental set-up was used to check for an approximation to 

the simulated results, in which the test piece was clamped horizontally and a 1.02 kg mass 

(equivalent to a 10N force once gravity is considered) was attached as close to the blade 

tip as possible.  This measured a 108mm displacement at the blade tip and featured the 

same overall bending profile as the simulation, with minimal bending occurring close to the 

tip where the blade is reinforced.   

Within the bounds of experimental error on what was a relatively crude empirical test, this 

comparison of simulation versus empirical test confirmed that the simulation was 

producing results as expected and in a reasonable range of values.  Whilst it was useful to 

undertake and check the validity of a static bending test, the test does not provide 

significant insight in isolation, but may do so across a population of artefacts where relative 

tests, considering design features, could prove useful. 
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3.7.4 ‘Waggle’ testing and percussion points 

The Centre of Percussion, or more accurately percussion points since they occur in pairs, 

are a valuable tool in understanding the handling of a sword.  Of high relevance to this 

research programme, percussion points are directly related to the distribution of mass and 

therefore, closely aligned to the geometry of blade and hilt components. 

Two empirical methods were identified earlier that could deduce percussion points, one is 

the so called ‘Waggle test’, and the other a pendulum test (detailed in section 3.7.5 below). 

The waggle test method can be applied 

quickly and without experimental set-up 

or tools.  In simple terms, the sword is 

gripped lightly between thumb and index 

finger at a reference point, in this case on 

the hilt close to the cross.  The sword 

hangs vertically, point facing down (it can 

be point up, but the test is easier to 

perform if the centre of gravity is below 

the reference point).  The reference point 

is then moved back and forth (i.e., in a 

horizontal plane) quickly whilst trying not 

to impart any torque at the reference 

point.  The horizontal distance moved is 

c. 100mm each way and the faster the 

oscillation can be performed the better.  If 

performed correctly then there should be 

a point on the sword that appears not to move, and this is the percussion point that 

corresponds to the reference point in the hilt (assuming there is a corresponding point in 

the hilt and not at some point beyond the tip of the blade).  The test requires some practice 

to perform reliably and can easily produce erroneous results if torque is applied at the 

point of grip and/or if the speed of oscillation is not fast enough.  It is also not precise, 

relying on eye to note the percussion point.  However, given its simple set-up it was 

decided that it should be attempted with at least one test piece (ref. TP2a-SMcK-6-15) 

during the experimental development phase, and that the test should be simulated to 

check for correlation of results. 

  

Figure 82: The 'waggle test' method 
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Simulation was undertaken using the SolidWorks Motion Manager tool, which first required 

the construction of an assembly and definition of motion path/constraints. 

 

Figure 83: Simulation set-up for the waggle test 

For this purpose, a fixture was created (this same fixture was also used for pendulum 

testing as described later) to represent the hand.  A motion path was then defined to 

represent the back-and-forth movement of the hand, using an ellipse to create a shallow 

elliptical path that could be followed in both directions.   

The fixture was attached to the elliptical motion path using a combination of Path and 

Parallel Mates so that it would follow the path in either direction whilst remaining in a single 

plane.  The 3D model of the test piece was then attached to the fixture using a mix of 

Coincident and Parallel Mates so that the sword can rotate freely but only in one (vertical) 

plane. 

The assembly was now constrained such that the only movement possible for the test 

piece is rotation in the vertical whilst following the defined elliptical motion path.  This was 

now ready to run a motion analysis simulation. 
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A Motion Study was created in the Motion 

Manager tool and then gravity applied in the 

correct axis.   

To drive the fixture back and forth along the 

defined elliptical path, a Motor was added with 

defined operating characteristics.  As can be 

seen (left), the motor prescribes a series of 

movements associated with specific time 

periods, these movements being 100 mm 

back-and-forth around a central location, as 

described in the empirical waggle test.   

In this example the frequency of oscillation is 

1Hz (i.e., one complete cycle back and forth 

per second), which is a reasonable simulation 

of what can be achieved comfortable when 

undertaking the test by hand. 

The results from the waggle test (both 

experimental and simulated) on this test piece 

were interesting and a little unexpected.  In 

both cases there was not an obvious point on 

the blade where lateral motion was not 

occurring.  This suggested that either the 

corresponding percussion point was not in the 

blade (but at some point, in space, beyond the 

tip), or that the test was not working correctly. 

Either and/or both scenarios were a possibility 

and given this uncertainty, and the inherent 

challenges and limitations of the method, it 

was decided to abandon the waggle test and 

focus on pendulum testing as a preferred 

approach. 

 

  

Figure 85: Motor settings for waggle test 

Figure 84: Waggle test simulation output 
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3.7.5 Pendulum testing and percussion points 

As shown earlier (in section 3.1.4), percussion points can be derived using pendulum 

theory, and this provided an opportunity to develop a simulation methodology that could be 

validated using a simple, but robust, experimental set-up (shown in section 3.1.5).  These 

methods were developed and tested as part of the experimental development phase of the 

programme and effectively mirrored each other in how they operate, one real/physical and 

the other virtual/simulated. 

The challenge in both cases (physical and simulated) was to develop a method that would 

produce accurate and reproduceable results for calculating the period of oscillation when a 

swords was acting as a simple pendulum.  The experimental set-up made use of a simple 

clamping approach, and the use of low friction roller bearings ensured that sufficient 

oscillations could be timed to keep experimental error low.  In the case of simulated 

results, it was possible to use a frictionless system for suspending the sword. 

 

Figure 86: A simple sword suspension fixture for sword pendulum testing 

Having designed a simple fixture (shown above), the next step was to create a SolidWorks 

Assembly, comprising of the fixture and the artefact to be simulated, and then run a Motion 

study to simulate the pendulum motion. 
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Figure 87: Pendulum Motion Study - key steps 

An example above (which is for the same test piece used in the waggle test work) shows 

the key steps in setting up and running a pendulum motion study.  Steps 1 to 5 focus on 

creating the fixture and its assembly with the artefact, including creating the critical 

connection between parts, which consists of two discrete constraining features.  The first 

constraint is created using a Coincident Mate, which physically connects/ constrains the 

parts at a single point but allows frictionless rotation in any plane about the point of 

contact.  The second constraint is a Parallel Mate, which constrains the artefact to only 

being able to move in one plane.  Given the fixture will be fixed in space, the combination 

of these two Mates results in the artefact being able to rotate in only one plane, but this 

rotation is frictionless. 

Steps 6 to 12 focus on setting-up and running the motion study, and then plotting key 

results.  This is achieved using the software’s built-in Motion Manager toolkit, the important 

steps to note being ensuring that gravity is applied in the correct axis and that the artefact 

is manually positioned at an appropriate (small) angle to the vertical (gravity affected) axis 

before running the simulation, since the pendulum theory being applied is more accurate 

for smaller angles of oscillation.   
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Figure 88: Example output from a SolidWorks motion study 

Above is an example of a pendulum test Motion Study, including outputs for angular 

velocity and angular displacement.  From these outputs it is easy to read the period of 

oscillation, which is equivalent to the time between successive angular displacement 

peaks/troughs and/or the time between every second angular velocity peak/trough.  In this 

example, the simulation calculated the period of oscillation at 2.08 seconds. 

Since this example was of a test piece, it was also possible to run an empirical test to 

measure period of oscillation as a check of the accuracy of the simulation. 
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Figure 89: Example results for empirical versus simulated pendulum tests 
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As can be seen above, the two sets of results generated periods of oscillation at 2.06 

seconds (empirical test) and 2.08 seconds (simulated test) respectively, a 0.02 second 

(1%) difference.  This translated to 0.02m difference in calculated percussion length and a 

1% difference in ‘percussion point as a proportion of blade length’, which is how 

percussion length is typically considered (i.e., how far down the blade, as a percentage, is 

the percussion point that matches a point of rotation in the grip, close to the cross). 

It was also recognised that the difference is quite likely to be caused by errors introduced 

in the empirical test, where the system is not completely frictionless, and where small 

errors in manual timing could influence results.  For example, the 0.02s difference in this 

case, over the 20 oscillations measured experimentally, would only equate to a 0.4s timing 

error.  Whilst a timing error of this scale is unlikely to have occurred, a smaller error (0.1 – 

0.2s) is quite possible which, combined with friction in the experimental system, could 

easily produce the 0.4s difference over a set of 20 oscillations. 

In terms of the result itself, in this example the simulation and subsequent calculations 

place the percussion point at 118% of blade length, which is well beyond the tip of the 

blade.  This result would be concerning if this had been a historical artefact, since the 

literature suggests that genuine medieval swords of this type have been found to have a 

percussion length at somewhere between 60% and 100% of blade length.  However, this 

was a test piece, made to approximate a sword of Oakeshott Type XVIa in terms of overall 

dimensions, but deliberately left unsharpened to make handling easier and safer during 

experimental development.  When handled (compared to some of the other test pieces, 

and to the historical artefacts accessed by the researcher), the sword does feel slow, 

unbalanced and relatively difficult to accelerate and decelerate in rotation.  This is what 

would be expected with a percussion lengthen significantly beyond the blade tip. 

Therefore, given the percussion length is an indicator of the performance/feel of the sword 

in motion, and that the test piece example also produced a result that matched 

expectations, a 1% difference in results was felt to be more than acceptable in terms of 

demonstrating that the simulation produced by the SolidWorks Motion Study tool was an 

accurate and appropriate approach for use with historical artefacts. 
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3.8 Problems, limitations, workarounds, and potential improvements of 

method 

In the process of developing and refining the experimental method, including 

experimentation with several test pieces and then subsequent study of eight historical 

artefacts, there were inevitably some unexpected challenges and limitations associated 

with the methods being developed.  Many of these have already been discussed and were 

influencing factors in the decisions made (e.g., regarding specific hardware, software, 

fixturing, etc.) that led to the final preferred approach. 

However, even the final approach that has been used (and is reported on in the next 

chapter) has its challenges and limitations, and it is useful to consider the most significant 

of these before moving onto results obtained for a specific group of artefacts. 

3.8.1 Hollow pommels 

The research method used optical scanning as the means of capturing part geometry.  

This was shown to be an excellent approach for this application, with hardware selected 

(Hexagon Romer arm with laser scanning head) that was fast and easy to use, portable, 

non-contact, and could deliver good accuracy and repeatability.  However, the method 

depends on having line of sight to all the part’s features and can only produce a model 

based on the surface geometry of the artefact.  Hence, in the case of hollow/semi-hollow 

pommels, this presented a challenge and would require additional work on the models. 

Consider the example (taken from one of the test pieces used in method development) 

where a sword had been scanned and progressed through post-processing to produce a 

complete 3D model.  Multiple measurement had been taken confirming that the model was 

not only accurate in all major dimensions, but also accurate in blade dimensions (including 

thickness) throughout its length.  In all respects the model appeared to be a highly 

accurate representation of the real artefact.  However, when material properties (plain 

carbon steel) were applied to the model and its mass properties selected, the model 

predicted an overall mass of 1.469kg, which was 39g (almost 3%) overweight.  All the 

components in the sword were clearly of iron/steel construction (easily checked with a 

magnet) and, given the very small density range across iron and carbon steels (only c. 

0.25% variation), it could not be an error caused by incorrect materials, which only left the 

possibility that the pommel was not a solid component.  As this was a test piece 

specifically acquired for the purpose of the research programme, it was possible to 

dismantle the sword and investigate. 
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Figure 90: Example of a partially hollow pommel 

As can be seen in the image above, when in its complete form (left) there were no obvious 

indications that the pommel would be partially hollow, yet when dismantled (right) it 

became immediately apparent.  In this test piece, during its manufacture a ½ inch hole had 

been bored through the pommel, except for the final 5mm which had been cut to match the 

tang so that a peen was still possible to secure the pommel to the tang.  The tang was 

4mm thick throughout (it is just possible on the righthand image to see where the pommel 

has been hammered onto the tang) which meant a significant void remained inside the 

pommel even when the parts were assembled.  Since the 3D model did not take this into 

account, it reported the model heavier than the real artefact, generating the mass 

discrepancy that has been noted. 

If running motion-based simulations (e.g., the pendulum test) then a mass error of the 

magnitude seen above, concentrated at a point distant from the centre of mass of the 

sword (i.e., at the pommel) could produce inaccurate and misleading results.  As will be 

seen in the next chapter, changes to pommel mass will impact significantly on percussion 

points and the overall feel of the weapon in motion, so it was important to consider 

possible workaround solutions to the problem of hollow pommels, especially given they are 

reported in the literature as being not at all uncommon in medieval knightly swords. 

On the reasonable assumption that the rest of the model is accurate (as has been 

demonstrated) and given the correct mass of the artefact is known (which should always 

be the case), then it is possible to manually correct the 3D model’s properties prior to 

performing motion studies. 
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Method 1 – changing the material properties of the pommel 

This is the simpler method but slightly less accurate in the results it produces.  It works by 

cutting the model into two pieces; the pommel, and blade (including cross), with each of 

these becoming a separate model.  Given the mass of the blade can be correctly 

calculated by the software, and the total target mass is known, it is straightforward to 

calculate the target mass of the pommel.  This can then be achieved by manually 

manipulating the material properties (density) of the pommel model to generate the target 

mass.  Once the pommel is adjusted, it and the blade can form an assembly (using locking 

Mates) and then motion studies completed in the same way as described earlier. 

 

Figure 91: An example of changing pommel material 

A slight disadvantage of this approach is that the workaround assumes that the pommel is 

solid and, therefore, of uniform density, which is clearly not the case for a semi-hollow 

pommel.  As a result, the incorrect mass distribution within the pommel will have some 

impact on the overall mass distribution model and generate small errors in overall centre of 

mass, rotational inertia, and percussion point values.  These errors will, however, be 

significantly smaller than if the pommel was left with its original incorrect mass value. 

Method 2 – introducing internal features to represent the artefact’s real geometry 

This method works by calculating the size of void required to bring the model back to the 

correct target mass, and then creates some form of internal pommel geometry to generate 

the correct volume of void.  This void could be in the form of a simple empty space (e.g., a 
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sphere of specified volume) generated within the pommel’s geometry or could attempt to 

recreate the actual (or at least more representative) geometry that exists within the 

pommel.   

An example of this approach can be demonstrated with the same test piece shown in 

Figure 91, where a ½ inch bore existed through most of the pommel, with the 4mm thick 

tang running through the middle of this bored hole.  Using SolidWorks, a representation of 

the internal feature was created as 3 new parts: 

i. a hollow cylinder, Ø12.7mm, 56mm long, and with zero wall thickness, which 

represented the bored hole through the pommel 

ii. a disc, Ø12.7mm, and 5mm thick), which represented the back end of the pommel 

where the internal bore stopped (to enable a peened fix) 

iii.  a rectangular bar section 12.7mm wide, 4mm thick, and 56mm long, which 

represented the tang running through the inside of the pommel. 

The parts were saved in STL format and then imported into GeoMagic as cloud point 

objects where they could be registered to each other and then converted into a single 

cloud point object representing the pommel’s internal features (shown below on the left).  

 

Figure 92: Creating internal pommel features 

The next step was to import the original cloud point model of the artefact, which was then 

registered to the internal features, and the two objects were combined into a single cloud 

point object, i.e., the sword model with internal pommel features now included (shown 

above on the right).  This model could then be taken through the normal post-processing 

stages in GeoMagic (polygon model and then surface model) and imported into 

SolidWorks for analysis. 
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Figure 93: Full model with internal pommel features incorporated (shown inset) 

It should be noted that the process of combining the internal feature component parts, both 

to each other and to the original artefact model, was far from straightforward.  The step 

from cloud point to polygon model was particularly challenging, with the software 

struggling in some cases to identify which surfaces connected to each other, resulting in 

‘twisted’ surface geometry.  Extensive manual clean-up was required at multiple steps, 

sometimes requiring several iterations of trimming back faces, and then using the hole 

filling tools to create complete surface geometry. 

Although challenging, this method is arguably a more elegant engineering solution and, 

since the internal geometry was known in this case, it would produce more accurate 

motion studies results than method 1.  Where internal geometry was unknown, which is 

likely to be the case for historical artefacts, the simpler variant of this method, creating a 

void of known volume to match target mass would be recommended. 

So, in summary, the overall method is sensitive enough to identify even quite small 

pommel hollows, which is useful as this could give some insight to a sword design where it 

was not obvious that the pommel was thus designed.  And having established that such a 

feature exists, two different approaches would be available to enable the model to be 

adapted to mitigate the inability of the scanning process to capture internal features.  
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3.8.2 Fully or partially retained grips 

As has been seen from reviewing a range of literature where medieval swords have been 

studied, most of these artefacts do not retain their original grips.  The grip components 

were predominantly made of organic materials (typically wood and leather), and these 

have not generally survived the intervening centuries, this being especially true where 

swords have been recovered from rivers, battlefields, etc. in relatively poor preserved 

condition.  Of course, this absence of grip components simplifies the process of scanning 

and modelling the artefact and was a key factor considered when choosing the data 

capture method and, subsequently, the historical pieces to be studied by the research 

programme.  This does mean that swords are being studied when not in their ‘as-used’ 

condition, but the impact of grip components on mass distribution is small given the much 

lower density of their materials.   

However, there are many examples of medieval swords where the grip is partially or fully 

intact (or may have been restored at some point in its history), and it was at least worth 

considering how the methodology could be adapted for these types of artefact. 

 

Figure 94: A surviving grip, here a non-contemporary restoration (Royal_Armouries, 2007a) 

The main issue is that the materials used in the construction of grip components have 

different mass properties (lower density) compared to those materials (iron and carbon 

steel) used in the rest of the sword.  Hence, any model that features grip materials in its 

geometry has the potential to report incorrect (overweight) mass properties in the region of 

the hilt, which will generate inaccuracies in subsequent analysis work.  As with the 

previously challenge of hollow pommels, there are different approaches that could be 

adopted to tackle this problem: 

i. Remove any hilt geometry that is associated with grip materials, effectively 

modifying the model so that it only represents the tang geometry.  Where the grip is 

only partially present, and it is possible to see some tang geometry (e.g., close to 
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the cross and pommel) this would be a relatively simple alteration that could be 

achieved by cutting a section of tang from the model and then recreating the tang 

geometry (e.g., using GeoMagic’s hole bridging and filling tools).  Since tang 

geometry is generally predictable through its length, this should produce good 

results.  Where the grip is completely present, and no tang geometry is visible, this 

approach would bring with it some inherent uncertainty as tang geometry would 

have to be an educated guess. 

ii. Separate the relevant hilt geometry from the rest of the model, create custom 

material properties for this section (changing material density) to achieve the known 

target mass for the whole model, and then reassemble the parts into a single 

model.  This approach is comparable to method 1 for dealing with hollow pommels.  

Whilst in theory this approach should generate good results in subsequent motion 

studies, there is a substantial risk that this could be skewed if the sword in question 

also has a hollow pommel.  In such a case it would not be possible to identify the 

change in mass caused by the grip components versus change in mass caused by 

the pommel hollow. 

iii. Create the grip geometry as a separate component(s) with appropriate material 

properties, and then combine with the core model to create an assembled sword 

that closely resembles the original artefact.  Whilst this would be a highly desirable 

outcome, there are significant challenges with making this approach work in 

practice.  First off, grip geometry is typically complex and freeform in nature and, 

therefore, challenging to recreate accurately.  This would mean most likely having 

to isolate existing scanned geometry to create grip parts, which would be a lengthy 

process.  Secondly, grip materials will vary considerably in their mass properties so 

that, without reliable and specific knowledge (e.g., type of wood used in the core of 

the grip) the method would introduce errors. And finally, as with other approaches, if 

the grip is complete then it becomes difficult to know what the tang geometry even 

looks like beneath the grip. 

So, in summary, partial and/or complete grips introduce challenges that could be 

overcome in different ways, but the most reliable method would involve removing grip 

geometry and reverting to modelling just the blade/cross/pommel assembly.  This method 

would work well on swords with partial grips but would be less reliable where a complete 

grip obscures any sight of the underlying tang geometry. 
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3.8.3 Non-ferrous hilt components 

Whilst not appearing to have been a common practice, there are some surviving examples 

of the use of non-ferrous metals in the hilt components of medieval swords.  In most cases 

these occur in the form of alloys of copper with tin and/or zinc (like bronze or brass), 

generally referred to as ‘latten’.  The use of these materials was not common for pommels, 

and rarer still for cross guards, but given they do exist, they should be considered in the 

context of this methodology. 

Whilst iron and carbon steels all have densities of a very similar value, both brass and 

bronze alloys are more dense than ferrous metals and display a much greater density 

range depending on their specific alloy proportions.  This means that components of these 

materials would give erroneous results if assigned the same material properties as the rest 

of the artefact. 

The easiest way to address this issue would be to follow a similar approach to that of 

method 1 for hollow pommels, i.e., separate the pommel from the blade, assign it material 

properties to match the target mass, and then reassemble the component parts into a 

single model for analysis.  This approach would be more complex for the cross, but non-

ferrous guards are rare, and most examples of what appear to be non-ferrous crosses are 

thought in fact to be iron guards with latten gilding. 

3.8.4 Uncertain metallurgy 

This research programme is focussed on geometry, mass distribution, and the associated 

feel and performance of medieval swords in motion, all of which are unaffected by the 

specific metallurgy of these artefacts.   

However, when looking at the analysis of models, there was some consideration given to 

both static and dynamic tests that could be undertaken by simulation including, for 

example, bending tests and, perhaps of most interest given the sword’s primary purpose, 

impact testing/simulation.  These are all tests that might provide some insight into 

medieval sword design and performance, but that have not been applied, and this is 

primarily down to three areas of uncertainty regarding the metallurgy of historical artefacts: 

i. The material composition of the artefact is not typically known in enough detail to 

provide reliable mechanical properties information for this type of test.  For 

example, the Young’s modulus of iron and steels vary from 190 GPa (Gigapascal) 

to 215 GPa, which represents a c. 13% range of potential error. 
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ii. The materials in historical artefacts are much less homogeneous than would be the 

case in modern steels due to the limited control of manufacturing processes that 

existed in the medieval period.  This lack of homogeneity would make it difficult to 

simulate behaviour of the whole artefact with any degree of confidence. 

iii. Heat treatment of steel has an enormous impact on its mechanical properties (e.g., 

ductility, hardness, yield strength, tensile strength, and impact resistance) and 

would therefore be a key factor in the performance of an artefact under bending or 

impact.  Without specific knowledge of the heat treatment undertaken, or insight into 

the specific crystal structure of the material, it would be very difficult to assign 

material properties and gain meaningful results from bending and impact 

simulations. 

So, in summary, additional simulations were considered as part of the method 

development phase but were discarded on the grounds of being unable to produce reliable 

results on historical artefacts. 

3.8.5 Incomplete or badly corroded artefacts 

As well as the many examples of medieval swords that are sufficiently well preserved that 

they would benefit from application of this research method, there are also many examples 

of incomplete and/or badly corroded artefacts where some form of virtual reconstruction/ 

simulation of the complete sword (as it would have originally existed) would provide useful 

insight.   

This is an interesting area/challenge and there is no doubt that, in some cases at least, 

reconstruction and ‘filling in the gaps’ would be entirely feasible, but there are some 

challenges and limitations of method that would apply.  Since the artefacts studied were 

specifically not in this category, it is not an area that has been tested in any depth but will 

be discussed further in Chapter 5 when considering possible areas for future work. 

3.8.6 Complex hilts 

For the population of artefacts being considered in this body of work (i.e., knightly swords 

of the mid-late medieval period), consideration of complex hilts is a largely superfluous 

subject.  However, if this work was to be extended to other sword types, or indeed any 

later in European history (late medieval – renaissance period), then the proliferation of 

more complex hilts does become an issue due to the nature of the optical scanning 

process used in data capture. 
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Figure 95: Examples of more complex 16th century hilts (Royal_Armouries, 2004b) 

Initially, many of the later hilt designs of longswords (aka ‘hand-and-half’ or ‘bastard’ 

swords) involved only small additions of finger rings and/or side rings, but these gradually 

grew in complexity through the 16th century, whilst the hilt designs of other sword types 

(e.g., rapiers and short-swords) were very frequently complex in form and, in some cases, 

became highly complex as well as decorative. 

Some insight into the issue of capturing complex hilt geometry was acquired very early in 

the method development process when assessing the capabilities of scanning hardware 

on a c.1850 police issue cutlass.  

 

Figure 96: Example of a more complex ‘stirrup’ hilt form 
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As the images show, this so-called ‘stirrup’ hilt is more complex than the conventional 

pommel and cross of a knightly sword, and this was found to create some additional 

challenges in acquiring complete geometry around the hilt features. 

 

 

Figure 97: Scanning challenges on complex hilts 

The main challenge was in capturing those features that face ‘inwards’ towards other parts 

of the sword’s geometry and where, as a result, it was not possible to get the scanning 

head perpendicular to that area of the surface.  In this example, since it is not a very 

complex hilt, it was possible to get close to perpendicular and, with multiple passes of the 

scanner in different positions, enough data could be collected to complete the model, as 

seen below. 

 

Figure 98: Example of a stirrup hilt that has been successfully scanned and modelled 
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Achieving similar results on the more complex hilt forms that developed during the 16th 

century would increase the level of challenge and potentially lead to models with 

significant gaps in hilt geometry, but this will be discussed further in Chapter 5 when 

considering possible areas for future work. 

 

Given the different technologies, techniques, processes, and outputs that were explored 

during the experimental development phase of the research, it is helpful to try and 

summarise in an easy-to-digest format, the final research methodology that was adopted 

for the study of historical artefacts, the results of which appear in the next Chapter. 

 

Figure 99: Overview of the experimental research methodology 
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Chapter 4 – Results 

This chapter details the results obtained from implementing the research methodology 

described in Chapter 3.  In the first instance, selected results obtained with key test pieces 

will be presented since these provide a useful and interesting reference point for some of 

the later results, as well as informing the discussion and conclusions in Chapter 5.  

Following this, detailed results are presented for eight historical swords (from three 

separate collections). 

4.1 Test pieces 

As described in Chapter 3, a variety of test pieces were used in the research programme.  

These were solely for the purpose of development of the methodology ahead of its 

application with historical artefacts, and the full list of test pieces used is shown below. 

 

Figure 100: Full list of test pieces used in the research programme 

Note: in the case of test pieces TP1 to TP6, more detailed descriptions can be found in the 

relevant ‘Sword Documentation Records’ contained in Appendix 2. 

These test pieces were used in a variety of ways including, for example, testing of data 

capture hardware, development of fixtures, and development of empirical methods.  Much 

of this testing and development has already been described in the previous chapter, and in 

many cases did not generate meaningful results but rather just proved (or disproved) the 
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validity of a particular method or technology.  However, some of the work on test pieces 

was specifically focused on producing meaningful insight, and this fell into two main areas 

of activity, as described below. 

4.1.1 Test piece pendulum testing 

Given the significance of pendulum testing and simulation as a means of establishing 

percussion points for the target study group of artefacts, it was felt important that the 

experimental pendulum test developed to validate simulations (see 4.1.2 for those results) 

should be exploited as widely as possible, and so all test pieces underwent experimental 

pendulum testing. 

For test pieces AARI-01 to AARI-08 and TP1, which were historical artefacts from the 19th 

and early 20th centuries (as opposed to being from the medieval period), testing was 

undertaken only to provide some insight into percussion points (and therefore mass 

distribution) in a different population of swords from the main study group. 

For test pieces TP2 to TP6, which were modern reproductions, testing was undertaken to 

assess how results varied with levels of quality of craftsmanship, as well as how results 

compared when deliberately changing pommel mass (but no other features) of a sword.  In 

the case of test piece TP2, pommel mass was varied in 50g increments up to 400g (using 

plasticine) as well as testing with the original 485g pommel.  Test pieces TP3 and TP4 

were designed so that four different pommels (244g, 286g, 328g, and 370g) could be 

interchanged between them for testing purposes.  These tests were considered worthwhile 

in giving insight (and specific examples) of how sword mass distribution and handling 

properties might be ‘tuned’ through pommel design. 

Pendulum testing was carried out using the experimental set-up described earlier (in 

section 3.1.3 of research method), with test pieces being clamped around a point in the 

grip close to the cross (typically about 30mm from the beginning of the blade).  This was 

chosen as being representative of a commonly used axis of rotation for a variety of both 

attacking and defensive manoeuvres.   

For each test, the sword was set into motion through a small angle of displacement (less 

than 10°) and once it had settled into a steady pattern, 20 full periods of oscillation were 

timed using a digital stopwatch.  This was repeated three times and an average time 

(across all three tests) was then calculated for a single oscillation. 

At the same time, total mass of the sword was captured (using digital scales) and the 

position of the centre of mass noted, this being checked by finding the point on the blade 
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where the sword would balance on a bar of circular cross-section.  The measurements are 

useful for checks and can also be used to calculate moment of inertia. 

Given the Percussion Length, L = 0.248T2 where T is the period of oscillation (shown in 

section 3.1.2), and that the axis of oscillation is known (i.e., the point in the hilt about which 

the sword is rotating), the corresponding percussion points in the blade could be deduced 

and expressed as a proportion of blade length.  These results can be seen over the 

following pages.   

Short Ref. 
Times for 20 

oscillations (s) 

Period, 

T (s) 

Percussion 

length, L (m) 

Percussion point 

on blade (m) 

Percussion point 

(blade proportion) 

TP1 

25.9 

1.30 0.42 0.39 0.62 25.9 

25.9 

AARI-01 

26.5 

1.32 0.43 0.41 0.65 26.3 

26.5 

AARI-02 

26.3 

1.32 0.43 0.40 0.70 26.4 

26.3 

AARI-03 

29.7 

1.49 0.55 0.53 0.64 29.7 

29.7 

AARI-04 

30.1 

1.50 0.56 0.53 0.69 30.1 

29.9 

AARI-05 

30.1 

1.50 0.56 0.54 0.65 30.0 

30.1 

AARI-06 

31.6 

1.58 0.62 0.59 0.68 31.6 

31.6 

AARI-07 

31.2 

1.56 0.60 0.58 0.68 31.3 

31.2 

AARI-08 

31.7 

1.58 0.62 0.59 0.66 31.6 

31.6 

Figure 101: Pendulum test results for historical artefact test pieces 
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As can be seen in Figure 101 above, although the test pieces represent a variety of sword 

types and sizes, the percussion point (for an axis of rotation close to the front of the hilt) is 

between 60% and 70% of the blade length in all cases. 

Short Ref. 
Times for 20 

oscillations (s) 

Period, 

T (s) 

Percussion 

length, L (m) 

Percussion point 

on blade (m) 

Percussion point 

(blade proportion) 

TP2 

0g pommel 

30.3 

1.51 0.57 0.54 0.61 30.2 

30.3 

TP2 

50g 
pommel 

31.2 

1.56 0.60 0.57 0.65 31.2 

31.1 

TP2 

100g 
pommel 

32.1 

1.60 0.63 0.60 0.68 32.0 

32.0 

TP2 

150g 
pommel 

32.9 

1.64 0.67 0.64 0.73 32.9 

32.8 

TP2 

200g 
pommel 

33.7 

1.69 0.71 0.68 0.77 33.7 

33.7 

TP2 

250g 
pommel 

34.8 

1.74 0.75 0.72 0.82 34.8 

34.7 

TP2 

300g 
pommel 

36.1 

1.81 0.81 0.78 0.89 36.1 

36.1 

TP2 

350g 
pommel 

37.1 

1.85 0.85 0.82 0.93 36.9 

37.0 

TP2 

400g 
pommel 

38.2 

1.91 0.90 0.87 0.99 38.2 

38.3 

TP2 

485g 
pommel 

41.6 

2.08 1.07 1.04 1.18 41.5 

41.6 

Figure 102: Pendulum test results for TP2 with varying pommel mass 

The results for pendulum testing of TP2 with varying pommel masses (shown above) are 

interesting, especially in the context of observations made earlier (section 3.7.5) regarding 
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the percussion point being positioned well beyond the tip of the blade.  Looking at the 

results above suggests that an overweight pommel is certainly a significant contributing 

factor to the overall poor/unwieldy feel of the sword.  In this example, even just reducing 

the pommel mass to 400g, which would put the percussion point very close to the tip of the 

blade, could have a significant positive impact on handling characteristics.  

Short Ref. 
Times for 20 

oscillations (s) 

Period, 

T (s) 

Percussion 

length, L (m) 

Percussion point 

on blade (m) 

Percussion point 

(blade proportion) 

TP3a 
244g 

pommel 

36.8 

1.84 0.84 0.81 0.91 36.8 

36.8 

TP3b 
286g 

pommel 

38.1 

1.90 0.90 0.87 0.97 38.0 

38.0 

TP3c  
328g 

pommel 

40.1 

2.00 0.99 0.96 1.08 40.0 

40.0 

TP3d 
370g 

pommel 

41.9 

2.10 1.09 1.06 1.20 42.0 

41.9 

TP4a 
244g 

pommel 

36.7 

1.83 0.83 0.80 0.91 36.6 

36.7 

TP4b 
286g 

pommel 

38.2 

1.91 0.90 0.87 0.99 38.3 

38.2 

TP4c  
328g 

pommel 

39.9 

1.99 0.98 0.95 1.08 39.9 

39.8 

TP4d 
370g 

pommel 

42.0 

2.10 1.09 1.06 1.20 41.9 

41.9 

TP5 

37.2 

1.86 0.86 0.83 0.91 37.2 

37.2 

TP6 

27.1 

1.35 0.45 0.42 0.64 27.0 

27.0 

Figure 103: Pendulum test results for test pieces TP3-TP6 
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Looking specifically at TP3 and TP4 results, we can again see how varying pommel mass 

impacts on percussion points.  Given these two test pieces are significantly different (one a 

blunt blade designed for practice/sparring, and the other a sharp deigned for cutting 

practice) it is interesting to note that percussion length is almost identical between them, 

where it might have been expected that they would have significantly different mass and 

dynamic properties.  This can be explained by looking at the design features of the two 

blades side by side. 

 

Figure 104: Test pieces TP3 and TP4 

Whilst having very similar overall lengths and masses, the blunt training blade tapers much 

less towards the point (which is rounded) and has much thicker edges, both of which add 

mass.  However, it compensates by having a fuller in the blade that is more pronounced 

and significantly longer, running for more than three-quarters of the blade’s length, where 

the sharp blade’s fuller only runs for around one-third of its length.  Hence, even though 

the two blades are quite different in design detail, they have mass/mass distribution 

properties that are quite closely matched.  It is also interesting to note that the percussion 

points are close to (or beyond) the tip of the blade for the pommel masses tested.  Whilst 

this is different to the results described earlier for the 19th and early 20th century historical 

artefacts, it is not unusual for this design of sword (i.e., a late medieval longsword), with 

matched percussion points at cross and close to the tip commonly reported in the 

literature.  Handling a sword with this type of mass distribution it quickly becomes apparent 

that it lends itself to maintaining good control over the position of the point, which would 

match well with many of the techniques described in the late medieval training manuals, as 

discussed in chapter 2.   
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Test piece TP5, although a higher quality bespoke sword, is a similar style to both TP2 

and TP4, and has dimensions and mass properties not dissimilar to TP4.  Hence, not 

surprisingly, it also displays matching percussion points close to the cross and blade tip, 

again consistent with a longsword designed to have good point control. 

Test piece TP6 is very different, being a much smaller weapon akin to an arming sword 

(most closely associated with Oakeshott Type XIV).  This type of sword would have been 

used differently and exhibits very different mass properties.  In this case, its matching 

percussion points are close to the cross and at 0.64 of the blade length, i.e., a similar 

result to that seen with the 19th/20th century historical examples of test pieces TP1 and 

AARI-01 to 08.  

 

Figure 105: Test piece percussion points, as a proportion of blade length 

The results for percussion points across all test pieces can be presented simply as shown 

above.  TP2 is shown only with its original 485g pommel, and TP3/TP4 are shown only in 

their type b variant (i.e., with 286g pommel) as this variant places a percussion point 

closest to the sword tip.  

Aside from TP2, which has already been discussed as having poor handling properties, 

the results clearly cluster around two areas, 0.6 to 07 and 0.9 to 1.0. 
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4.1.2 Full experimental method applied to test piece TP2 

Whilst numerous references have been made to test piece TP2 when describing the 

development and validation of research method in chapter 2, it is still helpful to walk 

through the complete process and associated results, since this was the test piece that 

was used consistently throughout the development and validation stages.  Full 

documentation records can be found in Appendix 2, with the following summary focussing 

on key results.  The key stages and outputs described are arranged to be consistent with 

the research methodology summarised/presented in Figure 99 at the end of chapter 3. 

Data Capture 

Manual measurements (by tape and callipers) were acquired to capture main dimensions, 

including blade width/thickness at 10 points along the blade’s length.  Photographs, a full-

size tracing/sketch, plus descriptions of key features were also recorded for future 

reference.  Key outputs from manual measurements are shown below. 

 

Figure 106: Test piece TP2 manual measurement results 

Some additional specific measurements of key features were taken as potential 

dimensions for checking model accuracy.  These included pommel dimensions (diameters 

and thicknesses), cross dimensions (width, and maximum and minimum cross-sections) 

and tang dimensions (width at multiple points and thickness), all of which could be 

validated using the measurement tools within the GeoMagic and/or SolidWorks software. 
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Scanning using the Romer arm and bespoke fixture kit produced a large cloud point data 

set that was quickly cleaned-up to produce a complete cloud point model of the test piece.   

 

Figure 107: Test piece TP2 cleaned cloud point data 

Post process stage 1 

The cleaned cloud point model was subsequently progressed through the steps to create 

first a polygon model and then a surface model (ready for importing into SolidWorks). 

 

Figure 108: Test piece TP2 polygon and surface models 

During this stage the opportunity was taken to check model dimensions against those 

measured manually during the data capture phase to provide confidence in the modelling 

process.   
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Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 1122 1122  

Blade length 883 883  

Width of cross 234 233  

Blade width near hilt 44.2 44.1  

Blade thickness near hilt 4.6 4.6  

Blade width near point 15.7 15.6  

Blade thickness near point 4.1 4.1  

Maximum pommel diameter 60 60  

Maximum pommel thickness 40 40  

Figure 109: Basic dimensional checks of test piece TP2 model 

Key results of dimensional checks can be seen above, confirming that data capture and 

subsequent post-processing had created a dimensionally accurate model of the test piece. 

At this stage GeoMagic was also used to create cross-sectional views of the blade (using 

the Curves tool) and this output can be seen below. 

 

Figure 110: Cross-sectional views of TP2 blade 

Post process stage 2 

The TP2 surface model was imported to SolidWorks to create a 3D part model. 
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Figure 111: TP2 SolidWorks part model 

Basic dimensional checks were successfully repeated to confirm accurate geometry had 

been retained, and then the part was assigned material properties (Plain Carbon Steel) so 

that the mass properties of the model could be generated.  

 

Figure 112: Test piece TP2 in initial (uncorrected) mass properties 

When the subsequent mass check was done it found a significant error with the model 

reporting a mass 38g greater than had been measured.  Given the checked and accurate 

external geometry, and that iron and steels all have almost identical densities, the (>2.5%) 

mass error could only be caused by uncaptured internal features, in this case a semi-

hollow pommel.  As discussed in 3.8.1, semi-hollow pommels were not particularly unusual 

in medieval swords but had not been anticipated in this modern reproduction.   

As shown in the previous chapter, dismantling of this test piece revealed a ½ inch bore 

through most of the pommel so that even after the tang was pushed in and peened, there 

were significant gaps inside the pommel.  Therefore, to enable accurate calculation of 

mass properties and a reliable pendulum simulation, the hollow pommel would have to be 

corrected for in the model. 
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Post process stage 3 

In this case disassembly enabled a clear view of the internal features so it was decided to 

model them to maximise accuracy (had this been an historic artefact then the more 

practical approach would be to create a model assembly with the pommel material 

customised to hit the target mass). 

 

Figure 113: Modelling TP2 internal pommel features 

These features were initially created as parts in SolidWorks, and then converted into cloud 

point models so that they could be combined with the original cloud point model for the test 

piece.  Once properly registered and combined, the process of creating a polygon model, 

surface model and 3D part model was then repeated to create a new (refined) SolidWorks 

model with improved mass properties. 

 

Figure 114: TP2 with mass properties corrected 
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Now that the model had both correct geometry and corrected mass properties, simulation 

of pendulum testing could be completed to determine percussion points, and those results 

compared with previously obtained experimental results.

 

Figure 115: Pendulum test output for Test piece TP2 

 
Period, 

T (s) 
Percussion 

length, L (m) 
Percussion point 

on blade (m) 
Percussion point 
(blade proportion) 

Simulated 2.08 1.07 1.04 1.18 

Experimental 2.06 1.05 1.02 1.16 

Figure 116: Comparison of pendulum test results for TP2 

As can be seen, results do not match exactly.  However, considering the 0.02s difference 

in values for T would equate to only a 0.4s difference in the timing of 20 oscillations, a 

significant proportion of the difference could easily be due to experimental error.  What is 

more significant is that the modelled and simulated results have shown closely aligned 

results from which the same conclusion would be drawn, i.e., that TP2 displays mass 

properties that would not produce a weapon with good ‘feel’ or that could quickly and 

easily be manoeuvred in attack and defence.  Put simply, it is not a well-executed design 

of weapon from a mass distribution perspective.   
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4.2 Historical artefacts 

Once the research methodology had been developed and validated with test pieces, it was 

applied to study a group of historical artefacts, briefly summarised below.  Detailed records 

of these swords can also be found in Appendix 3. 

 

Figure 117: Summary detail of historical artefacts 

4.2.1 Historical piece HP1 (Private Collection) 

 

Figure 118: Photographs of historical piece HP1 (taken 20th July 2017) 

This sword is currently in a private collection and retained as a study/research piece.  The 

current owner acquired the piece at an auction at the Community of the Resurrection, 

Mirfield, West Yorkshire in November 2012.  It had been hanging on a chapel wall for c. 

40-50 years and it is not known exactly how it came into the possession of the monastery. 
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The sword is unusual in design, being very long (suggesting two-handed use) but also 

very slender and lightweight for its length.  The blade is narrow (only 33 mm wide close to 

the cross), of lenticular cross-section and with no fuller.  It has a gradual and uniform 

profile taper until close to the rounded ‘spatulate’ point.  The blade also has a gradual 

distal taper with maximum thickness of 4.8 mm close to the cross reducing to 3.6 mm just 

before the final taper to the point.  In terms of classification, the blade does not neatly fit 

into any Oakeshott typology.  The size and form suggest it is most likely 13th – 14th 

century in origin. 

In terms of hilt design/features, the cross is straight and generally rectangular in cross-

section with a gentle taper from the centre to the tips.  The pommel is unusual, being 

circular and rather thick, but with shallow circular indentations (14 mm diameter) on each 

side, and no visible peen.  Given the size and light weight of the pommel/sword, it 

immediately appeared that the pommel would be partially hollow (confirmed by modelling) 

and it is unclear how the pommel was constructed. 

The sword has extensive oxidation/corrosion throughout and has noticeable bends in the 

tang and close to the blade tip.  Condition appears too good for a river find but levels of 

corrosion are too great to suggest deliberate preservation (e.g., in an armoury).  It is 

possible the sword spent an extended period in a family vault or similar environment. 

Data Capture 

Key outputs from manual measurements are shown below. 

Significant 
dimensions 

Overall length:  

Blade length:   

Cross width:   

Pommel diameter:  

Pommel thickness:  

Max. blade width:  

Blade thickness:  

1300mm 

1050 mm 

315mm 

57mm 

23mm 

33mm 

4.8mm at cross, 3.6mm near point 

Mass properties Total mass:   

Centre of Mass:  

1185g 

170mm from cross 

Figure 119: Historical piece HP1 key measurements 
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Because this artefact was readily available for extended study, it was also possible to 

collect detailed dimensional data on the blade as had been the case with test pieces. 

 

Figure 120: HP1 detailed blade measurements 

Scanning with the Romer arm and bespoke fixtures set-up produced good quality raw 

cloud point data, as shown below. 

 

Figure 121: HP1 scanner output (with fixtures and outliers removed) 

As can be seen above, apart from those sections on the tang and blade where fixtures had 

been placed, the raw data shows a well-defined and complete model.  Prior to progressing 

to post-processing, the model was sampled at 10% (to c. 400,000 points) which still 

retained complete geometry but at a more manageable file size for subsequent steps. 
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Post process stage 1 

Conversion from cloud point to polygon, including clean-up and hole filling, produced a 

detailed model that captured the sword’s features and geometry very well, as can be seen 

from a selection of images of the polygon model. 

 

Figure 122: HP1 selected polygon model images 

The model showed very clearly the slender proportions of the sword (images 1 and 3) plus 

key features of interest such as the relatively rounded point (image 2), the noticeable bend 

in the tang (images 4 and 5) and the unusual pommel design (images 6 and 7). 
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Figure 123: HP1 surface model image 

A surface model (shown above) was similarly successfully created and basic checks made 

to confirm good correlation between the model and the empirical measurements made 

during the data capture stage. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 1300 1296  

Blade length 1050 1048  

Width of cross 315 316  

Blade width near hilt 33 33  

Blade thickness near hilt 4.8 4.7  

Blade width near point 22 22  

Blade thickness near point 3.6 3.6  

Maximum pommel diameter 57 57  

Maximum pommel thickness 23 23  

Figure 124: HP1 main dimensional checks 

As can be seen above, correlation is good, with small differences occurring generally only 

in those measurements where manual measurement methods would have margins of error 

within the range of these differences.   
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Figure 125: HP1 cross-sectional view 

As can be seen from the view shown above, the sword maintains a constant lenticular 

cross-section throughout its length with no significant transitions in shape. 

Post-process stage 2  

The HP1 surface model was imported to SolidWorks to create a 3D part model.  Basic 

dimensional checks were successfully repeated to confirm accurate geometry had been 

retained, and then the part was assigned material properties (Plain Carbon Steel) so that 

the mass properties of the model could be generated.  

 

Figure 126: HP1 initial (uncorrected) mass properties 
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When the subsequent mass check was done (shown above) it found a significant error 

with the model reporting a mass 146g greater than had been measured (i.e., 1331g versus 

1185g).  As had been noted on initial inspection of the artefact, the pommel appeared 

likely to be of hollow design given the very light overall mass of the sword for its size, and 

the model data confirmed this to be the case. 

Post-process stage 3 

To address the mass discrepancy, the chosen solution in this case (which differed from the 

test piece example for reasons already discussed) was to split the sword model into two 

separate parts (1. Pommel and 2. Blade/Cross/Tang), assign custom material properties to 

the pommel part to match the target mass, and then create an assembly by joining the two 

parts back together. 

 

Figure 127: HP1 SolidWorks assembly model 

The reassembled model can be seen above.  Note the pommel is a different colour, 

indicating that it is a separate part from the blade/cross/tang and has different material 

properties. 

Once reassembled, the mass properties could again be checked, and these corrected 

properties are shown below. 
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Figure 128: HP1 corrected mass properties 

Now that the model had both correct geometry and corrected mass properties, simulation 

of pendulum testing could be completed to determine percussion points. 

 

Figure 129: HP1 pendulum simulation output 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.85 0.85 0.81 0.78 

Figure 130: HP1 percussion point 

The position of percussion point, three-quarters of the way down the blade, is reasonably 

consistent with swords designed with cutting in mind, though slightly further towards the tip 

than often reported, perhaps reflecting the overall unusual design of this sword. 
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4.2.2 Historical Piece HP2 (York Castle Museum collection reference CA1296) 

 

Figure 131: Photographs of historical piece HP2 (taken 21st August 2019) 

This is part of the York Castle Museum collection and of unknown provenance. 

A hand-and-a-half sword of straightforward design with flattened wheel pommel and 

simple curved cross guard, and with a broad single fullered blade with spatulate point, 

suggesting an emphasis on cutting.  Design features would suggest dating from late 13th to 

late 14th century. 

The sword does not neatly fit into an Oakeshott category.  The hilt length and blade form 

suggest Type XIIIa, but the blade is short to be considered a ‘sword of war’ at only c. 

750mm (30”) and the curved cross is also unusual for this type.  Although not easy to date 

given the mix of styles, this is thought to be 13th-14th century in origin. 

The blade is broad and lenticular in cross-section, with very gradual profile taper before 

the spatulate point.  A shallow but reasonably broad fuller runs through c. ¾ of the blade 

length and there is a gradual distal taper from 5mm blade thickness close to the cross 

down to 4mm close to the point.    
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In terms of the hilt design, the cross is of rectangular cross-section and with a gentle 

downward curve and flaring towards the tips.  The pommel is of a flattened disc style (both 

to hilt and peen sides) with a pronounced small central disc (the pommel is 40mm thick at 

its centre) and deeply hollowed out sloping faces.  There is a large peen block and visible 

peen.  Design of the pommel (and consideration of the overall mass) suggests that the 

pommel is solid in construction. 

The sword is in excavation condition being heavily oxidised with pitting and some nicks to 

the blade.  The cross is a poor fit being very loose and had to be wedged with acid-free 

paper to enable scanning. 

Data Capture 

Key outputs from manual measurements are shown below. 

Significant 

dimensions 
Overall length:  

Blade length:   

Cross width:   

Pommel diameter:  

Pommel thickness:  

Max. blade width:  

Blade thickness:  

970mm 

755mm 

170mm 

58-62mm 

c.40mm 

c.50mm 

c. 5mm at cross, 4mm near point 

Mass properties Total mass:   

Centre of Mass:  

1415g 

90mm from cross 

Figure 132: Historical piece HP2 key measurements 

Data capture took place on-site in the military 

stores at York Castle Museum on 21/08/2019, 

supported by Robert Wake from the museum 

staff.  As shown (left), the standard fixture set-

up was used, with the Romer arm tripod-

mounted and the fixtures/artefact placed on a 

standard office/classroom type desk, which 

was positioned in the centre of the room to 

allow easy access around the work area. 

      Figure 133: HP2 on-site scanning set-up 
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Figure 134: HP2 scanner output (with fixtures and outliers removed) 

In this case the raw data was sampled at 25% to manage size whilst maintaining complete 

geometry, and three separate scans were combined to ensure complete hilt geometry has 

been captured. 

Post process stage 1 

 

Figure 135: HP2 selected polygon model images 
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Conversion from cloud point to polygon model, including clean-up, produced a detailed 

model, as shown in the selection of images above, which captured full geometry as well as 

detailed features such as the extensive surface pitting seen on the pommel (see below), 

the continuation of the blade fuller into the tang (a commonly observed feature in medieval 

swords), and the sizeable nick in the blade about 160mm from the cross. 

 

Figure 136: HP2 comparison of pommel detail (model versus reality) 

Basic checks were made to confirm correlation between the model and the empirical 

measurements made during data capture, as shown below. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 970 965  

Blade length 755 750  

Width of cross 170 166  

Blade width near hilt 50 49  

Blade thickness near hilt 5 5.3  

Blade width near point - -  

Blade thickness near point 4 4.0  

Maximum pommel diameter 62 64  

Maximum pommel thickness 40 43  

Figure 137: HP2 main dimension checks 

Correlation was good with small errors observed in those measurements where manual 

methods had margins of error within the range observed, confirming that the geometry had 

been successfully captured. 
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A surface model was similarly created ready for the next stage of post-processing, and 

dimension checks again made to ensure continued model accuracy.  

 

Figure 138: HP2 surface model image 

Sample cross-sections through the blade can be seen below. 

 

Figure 139: HP2 cross-sectional view 

These show the gradual transition from the broad fullered (and relatively thin) shape close 

to the hilt through to a relatively thick flattened hexagonal section that is retained even 

quite close to the tip of the blade.  This blade shape and transition, along with previously 

mentioned overall dimensions, further establish the sword as falling outside of any clear 

Oakeshott type. 
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Post-process stage 2 

Once the surface model had been successfully imported to create a SolidWorks part 

model, materials properties could be applied, and mass properties generated and checked 

against empirical measurements. 

 

Figure 140: HP2 SolidWorks part model 

 

Figure 141: HP2 model mass properties 

As can be seen above, mass properties correlate very well with empirical measurements, 

so that no correction of the model was required prior to pendulum simulation. 
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In terms of the mass error that did exist (a difference of 6g), this could be caused by the 

substantial layer of oxidised/corroded material across the entire surface of the artefact, 

which is likely to have a different density to iron/steel (oxides of iron have a much lower 

density than iron).  There would also be a small error created by the corrosion around the 

cross/blade interface where, as has already been noted, there was a loose fit that had to 

be wedged with acid-free paper to enable data capture. 

Post-process stage 3 

Pendulum simulation of the model produced the output seen below. 

 

Figure 142: HP2 pendulum simulation output 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.80 0.80 0.77 1.02 

Figure 143: HP2 percussion length 

As can be seen above, results show the percussion point that matches a rotation close to 

the cross as being very close to the tip of the blade, which is unusual in a sword of this 

type, where the blade profile appears to be designed with cutting in mind.  This 

incongruous result, combined with a relatively high mass/length ratio and the previously 

identified short blade length for a ‘hand and a half’ or ‘sword of war’, and unusual blade 

cross-section close to the tip, suggest a sword design that it not quite right.  One possible 

explanation is that the sword was originally substantially longer but had to be re-

engineered after being damaged.  If c.200mm of blade length was added, then this sword 

could fall much more clearly into a Type XVIa classification, and the percussion point 

would be in a position more typical for a cutting-focussed sword. 
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4.2.3 Historical Piece HP3 (York Castle Museum collection reference CA701) 

 

Figure 144: Photographs of HP3 (taken 21st August 2019) 

This sword is part of the York Castle Museum collection and believed to have been one of 

the group of c. 80 swords recovered from the Dordogne river at Castillon in 1973.  The 

sword is an excellent example of an Oakeshott Type XV arming sword, with its distinctive 

blade style and shape.  Given its provenance and design features it seems very likely that 

this sword can be dated to the first half of the 15th century.  

The blade is of reinforced diamond cross section with a triangular blade tapering to a very 

acute point suggesting a focus in thrusting.  For a single-handed Type XV this is a large 

weapon with significant blade presence.  

The cross is of elegant and well-defined form with a downward curve at its tips and a well-

defined ‘écusson’ at its centre.  The large wheel pommel has an unusual decorative peen 

block, otherwise being quite plain in design, and has a wedge shape reducing thickness 

from 35 mm to 30 mm.  Even given the high overall mass of the sword, it seems likely that 

the pommel is at least partially hollow. 

The sword is in river find condition with heavy corrosion and pitting across most of its 

surface and with some organic matter still evident on the tang.  There is a break across the 

blade close to its mid-point which has been repaired at some point in its history. 
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Note: This sword appears in Oakeshott’s “Records of the Medieval Sword” (Page 137 in 

the 2009 digital print edition). 

Data capture 

Significant 

dimensions 
Overall length:  

Blade length:   

Cross width:   

Pommel diameter:  

Pommel thickness:  

Max. blade width:  

Blade thickness:  

880mm 

710mm 

175mm 

55mm 

wedge with varying thickness 

c.60mm 

c.7mm at cross, 3mm near point 

Mass properties Total mass:   

Centre of Mass:  

1395g 

60mm from cross 

Figure 145: HP3 key measurements 

As with HP2, data capture took place on-site in the military stores at York Castle Museum 

on 21/08/2019, using the standard fixture set-up, with the Romer arm tripod-mounted and 

the fixtures/artefact placed on a standard office/classroom type desk.  The raw data was 

sampled at 25% and then cleaned to produce a complete cloud point output. 

 

Figure 146: HP3 scanner output (with fixtures and outliers removed) 
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Post-process stage 1 

 

Figure 147: HP3 selected polygon model images 

The polygon model shows well the key features of this sword, including its unusual 

pommel design (both wedge shape and large peen block), elegant cross, and very acute 

blade shape.  The area of the blade where a repair has been undertaken at some time in 

the past is also clearly seen.  
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Figure 148: HP3 surface model image 

The surface model (shown above) was created ready for importing to SolidWorks, and 

measurement checks made to check correlation between model dimensions and empirical 

measurements acquired during data capture. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 880 876  

Blade length 710 708  

Width of cross 175 173  

Blade width near hilt 60 60  

Blade thickness near hilt 7 7.2  

Blade width near point -   

Blade thickness near point 3 3.1  

Maximum pommel diameter 55 56  

Maximum pommel thickness - -  

Figure 149: HP3 main dimensional checks 

As can be seen above, dimensional correlation was again good suggesting a geometrically 

accurate model had been successfully created. 
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In this case the blade has minimal transitions along its length, maintaining a flattened 

diamond cross-section throughout.  

 

Figure 150: HP3 cross-sectional view 

If we look more closely, especially in the first part of the blade (seen in the lefthand image 

shown below), it is also possible to observe a ‘hollow ground’ edge, where the cross-

section is effectively concave on the main blade faces, which can produce a sharp and 

reinforced cutting edge whilst also taking weight out of the sword. 

 

Figure 151: HP3 cross-sectional detail 
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Post-process stage 2 

The HP3 surface model was imported into SolidWorks to create a 3D part model. 

 

Figure 152: HP3 SolidWorks part model 

Simple dimensional checks were repeated to confirm model correlation and then material 

properties added (plain carbon steel) so that a check of mass properties could be 

completed. 

 

Figure 153: HP3 initial (uncorrected) mass properties 
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As shown above, the initial model reported significantly above the empirical mass value 

and, for this artefact, there were a combination of factors contributing to the error.  As 

identified earlier, not only is there a high likelihood that the sword has a semi-hollow 

pommel, but there is also some organic matter (wood/leather) remaining on the tang, and 

both features would lead to an over-mass model.  Given the significantly corroded state of 

the artefact, there would also be some error caused by the different (lower) density of this 

material, but this would be a relatively small source of error. 

Post-process stage 3 

To address the mass discrepancy, the chosen solution in this case was to split the sword 

model into two separate parts (1. Pommel and tang, and 2. Blade/Cross), assign custom 

material properties to the pommel/tang part to match the target mass, and then create an 

assembly by joining the two parts back together.  This was a similar approach to that used 

for HP1, but in this case the part being corrected included the tang since the organic 

matter in this area was contributing to the model error. 

Once reassembled, the mass properties could again be checked, and these corrected 

properties are shown below. 

 

Figure 154: HP3 corrected mass properties 

Now that the model was reporting corrected mass properties (1394g represents less than 

0.1% error), simulation of pendulum testing could be completed to determine percussion 

points, and the output of this simulation can be seen overleaf. 
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Figure 155: HP3 pendulum simulation output 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.45 0.52 0.48 0.68 

Figure 156: HP3 percussion point 

As can be seen above, the percussion point corresponding to a point on the grip close to 

the cross is at c. two-thirds of the blade length, as is commonly reported in swords, 

particularly those designed to cut.  This position of percussion point, combined with the 

blade (and overall sword) design suggest a versatile sidearm that could be used effectively 

in both cut and thrust manoeuvres. 
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4.2.4 Historical Piece HP4 (Royal Armouries collection reference IX13) 

 

Figure 157: Photographs of HP4 (taken 12th November 2019) 

This single-handed arming sword is part of the Royal Armouries collection.  According to 

Tower collection records it was found during the construction of the coffer dam for the 

erection of the Houses of Parliament in 1838 and was taken from a natural concrete bed 8-

10 feet below the surface.  

The sword fits well into Oakeshott Type XIV with its short grip, a short blade with clear 

tapering to the point and appropriate hilt components.  Together these would appear to 

support a c. 14th century dating, perhaps most likely the first half of the century.  

The blade, which is comparatively short at 695 mm (27¼”), tapers evenly to a reasonably 

acute point.  A single shallow fuller runs through c. three-quarters of the blade length and 

there is a gradual distal taper from 4.6 mm close to the hilt down to 3.5 mm close to the 

point. 

In terms of hilt design/features, the cross is simple in design with a gentle downward curve 

and, unusually, is of hexagonal section.  The small wheel pommel is broadly circular in 

style with a diameter of c. 40mm (inner disc diameter is c. 20 mm).  It has a distinct wedge 
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profile across the inner disc and given this design and the low overall mass it is quite 

possible that the pommel is semi-hollow on this sword.  No peen is visible on the pommel. 

The sword is in excavation condition with some nicks to the blade and is covered in a 

shiny black patina. 

Data capture 

Significant 

dimensions 
Overall length:  

Blade length:   

Cross width:   

Pommel diameter:  

Pommel thickness:  

Max. blade width:  

Blade thickness:  

832mm 

695mm 

200mm 

40mm 

wedge (23-28mm) 

c.43mm 

c.4.6mm at cross, 3.5mm near point 

Mass properties Total mass:   

Centre of Mass:  

737g 

c.130mm from cross 

Figure 158: HP4 key measurements 

Data capture for this artefact (as well as for HP5, 

HP6, HP7, and HP8) took place on-site in the 

stores area of the Royal Armouries Museum in 

Leeds on 12/11/2019 and was supported by Henry 

Yallop from the museum staff.  As shown (left), the 

standard fixture set-up was used, with the Romer 

arm tripod-mounted and the fixtures/artefact placed 

on a museum trolley with locking wheels, which 

was positioned in the centre of the room to allow 

easy access around the work area. 

 

With this set-up it was possible to quickly capture good quality scan data, which was 

important given data for five different artefacts was being gathered in a single day. 

The cloud point data captured for this sword can be seen overleaf. 

 

Figure 159: On-site scanning set-up  
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Figure 160: HP4 scanner output (with fixtures and outliers removed) 

As seen above, data quality was good and, once cleaned up (outliers and fixtures 

removed), the data was ready for post-processing. 

Post-processing stage 1 

 

Figure 161: HP4 selected polygon images 

The images above show a selection of model views once the cloud point data had been 

converted to a polygon model and undergone further clean-up and hole filling. 
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Model definition was good, and this was carried through to creation of a surface model as 

shown below. 

 

Figure 162: HP4 surface model image 

Basic dimensional checks of model versus empirical measurements are shown below. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 832 830  

Blade length 695 696  

Width of cross 200 198  

Blade width near hilt 43 43  

Blade thickness near hilt 4.6 4.7  

Blade width near point - -  

Blade thickness near point - -  

Maximum pommel diameter 40 41  

Maximum pommel thickness 28 28  

Figure 163: HP4 main dimensional checks 

As seen above, dimensional correlation is good confirming that the model is a good 

representation of the artefact’s geometry. 
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Figure 164: HP4 cross sectional view 

Looking at cross-sectional views (above), the blade can be seen to be lenticular in shape 

throughout, but with a broad and deep fuller that transitions smoothly out of the blade at 

approximately three-quarters of its length, with no noticeable reinforcing of the tip.  This 

can be seen more clearly by looking at cross-sections taken close to the cross, mid-blade, 

and towards the tip, as shown below. 

 

Figure 165: HP4 cross-sectional detail 
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Post-processing stage 2 

 

Figure 166: HP4 SolidWorks part model 

The HP4 surface model was imported to SolidWorks (shown above), assigned material 

properties (Plain Carbon Steel) and then mass properties generated. 

 

Figure 167: HP4 in initial (uncorrected) mass properties 

When this mass check was done (as shown above) it reported a significant error with the 

model having 51g of additional mass compared to the artefact, which represents a c.7% 

error.  As previously discussed, the layer of oxidised ‘patina’ covering the sword would 

account for some of this error, but it was far more likely that the majority of error would be 

caused by a partially hollow pommel. 
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Post-process stage 3 

The chosen solution for adjusting mass was to split the sword model into two parts (1. 

Pommel and 2. Blade/Cross/Tang), assign custom material properties to the pommel part 

to match target mass, and then create an assembly by joining the two parts back together. 

Once reassembled then mass properties of the assembly were as shown below. 

 

Figure 168: HP4 with corrected mass properties 

Now with correct geometry and mass properties, simulation of pendulum testing could be 

completed to determine percussion points. 

 

Figure 169: HP4 pendulum simulation output 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.4 0.49 0.46 0.66 

Figure 170: HP4 percussion point 

As shown above, the percussion point corresponding to a point of rotation on the grip 

close to the cross falls at almost exactly two thirds of the way down the blade, as is often 

seen in historical swords.  

 

4.2.5 Historical Piece HP5 (Royal Armouries collection reference IX915) 

 

Figure 171: Photographs of historical piece HP5 (taken 12th November 2019) 
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This sword is part of the Royal Armouries collection and was acquired in 1949 from the 

collection of the late Mr W O Oldman.  It is thought have been one of a number of 

European swords, with Arabic inscriptions coming from Constantinople, that were offered 

on the London market about 1922-1929.  The sword is a good fit for Oakeshott Type XVIa 

classification and is thought to date from the second half of the 14th century. 

The blade, which is 965 mm long, tapers evenly to a reasonably acute point.  A narrow 

and shallow fuller runs through just under half of its length and the blade displays a 

gradual distal taper from 5.5 mm at the cross, with this taper accelerating close to the 

blade tip. 

The cross is straight and relatively short, and of rectangular cross-section.  

The large wheel pommel is almost a ‘rounded rectange’ in style with a diameter of c. 

70mm at its widest and c.50mm at its narrowest and has a distinct flattened profile, and 

clearly visible peen. 

The sword is in well preserved condition (thought the cross is quite loose) with marks/ 

inscriptions clearly visible on both the blade and tang.  There is an inscription in Arabic on 

one face of the blade (“Inalienable property of the treasury of the march province of 

Alexandria, may it be protected”.) and simpler marks on both sides of the tang, close to the 

cross. 

Data capture 

Significant 

dimensions 
Overall length:  

Blade length:   

Cross width:   

Maximum Pommel dia.: 

Pommel thickness:  

Max. blade width:  

Blade thickness:  

1225mm 

965mm 

210mm 

70mm 

- 

c.55mm 

c.5.5mm at cross, 2.5mm near point 

Mass properties Total mass:   

Centre of Mass:  

1708g 

c.100mm from cross 

Figure 172:Historical piece HP5 key measurements 
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Scanning was undertaken with the same set-up as described in HP4, producing cloud 

point data which, once fixtures and outliers has been removed, gave a clean and relatively 

complete model, as shown below. 

 

Figure 173: HP5 scanner output (with fixtures and outliers removed) 

Post-process stage 1 

 

Figure 174: HP5 selected polygon images 

The conversion from cloud point to polygon produced a detailed model that captured 

several interesting features of the sword (see images above).  This included the blade 
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inscription and tang marks, the unusual (almost rectangular) and slightly irregularly shaped 

wheel pommel shape, and the fact that the pommel has a wedge profile from front to back, 

which was not obvious from photographs taken during the data capture process.  Note 

also that the blade looks as though it could be hexagonal in cross-section.  

A surface model was created ready for importing to SolidWorks. 

 

Figure 175: HP5 surface model image 

This surface model retained dimensional accuracy (see check below), but the process did 

result in the loss of some surface detail, most notably the blade inscription.  

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 1225 1226  

Blade length 965 966  

Width of cross 210 212  

Blade width near hilt 55 54  

Blade thickness near hilt 5.5 5.4  

Blade width near point 25 24  

Blade thickness near point - - - 

Maximum pommel diameter 70 71  

Maximum pommel thickness - - - 

Figure 176: HP5 main dimension checks 
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Figure 177: HP5 cross-sectional view 

As can be seen in the cross-sectional view above, the fuller is very shallow, and the blade 

is more hexagonal than lenticular in cross-section. 

Post-process stage 2 

 

Figure 178: HP5 SolidWorks part model (and mass properties) 
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As shown above, when the model was imported into SolidWorks and assigned material 

properties, it showed good dimensional geometry and mass correlation to the original 

artefact, so no model correction was required. 

Post-process stage 3 

 

Figure 179: HP5 pendulum simulation output 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.92 0.91 0.88 0.91 

Figure 180: HP5 percussion point 

As shown above, the percussion point is located quite close to the end of the blade, 

suggesting a design more attuned to tip control rather than pure cutting performance, as 

commonly seen in longswords dated to the 14th and 15th centuries.  Having said that, the 

sword has a large mass (including in the hexagonal cross-section blade) which would have 

made the weapon formidable in cutting, though perhaps quite challenging to control 

quickly and accurately due to its large size and mass.    
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4.2.6 Historical Piece HP6 (Royal Armouries collection reference IX1083) 

 

Figure 181: Photographs of historical piece HP 6 (taken 12th November 2019) 

This sword is part of the Royal Armouries collection and was acquired at Christie, Manson 

and Woods on 25th April 1961 (lot 143) along with several other items.  The sword may 

have been designed as a ‘smallish’ hand-and-half weapon, or a ‘largish’ single-handed 

sword and is a good fit for Oakeshott Type XVI or XVIa classification. 

The blade, which 855 mm long, has a short (c.15mm) ricasso before tapering evenly to an 

acute point.  A single well-defined fuller starts a little way down the blade and runs through 

around three-quarters of its length and the blade displays a gradual distal taper from 5.5 

mm at the cross, with this taper accelerating close to the blade tip. 

Regarding the hilt, the cross begins as straight square section but then flares and curves 

towards the tip, with the two sides curving in opposite directions, one toward the pommel, 
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the other toward the blade tip.  The wheel pommel is a simple flat round disc of 55mm 

diameter and 14mm thickness. 

The sword is heavily corroded with black patination over most of its surface and the tang 

appears to have been bent and twisted close to the pommel at some point in its past. 

Data capture 

Significant 

dimensions 
Overall length:  

Blade length:   

Cross width:   

Maximum Pommel dia.: 

Pommel thickness:  

Max. blade width:  

Blade thickness:  

1018mm 

855mm 

155mm 

55mm 

14mm 

c.47mm 

c.5.5mm at cross, 3.5mm near point 

Mass properties Total mass:   

Centre of Mass:  

936g 

c.130mm from cross 

Figure 182: Historical piece HP6 key measurements 

Scanning was undertaken with the same set-up as described in HP4, producing cloud 

point data which, once fixtures and outliers has been removed, gave a clean and relatively 

complete model, as shown below. 

 

Figure 183: HP6 scanner output (with fixtures and outliers removed) 
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Post-process stage 1 

 

Figure 184: HP6 selected polygon model images 

As seen in the images above, the conversion to polygon has captured a complete model 

well, including some of the features previously noted.  These include the very well defined 

fuller in the blade, the asymmetric design of the cross, and the bend/twist in the tang which 

is assumed to be damage that occurred post-use (during the intervening centuries). 

 

Figure 185: HP6 surface model image 
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A surface model (shown above) was successfully created, and basic checks confirmed 

good dimensional correlation between models and empirical measurements. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 1018 1017  

Blade length 855 854  

Width of cross 155 155  

Blade width near hilt 47 47  

Blade thickness near hilt 5.5 5.4  

Blade width near point - - - 

Blade thickness near point 3.5 3.5  

Maximum pommel diameter 55 55  

Maximum pommel thickness 14 14  

Figure 186: HP6 main dimension checks 

 

Figure 187: HP6 cross-sectional view 

Looking at cross-sectional views (above), the blade can be seen to be generally lenticular 

in shape through most of its length with a very well defined broad and deep fuller that 

transitions smoothly out of the blade at approximately three-quarters of its length.  At this 

point of transition, the blade becomes noticeably different with reinforcing of the tip giving it 

more of a flattened diamond shape. 
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Post-process stage 2 

 

Figure 188: HP6 part model (with mass properties) 

Post-process stage 3 

The SolidWorks part model, with material properties added, gave a good correlation on 

mass properties and, therefore, could be used without any corrections. 

 

Figure 189: HP6 pendulum simulation output 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.55 0.60 0.57 0.67 

Figure 190: HP6 percussion point 

As the results above show, the percussion point corresponding to rotation at a point in the 

grip close to the cross is at two-thirds of the blade length.  This suggests a sword design 

well suited to cutting, though the reinforced point (shown clearly in cross-sectional views) 

would also enable the sword to withstand thrusting against robust targets, making this a 

versatile weapon against different types of target.   

 

4.2.7 Historical Piece HP7 (Royal Armouries collection reference IX2155) 

 

Figure 191: Photographs of Historical Piece HP7 (taken 12th November 2019) 

This sword is part of the Royal Armouries collection and was purchased in 1981 from the 

Mann Collection.  It is a hand-and-a-half sword, thought to be dating from the late 13th/ 

early 14th century.  In overall design, the sword would appear to be designed primarily for 

cutting and it most closely falls within Oakeshott type XIIIa.   
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The blade is long and relatively slender, with a very gradual profile taper that transitions 

into a spatulate point.  Distal taper also appears gradual.  It is possible to see a poorly 

defined shallow fuller that runs for around one-quarter of its length.  The blade cross-

section appears to be lenticular throughout with no obvious reinforcing of the tip. 

Regarding the hilt, the sword has a flat pommel that is shaped like a square with rounded 

corners, with the tang running corner to corner, and a long straight cross-guard of 

rectangular section. 

In terms of condition, the sword is badly corroded, with heavy surface pitting and severely 

notched/chipped blade edges, suggesting that a significant amount of the original blade 

material may have been lost to corrosion (the poorly defined fuller would tend to support 

this view).  There are no obvious bends/twists in the hilt or blade. 

Data capture 

Significant 
dimensions 

Overall length:  

Blade length:   

Cross width:   

Maximum Pommel dia.: 

Pommel thickness:  

Max. blade width:  

Blade thickness:  

1215 mm 

990 mm 

302 mm 

- 

c.20 mm 

c.46 mm 

c. 4.5 mm at cross, 3 mm near tip 

Mass properties Total mass:   

Centre of Mass:  

1167 g 

c. 190 mm from cross 

Figure 192: Historical Piece HP7 key measurements 

Scanning was undertaken with the same set-up as described in HP4, producing cloud 

point data which, once fixtures and outliers has been removed, gave a clean and relatively 

complete model, as shown below. 
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Figure 193: HP7 scanner output (with fixtures and outliers removed) 

Post-process stage 1 

 

Figure 194: HP7 selected polygon images 
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Conversion to polygon model captured the sword’s features and geometry well, as can be 

seen from the images above.  The model clearly showed the slender proportions of the 

sword plus key features of interest including the distinct pommel design and indistinct (but 

more clearly visible on virtual models) fuller in the first part of the blade. 

 

Figure 195: HP7 surface model image 

A surface model (shown above) was similarly successfully created and basic checks made 

to confirm good correlation between the models and empirical measurements.  

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 1215 1215  

Blade length 990 991  

Width of cross 302 301  

Blade width near hilt 46 45  

Blade thickness near hilt 4.5 4.3  

Blade width near point - - - 

Blade thickness near point 3 2.9  

Maximum pommel diameter - - - 

Maximum pommel thickness 20 20  

Figure 196: HP7 main dimensional checks 
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As seen above, correlation between models and artefact were good with errors well within 

the range of uncertainty associated with manual data collection methods.  

 

 

Figure 197: HP7 cross-sectional view 

As shown above, the sword was lenticular in cross-section, with a short, shallow fuller.  

There was no obvious evidence of a reinforced tip but, given a cutting-focussed design 

and suggested dating of late 13th/early 14th century, this is not surprising. 

Post-process stage 2 

 

Figure 198: HP7 part model (uncorrected mass) 
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As shown above, the initial model reported significantly above the empirical mass value 

and, for this artefact, this was almost certainly due to a semi-hollow pommel. 

Post-process stage 3 

To address the mass discrepancy, the chosen solution in this case was to split the sword 

model into two separate parts (1. Pommel and 2. Blade/Cross/Tang), assign custom 

material properties to the pommel part to match the target mass, and then create an 

assembly by joining the two parts back together.  This was effectively the same approach 

to that was used for HP1. 

Once reassembled, the mass properties could again be checked, and these corrected 

properties are shown below. 

 

Figure 199: HP7 assembly (corrected pommel mass) 

With these corrected mass properties, it was now possible to undertake a pendulum 

simulation of the sword and the results for this are shown below. 
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Figure 200: HP7 pendulum simulation output 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.7 0.72 0.69 0.70 

Figure 201: HP7 percussion point 

As can be seen from the results above, the percussion point corresponding to rotation 

around a point in the grip (close to the cross) is close to two-thirds down the blade length.  

This suggests a design (and mass distribution) well suited to cutting, which is entirely in 

tune with other aspects of the blade design, and consistent with an Oakeshott Type XIIIa 

classification and the late 13th/early 14th century dating of the artefact. 
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4.2.8 Historical Piece HP8 (Royal Armouries collection reference IX5614) 

 

Figure 202: Photographs of Historical Piece HP8 (taken 12th November 2019) 

This sword is part of the Royal Armouries collection, allocated to the collection in 2007 by 

HM Government having been accepted in lieu of inheritance tax.   

It is an arming sword of relatively small size with a blade that is slightly flared close to the 

cross but then shows a gradual profile taper that accelerates as it approaches an acute 

point.  A broad and well-defined fuller runs through most of the blade’s length and there is 

no obvious sign of the tip being reinforced. 

In terms of the hilt, both pommel and cross are thought to be made of a copper alloy, the 

pommel being of a bulbous wheel style and the cross a straight ‘ribbon’ or ‘bow-tie’ style 

with very flattened tips.  On both sides these tips are decorated with inlaid and/or engraved 

scrollwork and ‘babewyns’. 

In terms of overall form, the sword is closest in style to an Oakeshott type XIV. 
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Data capture 

Key outputs from manual measurements are shown below. 

Significant 
dimensions 

Overall length:  

Blade length:   

Cross width:   

Maximum Pommel dia.: 

Pommel thickness:  

Max. blade width:  

Blade thickness:  

805 mm 

655 mm 

160 mm 

45 mm 

- 

c.46 mm 

c. 5.1 mm at cross, 3.6 mm near tip 

Mass properties Total mass:   

Centre of Mass:  

727 g 

c. 120 mm from cross 

Figure 203: HP8 key measurements 

Scanning was undertaken with the same set-up as described in HP4, producing cloud 

point data which, once fixtures and outliers had been removed, gave a clean and relatively 

complete model, as shown below. 

 

Figure 204: HP8 scanner output (with fixtures and outliers removed) 
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Post-process stage 1 

 

Figure 205: HP8 selected polygon model images 

As shown above, conversion to polygon, including clean-up and hole filling, produced a 

good and detailed model that captures the sword’s form very well.  Overall blade shape is 

well shown, along with a well-defined fuller and blade tip.  The pommel shows a slightly 

wedge-shaped profile that was not obvious from photographs.  Even the decorative inlay 

work on the cross has been captured to some degree as can be seen below. 

 

Figure 206: HP8 decorative inlay detail 
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Figure 207: HP8 surface model image 

A surface model was similarly created with good overall form.  Basic checks to confirm 

good correlation between the models and empirical measurements taken during data 

capture are shown below. 

Parameter/dimension Measured value (mm) Model value (mm) Check 

Total length 805 804  

Blade length 655 655  

Width of cross 160 160  

Blade width near hilt 46 45  

Blade thickness near hilt 5.1 5.0  

Blade width near point - - - 

Blade thickness near point 3.2 3.1  

Maximum pommel diameter 45 45  

Maximum pommel thickness - - - 

Figure 208: HP8 main dimensional checks 

As can be seen, correlation between model and empirical values is good, representing 

successful capture of a dimensionally accurate model. 
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Figure 209: HP8 cross-sectional view 

Cross-sectional views (shown above) clearly show a lenticular blade shape throughout its 

length and an even and well-defined fuller that is both broad and deep.  

 

Post-process stage 2 

 

Figure 210: HP8 part model (uncorrected mass) 

As shown above, importing the model into SolidWorks, and applying material properties 

generated mass properties significantly different when compared to empirical data from 

the original artefact.  This had been expected since the hilt components (both the pommel 
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and the cross) had been identified as being constructed from some form of copper alloy 

‘latten’), which may have had a significantly different density than iron or steel, plus it is 

quite possible that the pommel is semi-hollow on this sword. 

Either/both error sources might contribute significantly to the c.13% error in mass, or they 

could even be partially cancelling each other out (e.g., if the latten has a higher density 

than iron/steel, which is quite common with copper alloys).   

Post-process stage 3 

In the interest of finding a relatively simple solution to be able to complete a pendulum 

simulation to a reasonable degree of accuracy, it was decided to split the sword into two 

parts (as had been done with other artefacts) but to make the split this time so that mass 

properties could be corrected for the whole of the hilt (i.e., pommel, tang and cross).  The 

result of this can be seen below. 

 

 

Figure 211: HP8 assembly (mass corrected) 
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Figure 212: HP8 pendulum simulation output 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.4 0.49 0.46 0.71 

Figure 213: HP8 percussion point 

As can be seen from the results above, the percussion point corresponding to rotation 

around a point in the grip (close to the cross) is just past two-thirds down the blade length, 

which suggests a design (and mass distribution) well suited to cutting.  This is consistent 

with the blade design, which does not include any noticeable reinforcing of the tip, and with 

the 13th century dating of the artefact, which would pre-date the widespread adoption of 

heavier armour which is thought to have been a significant factor in changing design 

towards swords more suited to thrusting. 

4.2.9 Summary of results for Historical Artefacts 

In the case of all eight historical artefacts studied, data was captured successfully to create 

models that were geometrically accurate when checked against empirical measurements, 

and these models were able to highlight key features, some of which were not obvious 

from photographs or on initial viewing. 
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In the case of five of these artefacts (HP1, HP3, HP4, HP7, and HP8), corrections had to 

be applied to create representative model mass properties, these being used to overcome 

‘errors’ due to semi-hollow pommels, surviving organic material on the grip, and differing 

material properties due to either inhomogeneous iron/steel and/or non-ferrous metals used 

in hilt components.  Once their mass properties had been corrected, and pendulum 

simulation studies undertaken, the percussion point (associated with rotation in the grip 

close to the cross) could be calculated for each artefact and these values are summarised 

below. 

 

Figure 214: Historical piece percussion points, as a proportion of blade length 

These show a similar picture to the data from test pieces (see Figure 105) with a high 

proportion clustering around two-thirds of blade length, and another (smaller) cluster close 

to the blade tip. 

The key outcomes of all the results presented in this chapter, both in terms of how they 

reflect on the research methods, as well as some of the artefact-specific findings, will be 

discussed further in Chapter 5. 

 

 



191 

Chapter 5 – Discussion, future work, and final conclusions 

The overriding aim of this research programme was to develop and demonstrate a robust 

and accurate methodology for capturing and analysing the detailed geometry of mid-late 

medieval period European swords.  In that sense, the programme has been highly 

successful, and the results have shown not only a robust and clearly documented method 

that can be applied by others, but also several examples from historical artefacts of 

specific features and significant insights that only became apparent as a result of this 

work.   

There are, of course, caveats regarding some of the specific choices (and alternatives) 

made when developing the method, limitations of method in particular circumstances, and 

areas in which future work could be directed to overcome limitations and/or further 

enhance the outputs of this programme, and these will be discussed in the following 

pages. 

5.1 Efficacy of experimental methodology 

The methods developed within the programme have been used successfully with a 

selection of test pieces and, more significantly, with historical artefacts from three different 

collections.  As such, they have shown themselves as addressing the primary goals that 

were set out early in the programme, namely, to create an accurate, repeatable, portable, 

and easy to use method of capturing geometry that would be ‘sympathetic’ to fragile 

artefacts and hence acceptable to their custodians (i.e., museum curators and private 

collectors).  The dimensional checks undertaken with each test-piece and historical 

artefact consistently gave very good correlations against empirical measurements and 

where small differences in measurements were noted, they were due to errors in the 

manual measurement process rather than the scanning/CAE processes.  

In terms of the data capture process, the use of portable, non-contact laser scanning 

hardware was a critical component in achieving these goals, and, judging by the quality of 

data captured in terms of accuracy and repeatability, the significant time and effort 

invested in testing various approaches before selecting a preferred technology was well 

spent.  The eventual solution implemented for fixturing, whilst very simple and cost 

effective in design, also proved itself highly effective and was both flexible and easy to use 

in a variety of environments, as demonstrated through successful data capture. 

In terms of the post-processing stages of the method, where raw data from the scanning 

process (in cloud point format) was subsequently progressed into polygon models and at 
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later stages, into CAD part models, the selected software tools proved highly capable at 

retaining detailed geometry as well as having a variety of options for visualising interesting 

and important features, and how these might contribute to performance.   

It is also worth noting that the raw digital data captured for the eight historical artefacts 

(HP1 – HP8) has been retained in its original form and remains available for future 

analysis, either using the same or different tools.  These enduring digital models are highly 

valuable assets that can be used again for a variety of purposes and to support 

continuation of this research, other research programmes, and/or for the creation of other 

digital assets, including, for example, to enhance museum digital collections, or even to 

create dimensionally accurate modern reproductions of historical artefacts.   

The use of simulation tools and techniques was ultimately less extensive than had 

originally been envisaged, for reasons that are discussed in both Chapter 3 and below.  

However, the pendulum simulation motion study did prove an effective method that 

produced good results even when several assumptions, simplifications, and correction 

factors were applied, as was demonstrated by strong correlations between simulated and 

empirical results.  

5.2 Experimental method compromises and refinements 

Whilst the methods developed and tested were clearly successful, that does not mean 

they were without their challenges, and the programme highlighted several compromises 

and limitations of the approach, notably: 

i) Capturing geometry by laser scanning requires line-of-sight.  This was readily 

achievable with the chosen test-pieces and artefacts since ‘knightly’ swords were of 

relatively straightforward design, at least until more complex hilt forms became 

common from the 16th century onwards.  As highlighted in Chapter 3, data capture of 

complex hilts would be very challenging, and even the simple stirrup hilt that was 

encountered on Test-piece TP1 (a 19th century police issue cutlass) presented some 

difficulties that required multiple scans before complete geometry was successfully 

secured.  So, whilst this issue was not a barrier to the research programme, it does 

limit the applicability of approach to other types of artefact. 

ii) Capturing geometry by laser scanning only captures geometry of the visible surface.  

This presents no issue when studying overall form, specific features, blade cross-

sections, etc.  However, it does have significant implications for creating model mass 

properties as soon as artefacts cease to be of solid construction and/or where 
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differing materials are present within the component parts of the sword.  This effect 

was experienced across the research programme in three main forms; swords with 

semi-hollow pommels (TP2, HP1, HP3, HP4, HP7), one sword (HP3) with a partially 

surviving grip containing organic materials of significantly different density to 

iron/steel, and one sword (HP8) where hilt components (both cross and pommel) 

were constructed of a non-ferrous metal with a different density to iron/steel (HP8 

may also have had a semi-hollow pommel).  In each of these cases, corrections were 

made to bring model total mass properties in line with empirical measurements, but 

this process necessarily contained elements of approximation and will have 

introduced some error into the mass distribution of the models.   

For example, where it was clear that a semi-hollow pommel was causing a large error 

versus empirical data, the solution used was to separate the pommel from the rest of 

the sword, override its mass properties to meet target mass, and then reassemble.  

This approach, whilst simple to implement, simulates a pommel that is still solid (not 

semi-hollow) but of slightly lower material density.  This introduces a mass distribution 

error across the pommel, as shown below: 

 

Figure 215: Hollow pommel mass distribution error 

As shown, the semi-hollow pommel shows a slightly flatter mass distribution profile as 

the tapering cross-section is mostly void, where the lower density material of the 

model means the mass starts smaller but then peaks higher as the pommel cross-

section increases.  This ‘false’ mass distribution profile may not introduce a large 

error, but it would have some impact on subsequent simulations, including pendulum 

testing and the calculation of percussion points.  Given the results in Chapter 4 are 
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entirely consistent with wider literature on historical artefacts (e.g., percussion point 

clustering around two-thirds of blade length or close to the blade tip), suggests that 

errors introduced by this effect are small and have not unduly skewed results.  

iii) CAE tools assume engineering materials (metals) are homogeneous.  Modern 

engineering steels are manufactured to adhere to industry standards, and so their 

properties are consistent and predictable.  However, when considering historical 

artefacts, the same cannot be assumed and it is likely that the iron/steel in a medieval 

sword will be quite variable, not just across different artefacts but also within a single 

artefact.  At a basic level this means that the mass properties of the models produced 

in the research programme, where for simplicity all models were assumed to be ‘Plain 

Carbon Steel’ (with a density of 7800kg/m3), will have had some error introduced.  

Given the density of iron and carbon steels are all quite close to each other (c. 7800-

7890kg/m3) the error introduced by this assumption would be a maximum of c. 1% 

and usually much less than this since higher carbon steels tend to be at the lower end 

of this density range.   

iv) Geometry is only captured of the artefact in its current condition.  Medieval swords 

are hundreds of years old and have typically suffered a degree of corrosion and/or 

surface oxidation, with many missing some (or all) of the grip components, which 

were typically made of organic materials, primarily wood and leather.  Surface 

corrosion/oxidation will result in materials with differing density to the base metal, and 

missing grip components would have had a mass, hence both these conditions 

introduce some error into overall mass properties of the model.  It is thought that 

these errors would still be small but confirmation of this, and an estimate of actual 

magnitudes of error, would require additional future work and the introduction of new 

and additional methods. 

v) The properties of steels in relation to loading/deformation and impacts are affected by 

heat treatment.  A significant feature of steel that makes it highly suitable for the 

manufacture of swords (and other edged weapons) is the ability to manipulate its 

crystalline structure (and hence its mechanical properties) through heat treatment.  

When done well this can produce swords that are flexible and extremely tough, yet 

hard enough to maintain a sharp and durable edge that will survive impacts, even 

against hard targets.  Since the specific heat treatment (and crystalline structure) of 

the artefacts being studied in this programme are unknown, it was not possible to 
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explore the simulation of sword performance under loading and impacts as properties 

such as hardness, tensile strength and yield strength were unknown.   

5.3 Historical insight 

Since only a very small sample of historical artefacts were studied within the research 

programme, it would be unwise to draw broad conclusions about the design of medieval 

swords from this work.  However, interesting general observations can be made, notably: 

i) Of the eight historical artefacts studied, at least four had hollow/semi-hollow pommels.  

Whilst hollow pommels are known to have been a feature of some medieval swords, 

they are not generally considered to be the norm.  Based on this (albeit small) sample, 

the work suggests that hollow pommels may be much more common than previously 

thought (or obviously apparent from observation).  Looking at the swords studied, 

whilst it was not surprising that the physically large pommels of HP1 and HP3 were 

hollow, this was not immediately obvious for the smaller pommels of HP4 and HP7 and 

yet that does seem the case.  This is new insight that merits further study across a 

wider group of artefacts, and which raises interesting questions about medieval 

manufacturing methods, of which we currently have very limited understanding. 

ii) As has been reported in the literature more widely, the execution of mass distribution in 

the artefacts (as assessed by percussion points) resulted in two distinct clusters, those 

swords with a percussion point at or close to two-thirds of blade length, and those 

swords with a percussion point at or close to the blade tip.  Given the relative ease with 

which the position of this point can be manipulated (as was demonstrated with 

TP3/TP4 when changing pommel masses), the clustering of these points reinforces the 

now widely held view that medieval swords were commonly designed and tuned to 

achieve specific performance characteristics.  Clearly the medieval craftsman would 

not have understood Newtonian physics or pendulum theory but would have been 

striving to achieve a ‘feel’ for how a weapon performed in motion. 

In terms of the individual historical artefacts studied, in almost every case at least one 

specific feature or characteristic has come to light, or at least been more obviously 

highlighted, as a direct result of applying this research methodology, again reinforcing the 

view that the method is a highly useful value-adding approach that supports the building of 

a greater understanding of these artefacts.  The point is most easily illustrated by 

summarising these findings, as shown below. 
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Ref. Key findings/observations Summary/conclusion 

HP1 
• Very low mass and slender design given the overall size 

• Pommel is partially hollow 

• Percussion point at 0.78 of blade length is an outlier compared to other artefacts  

An unusual design, falling outside most 
‘normal’ parameters and classifications for 
medieval swords. 

HP2 
• Blade length compared to hilt length is relatively short 

• Mass is high (for overall size) and balance point closer than normal to the hilt 

• Percussion point at 1.02 of blade length is unusual for a cutting-focused blade 

Classic Type XIII features but short in the 
blade.  Perhaps damaged at the tip and 
reworked as a shorter sword. 

HP3 

• Large mass arming sword with significant blade presence 

• Pommel is partially hollow 

• Blade shows hollow-ground profile and significantly reinforced acute point 

• Percussion point at 0.68 of blade length is consistent with style/type 

Classic type XV arming sword design, 
heavy but with mass-reducing features 
(hollow pommel and grind) specifically 
included to manage mass. 

HP4 
• Small and low mass design 

• Pommel is partially hollow 

• Percussion point at 0.66 of blade length is consistent with style/type 

A classic type XIV arming sword, small and 
lightweight, suggesting a very ‘handy’ and 
responsive weapon. 

HP5 

• Large and high mass design 

• Blade is evenly executed hexagonal cross-section with shallow fuller 

• Pommel is uneven and unusual shape with slight wedge profile 

• Percussion point at 0.91 of blade length not uncommon for swords of this style/type 

Long-hilted war sword probably designed 
for two-handed use.  The irregular pommel 
seems incongruous with the well-executed 
blade and may have been a replacement. 

HP6 

• Mid-size and relatively low mass arming sword 

• Blade has very well defined and cleanly executed fuller and reinforced tip 

• Tang has suffered significant bend and twist close to the pommel 

• Percussion point at 0.67 of blade length is consistent with style/type 

A straightforward, classic Type XVI arming 
sword well suited to both cutting and, with 
its reinforced point, thrusts. 

HP7 

• Long but slender war sword of relatively low mass (but heavily corroded) 

• Blade has very shallow fuller and no reinforcing of tip 

• Pommel is partially hollow 

• Percussion point at 0.70 of blade length is consistent with style/type  

A classic type XIII war sword with unusual 
partially hollow pommel design.  Overall 
proportions are slender, but this may be 
down to heavy corrosion.  

HP8 
• Small and low mass design with copper alloy (latten) pommel and cross 

• Pommel may (likely) be partially hollow and shows wedge design (very like HP4) 

• Percussion point at 0.71 of blade length is consistent with style/type  

A classic type XIV arming sword with 
decorative hilt.  Size and mass suggest a 
very agile weapon. 

Figure 216: Summary of findings for historical artefacts HP1-HP8 
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5.4 Future work 

Areas for future work that would build upon and/or complement this body of research fall 

broadly into the following three categories: 

i) Gaining access to additional historical artefacts 

ii) Refinement of the method to reduce errors and/or enhance results 

iii) Extension of CAE techniques to enable additional analysis 

5.4.1 Additional artefacts 

As already highlighted, to date only eight historical artefacts have been studied using the 

research method and this is too small a sample to be able to draw general conclusions 

about the design of medieval swords with any degree of confidence.  Therefore, an 

obvious and valuable focus for further work would be to apply the method to a wider 

selection of artefacts.  It had originally been hoped that this could be achieved within this 

research programme, but an impact of the Covid-19 pandemic was to make access to 

collections much more difficult as museums closed for an extended period in 2020/21. 

For example, a visit to the Royal Armouries in 2019 identified c.15 additional examples of 

swords that would be well suited to study using this research method, and significant 

numbers of suitable artefacts are also known to be held in the UK within the Wallace 

Collection and the Glasgow Museums Collection, never mind considering extensive 

collections outside of the UK. 

The author believes that it should be possible to build up a database of c.50 artefacts from 

the larger UK collections (and this could be expanded significantly if the method were 

applied internationally) which would highlight design themes and features with greater 

clarity and confidence.  For example, it would be interesting to see what the proportion of 

swords with partially hollow pommels would be in a larger study group. 

5.4.2 Method refinement 

In terms of ways in which the method could be refined, there would be merit in assessing 

the potential of several different strands of activity: 

i) A review and testing (where possible) of the latest generation of portable laser 

scanners.  As highlighted in Chapter 3, examples of these technologies were 

reviewed and tested back in 2015 but these technologies are still relatively new 

and developing rapidly.  Low-cost, hand-held scanners are likely to have 
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significantly improved in performance over the past seven years and might now 

represent a viable option for data capture.  As well as being quicker and easier 

to use than portable arm technology, the ease with which they can be 

manipulated around an object to overcome difficult-to-access features could also 

make the scanning of more complex hilted swords viable.  

ii) A review and testing (where possible) of the latest generation of portable 

photogrammetry hardware/methods.  As highlighted in Chapter 3, this 

technology was not tested as part of the experimental programme, but literature 

reviewed at the time suggested it could be a viable option for data capture.  As 

with laser scanners, photogrammetry technology has developed rapidly and 

become much more accessible as a method of creating 3-D geometry (even to 

the extent that photogrammetry Apps are widely available for use on 

smartphones), and the performance of hand-held photogrammetry hardware 

would merit investigation.  

iii) Investigation of the actual impact of mass correction methods and the testing of 

alternative approaches.  As discussed earlier in this chapter, the methods used 

to correct for partially hollow pommels and different hilt materials will have 

introduced some errors into model mass distributions.  Whilst these are thought 

to be small errors, there would be merit in a more detailed investigation (using 

existing and/or additional test pieces) to understand the actual magnitude of 

error more fully and to test alternative approaches.  For example, rather than 

simply overriding pommel mass properties, an alternative approach would be to 

use CAD tools to create a hollow space (or more than one to reflect where it was 

believed the pommel was partially hollow) within the model to bring the mass 

back to the correct value.  This approach could even be further enhanced by 

using X-ray CT to scan the pommel and gain insight of its internal geometry, 

though there are challenges in being able to undertake this work with swords 

due to their physical size (this was discussed in chapter 3). 

iv) Investigation of the impact of simulating the handles/grips that would have 

originally existed on artefacts.  Whilst many medieval swords no longer retain 

their organic handle materials, this does not represent their state when they 

were in use, and there would be merit in adding grip geometry and material 

properties to the models to represent mass distribution and performance 

characteristics of the original artefact more accurately.  There would, of course, 
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be significant challenges in being able to undertake this work with any degree of 

confidence since the specific geometry and materials for any individual artefact 

would be unknown and rely on assumptions and/or the development of a 

‘standard’ grip.  An initial piece of work that would certainly be beneficial would 

be to use test-pieces where representative grips could be added/removed, from 

which it would be possible to see how much impact the addition of a grip would 

have on mass distribution, percussion point, etc.  The results of such work would 

help to identify the need for a more detailed study and the potential value of 

application of approach to historical artefacts. 

v) Investigation of the impact of corrosion/oxidisation on results.  As noted, several 

of the historical artefacts studied had extensive corrosion and all had significant 

oxidisation, either of which could introduce errors into the modelling of mass 

since these surface effects represent different material to that of the sword body.  

Whilst thought to be of small impact in all but the most heavily corroded 

examples, this would benefit from further investigation to assess and quantify 

the errors caused.  As with other areas for future work, there would be 

challenges in generating results with an appropriate degree of confidence, but 

an appropriate starting point could be to deliberately ‘age’ a series of test-pieces 

so that ‘before’ and ‘after’ models could be generated/tested and the results 

compared.  As well as providing some insight into the magnitude of error from 

these effects, it might also be possible from such work to develop mass 

correction models that could be applied to historical artefacts. 

vi) Development of enhanced presentation/visualisation of results.  Detailed results 

have been presented for each historical artefact and simple comparison charts 

used to look specifically at percussion points for different examples (both test 

pieces and historical artefacts), but a simple ‘standard’ visualisation tool has not 

been used or developed.  Whilst not critically important when only a small 

population of swords has been studied, if future work grew this population, then 

a simple visual tool for comparison would become much more valuable.  Work 

by others in recent years (Le Chevalier, 2015) has made some progress towards 

a ‘standard’ approach to visualising the dynamic properties of swords and would 

certainly seem an appropriate starting point for developing such an approach. 
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5.4.3 Extension of CAE methods 

CAE analysis techniques/simulations have not been used as extensively as was originally 

envisaged due to the limitations imposed by uncertainty over material properties.  As 

already discussed, this has not been a barrier to generating results regarding mass 

distribution and the impact on dynamic performance/motion of swords when in use but 

limits the feasibility of simulating deformation and impacts.  Both of these characteristics 

could be useful in giving further insight into the performance of swords, but any work in this 

field would require significant parallel research and evaluation of material properties 

artefact by artefact.  Whilst potentially valuable work, this would be a significant new body 

of research with a new number of new challenges and limitations and is certainly well 

beyond the scope of this research programme. 

5.5 Final Conclusions 

In conclusion, this body of research has clearly and successfully demonstrated the 

significant value of CAE techniques in gaining enhanced understanding of the design and 

function of the medieval knightly sword.  These specific tools have not previously been 

used in this way for these types of artefacts, hence the success of this programme adds to 

the growing toolkit of engineering methods that are being used to support historical 

research and gain a more complete picture of important historical artefacts. 

As well as developing a robust methodology for building and analysing digital models of 

these historical artefacts, eight original medieval swords have been studied in detail, 

revealing interesting features and insight into each of them.  Moreover, although this only 

represents a small population of artefacts, the research has raised some interesting 

questions that could drive significant further research to both enhance the outcomes of this 

programme, as well as focussing new/additional research programmes. 

The methods developed by the work have been designed and documented such that, in 

time, they can be applied more widely to create insight across a much greater population 

of medieval artefacts.  The greater understanding that the proliferation of this knowledge 

enables will be a catalyst for dispelling much of the misinformed mythology associated with 

these important and iconic historical objects. 
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Appendices 

These appendices are included for completeness since they contain detailed 

documentation/records referred to within the main body of the theses.  They are organised 

as follows: 

Appendix 1 contains example templates of the documents used during the experimental 

stages of the work to collect data on specific test-pieces and historical artefacts. 

Appendix 2 contains completed records for test pieces used in method development. 

Appendix 3 contains completed records for the eight original medieval swords that were 

studied using the method developed within the research programmes.   
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Appendix 1 – Documentation templates  

This appendix contains templates of the documents used to support the various aspects of 

data collection, post-processing, and subsequent analysis, these being as follows: 

1. Sword documentation record 

2. Scanning documentation record 

3. Post-processing documentation record 

4. Simulation documentation record 

5. Sword database record 

 



Sword Documentation Record (v1.0)              Simon McKenna 
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A.1.1 Sword Documentation record 

 
SWORD OVERVIEW 
 

Record reference  Date measured  Collection reference  

Origin (date/place)  Sword name/type  

 
 
 
 

Total length (mm)   Blade length (mm)  Hilt length (mm)  

Total mass (g)   POB (mm from guard)  Hilt width (mm)  

Inscriptions/markings None 

 
 

BLADE DETAILS 
 

Blade form/style  

Cross-section  

Fuller details  

 
 
 



Sword Documentation Record (v1.0)              Simon McKenna 
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 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard 

(mm) 
          

Blade width (mm)           

Max. blade thickness 

(mm) 
          

           

Front fuller width (mm)           

Front fuller depth (mm)           

Back fuller width (mm)           

Back fuller depth (mm)           

 
 

 

HILT DETAILS 
 
 

 

 

 



Scanning Documentation Record (v1.0)              Simon McKenna 
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A.1.2 Scanning record sheet 

 

Record reference:  Date scanned:  Folder/file names:  

Equipment used  

Fixture(s) and lighting  

Key scan settings  

Description of scans  

Other information  

 



Post-processing Documentation Record (v1.0)             Simon McKenna 

 

206 

A.1.3 Post-processing record sheet 

 

Record reference:  Date processed:  Software used:  

Source folders/files  

Destination files  

Step-by-step method  

 



Simulation Record (v1.0)             Simon McKenna 
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A.1.4 Simulation record sheet 

 

Record reference:  Date processed:  Software used:  

Source folders/files  

Destination files  

Simulation/study type  

Step-by-step method  

 

 

 



Sword Database Record (v1.0)        Simon McKenna 
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A.1.5 Sword Database Record 

 

 

 

 

 

PLACE IMAGES HERE 

 

 

 

 

 

 

 

 

 

 

 

 

Research reference  

Collection (and any reference)  

Date added  

Summary description: 

 

 

 

 

 

  



Sword Database Record (v1.0)        Simon McKenna 
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OVERVIEW 

Detailed description 
including key 
features, Oakeshott 
classification, 
history/ provenance, 
condition, etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant 
dimensions 

Overall length:   

Blade length:   

Cross width:   

Pommel diameter:  

Pommel thickness:  

Max. blade width:  

Blade thickness:  

Mass properties Total mass:   

Centre of Mass:  

Other notes  

 

 

 

 

 

  



Sword Database Record (v1.0)        Simon McKenna 
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ANALYSIS 

Basic geometry 

 

 

 

 

 

 

 

 

 

 

Blade cross-section geometry 

 

 

 

 

 

 

 

 

 

Simulation 
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Appendix 2 – Test-piece records 

This appendix contains completed documents/records for the test-pieces that were used to 

support the development and testing of the research methodology.  The important data 

contained within this appendix is reproduced (with appropriate narrative) in Chapter 3 of this 

thesis. 

The specific records contained are as follows: 

1. Test piece TP2–SMcK-6-15a 

a. Sword documentation record 

b. Scanning documentation record 

c. Post-processing documentation record 

d. Simulation record 

2. Test piece TP3–SMcK-3-17 

a. Sword documentation record 

b. Scanning documentation record 

c. Post-processing documentation record 

3. Test piece TP4-SMcK-3-17 

a. Sword documentation record 

b. Scanning documentation record 

c. Post-processing documentation record 

4. Test piece TP5-SMcK-6-17 

a. Sword documentation record 

5. Test piece TP6-SMcK-6-17 

a. Sword documentation record 
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A.2.1 Test piece TP2-SMcK-6-15a 

A.2.1a Sword documentation record 

 
Sword Reference: TP2-SMcK-6-15a 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Modern reproduction commissioned to be used as a test piece for method 

development - representative of C14th war sword (Oakeshott type XVIa) 
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SWORD OVERVIEW 
 

Record reference TP2-SMcK-6/15a Date measured 30-Jun-15/08-Nov-15 Collection reference SMcK-01 

Origin (date/place) 2015, Mark Vickers Sword name/type Reproduction representative of C14th war sword (Oakeshott type XVIa) 

 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Total length (mm)  1122 (c. 44”) Blade length (mm) 883 (c. 35”) Hilt length (mm) 239 (c. 9”) 

Total mass (g)  1430 (c. 3Ib 2½oz) POB (mm from guard) 70 (c. 2¾”) Hilt width (mm) 234 (c. 9”) 

Inscriptions/markings None     (a cross was marked on one side of the tang post-purchase to aid experimental work/side identification) 
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BLADE DETAILS 

 

Blade form/style Representative of C14th war sword (Oakeshott type XVIa), straight, double-edged, butter knife sharp 

Cross-section Lenticular with single fuller, transitioning to flattened lenticular, then to flattened diamond point in the final 1/3 of the blade 

Fuller details Single fuller on both sides, 610mm long, starting at guard (I.e. c. 2/3 of blade length) 

 
 
 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard (mm) 0 100 200 300 400 500 600 700 800 850 

Blade width (mm) 44.2 42.1 39.0 35.2 31.8 28.2 25.9 23.1 20.3 15.7 

Max. blade thickness (mm) 4.6 4.6 4.5 4.4 4.1 3.8 3.8 4.7 4.5 4.1 

           

Front fuller width (mm) 8 15 15 14 12 10 7 n/a n/a n/a 

Front fuller depth (mm) 0.5 1.5 1.5 1.5 1.5 1.0 0.5 n/a n/a n/a 

Back fuller width (mm) 6 15 15 14 13 10 7 n/a n/a n/a 

Back fuller depth (mm) 0.5 1.5 1.5 1.5 1.5 1.0 0.5 n/a n/a n/a 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel: Type J, circular with flattened ends at grip and peen block, plain steel (casting or machined?) 
 

Large ‘disc’,   Diameter: 60 mm Total Thickness:  18 mm 
Small ‘disc’,   Diameter: 18 mm Total Thickness: 40 mm 
    
Cross: Style 7, plain steel (forged?) 
 

Total cross length:  234 mm 
Maximum cross-section:   15 mm by 9 mm   
Minimum cross-section:  6mm by 4mm 
 
Grip/tang 
 

Originally wooden core with plain red leather wound wrap, removed to simplify scanning/modelling process. 
 
Tang is 25mm wide at cross, 20mm mid-grip, and narrowing to 12mm by pommel.  Tang thickness c.4mm throughout. 
 
 
Hilt construction secured by hot-peen, with small peen block and peen proud at pommel end. 
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NOTES 
 
This sword commissioned in Feb 2015 from Mark Vickers (St George Armoury) as a test piece for development of scanning, modelling and simulation methods, and 
completed and collected in June 2015 (cost: £275). 
 
A final edge was not applied (to aid safe handling) but with the option to sharpen later for cutting tests if required. 
 
The sword is intended to be representative of a typical ‘war sword’ as might be in use during in the 14th century, for example during the 100 years’ war in France, and is 
closest in style to Oakeshott Type XVIa.  A design with a fuller was specifically chosen to test scanning methods. 
 
When acquired, the sword appeared to be of solid construction with no rattle or loose components.  The pommel is slightly out of plane with cross/blade (c. 5⁰?), there 
is a slight bend close to the point (which was only noticed after scanning) and finish is utilitarian rather than highly polished/decorative.  At c.44” total length (c.35” 
blade) the sword would probably be considered at the smaller end for a warsword/longsword.   
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A.2.1b Scanning documentation record 

 

Record reference: TP2-SMck-6/15a Date scanned: 21 Oct 2015 Folder/file names: //Nikon CMM/21-Oct-15/Scan Data 

Equipment used Nikon LK V 15.10.8 HA High Accuracy CMM with Nikon LC15Dx scanning head, calibrated on 12/10/15 for 45 degrees scanning 

Fixture(s) and lighting 

NPL Lab conditions with temperature/humidity control and standard lighting. 
Test piece secured with standard flexible fixtures, clamped on tang with blade unsupported, edge-up and at upward angle. 
 
 
 
 
 
 
 
 
 
 
 
This fixture set-up was designed to avoid induced bending of blade. 

Key scan settings 
Almost all data captured with 45 degrees scanning angle.  Filters adjusted for tang versus blade to accommodate significantly different 
surface finish.  

Description of scans 
1. Full sword scan, walked through step by step 
2. Repeat of 1. But at automatic (smoother with less chance of creating vibration in blade?) 

Other information THIS METHOD TRIED TO CAPTURE FULL BLADE IN ONE SCAN (to assist problem with registration of multiple blade scans) 
 

 



 

218 

A.2.1c Post-processing documentation record 

 

Record reference: TP2-SMck-6/15a Date processed: Oct-Nov 2015 Software used: GeoMagic Studio 2014/SolidWorks 2014-2015 

Source folders/files //TP2-SMck-6-15-a/Nikon CMM/Oct-15/Combined post process/Attempt 2/ 

Destination files //TP2-SMck-6-15-a/Nikon CMM/Oct-15/Combined post process/Attempt 3/ 

Step-by-step method 

GEOMAGIC POST PROCESSING (steps 1- 8 as per Attempt 2, files in steps 1-8 saved in Attempt 2 folder) 
 

1. Blade and Hilt 1 and Hilt 2 scans each sampled at 10%. 

2. Global registration attempted on each point cloud set (ok on hilt scans but caused divergent scans on blade so left). 

3. Outliers selected at 95.0 sensitivity and deleted (each saved at this point). 

4. Each of Blade, Hilt 1 and Hilt 2 sets combined individually (each saved at this point). 

5. Three sets (Blade, Hilt 1 and Hilt 2) manually registered to each other. 

6. Manual cleaning and removing of poorly registered overlaps (saved at this point). 

 ‘Combined cloud sets manually registered and cleaned.wrp’ file could merit further cleaning if necessary. 

7. Conversion to polygon attempted by multiple methods: 

a. ‘Merge’, Global Registration on, 100% sampling, Auto noise reduction on, max 2.5m triangles – results appear GOOD with edge 
definition quite good and 152 holes - file saved as 'Merge' of three cloud sets (a).wrp  

b. ‘Combine Point Objects’ followed by ‘Wrap’, Noise Reduction on, max 2.5m triangles – results appear GOOD with edge 
definition quite good and 56 holes – file saved as  'Combine' and 'Wrap' of three cloud sets (b).wrp 

8. Cleaning and hole filling for the above polygon outputs: 

a. ‘Merge’ clean-up/hole filling – ‘add polygon’ used to join separated blade and hilt meshes to enable proper hole filling, mesh 
doctor applied as final preparation,  file saved as ‘Merge (a) holes filled.wrp’ 

9. Exact surfacing 

a. Basic manual workflow followed to produce model ‘Merge (a) holes filled exact surface (basic steps).wrp’, also saved in IGES, 
STL (ASCII), and Step (AP214) formats. 
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Step-by-step method 

SOLIDWORKS POST PROCESSING 
 
1. Open STEP format of ‘Merge (a) holes filled exact surface (basic steps)’ 
2. Run ‘Import Diagnostics’ to repair faces (some auto –repaired, two with self-intersecting geometry required face deletion of it and 

one adjoining face, followed by gap healing) – saved as ‘TP2-SMck-6-15-a (model 3).SLDPRT’ 
3. Set material as ‘Plain Carbon Steel’ 
4. ‘Mass Properties’ taken and shown overleaf 
5. Simulation Xpress tool used to simulate a basic beam model – constraint at grip and 10N load applied close to tip and perpendicular 

to cross to induce bending. 
 
SIMULATION SUCCESSFUL – report generated and saved as /…/TP2-SMck-6-15-a (model 3)-SimulationXpress Study-1.docx 
 
 

Notes/comments 
Exact Surfacing process produced much more comprehensive grid with major improvements close to tip. 
 
Need to try more complex simulations and look at moment of inertia in particular 
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----------------------------------------------------------------------------- 
 
Mass properties of TP2-SMck-6-15-a (model 3) 

     Configuration: Default 

     Coordinate system: -- default -- 

 

Density = 0.01 grams per cubic millimeter 

 

Mass = 1468.08 grams 

 

Volume = 188215.42 cubic millimeters 

 

Surface area = 80512.00  square millimeters 

 

Center of mass: ( millimeters ) 

 X = 518.25 

 Y = 250.44 

 Z = -694.11 

 

Principal axes of inertia and principal moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass. 

  Ix = (1.00, -0.00, 0.00)    Px = 756788.53 

  Iy = (0.00, 1.00, 0.01)    Py = 133650031.32 

  Iz = (-0.00, -0.01, 1.00)    Pz = 134330318.81 

 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 758393.00 Lxy = -94213.86 Lxz = 453202.87 

 Lyx = -94213.86 Lyy = 133649986.30 Lyz = 3527.39 

 Lzx = 453202.87 Lzy = 3527.39 Lzz = 134328759.36 

 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the output coordinate system. 

 Ixx = 800131277.62 Ixy = 190445057.59 Ixz = -527645342.59 

 Iyx = 190445057.59 Iyy = 1235248628.77 Iyz = -255191333.28 

 Izx = -527645342.59 Izy = -255191333.28 Izz = 620704400.78 
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A.2.1d Simulation record 

 

Record reference: TP2-SMcK-6-15a Date processed: 12/03/18 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Source folders/files D:\PhD\Experimental work\TP2-SMcK-6-15a\Nikon CMM\Oct 15\Combined post process\Attempt 3\ 

Destination files D:\PhD\SolidWorks\Pendulum simulations\TP2-SMcK-6-15a\ 

Simulation/study type Simple pendulum test (equivalent to empirical pendulum test on same test piece) 

Step-by-step method 

1. Create simple part to be used to represent the pivot, saved as ‘Fixture 1’ 
2. Create Assembly from part and place Fixture 1 in the assembly 
3. Insert Component ‘TP2-SMcK-6-15a (model 3)’ from source folder into the assembly, save Assembly as ‘Simple Pendulum Test - 

TP2-SMcK-6-15a (model 3)’ 
4. Create Coincident Mate between ‘Fixture 1’ (Point 1@Sketch6) and sword model (Vertex<1>) 

 
 In this case the Mate (Pivot Point) is 29mm from the start of the blade, and 93mm (29+64) from the Centre of Mass 
 
5. Create Parallel Mate between ‘Fixture1’ (Front Plane) and sword model (Front Plane) 

 
The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 

6. Open Motion Manager Tab, and select ‘Motion Analysis’ 
7. Rename Tab as ‘Pendulum Simulation’ 
8. Extend to 10s  and apply Gravity in the correct axis (‘Y’) this case 
9. Calculate and run simulation 
10. Manipulate camera orientation/views to create desired output on screen 
11. Create ‘Results and Plots’ for ‘Angular Velocity’ and ‘Angular Displacement’ to clearly show pendulum behaviour and period of 

oscillation @ 2.08 seconds 
12. Save results 
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Record reference: TP2-SMcK-6-15a Date processed: 12/03/18 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Step-by-step method 

 
Motion Study Design/Output: 
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A.2.2 Test piece TP3-SMcK-3-17 

A.2.2a Sword documentation record 

Record reference TP3-SMck-3-17 a/b/c/d Date measured March 2017 Collection reference SMcK-02 

Origin (date/place) 2017, Hanwei Sword name/type Hanwei Tinker Pearce Longsword – replacement blade (blunt) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variants a, b, c, and d relate to four different pommel sizes/masses: 
 
- Variant a is pommel with thickness 12mm 
- Variant b is pommel with thickness 14mm 
- Variant c is pommel with thickness 16mm 
- Variant d is pommel with thickness 18mm 

 

Total length (mm)  1200 Blade length (mm) 893 Hilt length (mm) 307 

Total mass (g)  1315/1357/1399/1441 POB (mm from guard) 95/84/73/63 Hilt width (mm) 222 

Inscriptions/markings None (‘+’ marked on tang to denote ‘front’) 
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BLADE DETAILS 
 

Blade form/style Oakeshott Type XVIIIb (training blunt) 

Cross-section Flattened diamond 

Fuller details Medium width and deep fuller through ¾ of blade length (both sides) 

 
 
 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard (mm) 0 100 200 300 400 500 600 700 800 870 

Blade width (mm) 55.3 48.4 42.6 37.4 32.8 28.5 24.4 20.5 16.3 13.2 

Max. blade thickness (mm) 5.9 6.0 5.1 4.3 4.0 4.1 3.9 3.8 3.1 2.9 

           

Front fuller width (mm) 15.5 13.6 12.5 11.3 10.0 8.8 7.0 - - - 

Front fuller depth (mm) 2 2 2 1.5 1.5 1.5 1.5 - - - 

Back fuller width (mm) 14.9 14.2 13.1 12.2 10.5 9.5 7.8 - - - 

Back fuller depth (mm) 2 2 2 1.5 1.5 1.5 1.5 - - - 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel(s): Type G, disc secured by recessed hex nut, mild steel (machined)  Cross: Style 1, stainless steel (machined) 
 

Pommel diameter:  60 mm       Total cross length:  222 mm 
Pommel thickness(es):  12/14/16/18 mm     Maximum cross-section: 12 mm by 12 mm 
Pommel mass(es)*:  244/286/328/370 g      Minimum cross-section:  12 mm by 8 mm 
 
Grip/Tang 
 

Tang is 19 mm wide at cross, 15 mm mid-grip, and narrowing to 12mm by pommel.  Tang thickness is c.5.5 mm throughout. 
 
Hilt construction is by threaded tang and recessed hex nut in pommel, with finishing screw to fill internal void. 
 
*Pommel masses include mass of recessed hex nut and finishing screw. 



 

226 

 

NOTES 
 
This sword was constructed from an ‘off the shelf’ Hanwei longsword blade, with cross and pommel(s) designed and manufactured at the University.  Four pommel 
sizes/masses were manufactured for the purpose of comparative testing of dynamic properties with changes in pommel mass.  Total cost of components was c. £120. 
 
The blade is blunt, being designed for HEMA (Historical European Martial Arts) training/sparring, and has been designed alongside its sharp equivalent such that both 
blades have the same mass, though mass distribution shows subtle differences between the two swords. 
 
The sword is a training blade representative of c. 15th century longsword (Oakeshott type XVIIIb). 
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DYNAMIC PROPERTIES 
 
TP3-SMck-3-17-a 
 

Pommel thickness = 12 mm   Pommel set mass = 244 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 30.5 cm    
Blade extremity = 120.0cm        CoG from origin = 40.0 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Grip pivot point from origin = 21.5 cm   Cross pivot point from origin = 27.5 cm   
 
Pendulum tests: 
 

Blade length = 0.89 m 
Pommel pivot from grip reference = 0.23 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1315 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.325 

31.2 

1.56 0.604 0.374 0.42 0.258 0.119 31.3 

31.3 

Grip 0.185 

32.8 

1.64 0.667 0.577 0.65 0.162 0.117 32.8 

32.8 

Cross 0.125 

36.8 

1.84 0.840 0.810 0.91 0.138 0.117 36.8 

36.8 
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TP3-SMck-3-17-b 
 

Pommel thickness = 14 mm   Pommel set mass = 286 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 30.5 cm    
Blade extremity = 120.0cm        CoG from origin = 38.9 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Grip pivot point from origin = 21.5 cm   Cross pivot point from origin = 27.5 cm   
 
Pendulum tests: 
 

Blade length = 0.89 m 
Pommel pivot from grip reference = 0.23 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1357 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.314 

31.4 

1.57 0.611 0.381 0.43 0.260 0.126 31.4 

31.5 

Grip 0.174 

33.5 

1.68 0.700 0.610 0.69 0.165 0.124 33.5 

33.5 

Cross 0.114 

38.1 

1.90 0.895 0.865 0.97 0.138 0.120 38.0 

38.0 
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TP3-SMck-3-17-c 
 

Pommel thickness = 16 mm   Pommel set mass = 328 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 30.5 cm    
Blade extremity = 120.0cm        CoG from origin = 37.8 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Grip pivot point from origin = 21.5 cm   Cross pivot point from origin = 27.5 cm   
 
Pendulum tests: 
 

Blade length = 0.89 m 
Pommel pivot from grip reference = 0.23 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1399 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.303 

31.5 

1.58 0.615 0.385 0.43 0.261 0.133 31.5 

31.5 

Grip 0.163 

34.2 

1.71 0.725 0.635 0.71 0.165 0.128 34.2 

34.1 

Cross 0.103 

40.1 

2.00 0.992 0.962 1.081 0.143 0.128 40.0 

40.0 
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TP3-SMck-3-17-d 
 

Pommel thickness = 18 mm   Pommel set mass = 370 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 30.5 cm    
Blade extremity = 120.0cm        CoG from origin = 33.8 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Grip pivot point from origin = 21.5 cm   Cross pivot point from origin = 27.5 cm   
 

Pendulum tests: 
 

Blade length = 0.89 m 
Pommel pivot from grip reference = 0.23 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1441 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.293 

31.7 

1.58 0.619 0.389 0.44 0.261 0.137 31.6 

31.5 

Grip 0.153 

35.0 

1.75 0.760 0.670 0.75 0.168 0.134 35.1 

34.9 

Cross 0.093 

41.9 

2.10 1.094 1.064 1.20 0.147 0.135 42.0 

41.9 
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A.2.2b Scanning documentation record 

Record reference: TP3-SMcK-3-17 Date scanned: 31-Aug-2018 Folder/file names: …//Romer Arm (Aug 18) 

Equipment used Hexagon Metrology, Romer Absolute Arm with laser scanning head: RA-7525 SI-5281-FA 

Fixture(s) and lighting 

 
3D printed fixtures for Tang and Blade mounted on small tripods: 
 
 
 
 
 
 
 
 
 
 
 
 
Standard workshop lighting, with arm and test piece placed on metal work bench 
 

Key scan settings Data capture at 100% sampling, taken directly into GeoMagic 

Description of scans Each version (i.e. TP3a/b/c/d) captured in a single set of scans. 

Other information  
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A.2.2c Post-processing documentation record 

 

Record reference: TP3-SMck-3-17 Date processed: Jul 2017 Software used: GeoMagic Studio 2014/SolidWorks 2014-2015 

Source folders/files //TP3-SMck-3-17/Romer arm tests (Jul 18)/ 

Destination files //TP3-SMck-3-17/Rpmer arm tests (Jul 18)/Combined post process 

Step-by-step method 

 

GEOMAGIC POST PROCESSING 
 

10. TP3a quick and dirty test (6-7-18) imported at 100% sampling, roughly cleaned and saved as ‘Test 1 scans before post processing.wrp’. 

11. Outliers selected at 95.0 sensitivity and deleted. 

12. Wrap and save as ‘Polygon model before cleaning’. 

13. Clean up to remove obvious overlaps and internal mess, save as ‘Polygon model cleaning stage 1’ 

14. Run Mesh Doctor and remove spikes etc., fill simple holes, save as ‘Polygon model cleaning stage 2’ 

15. Bridge and fill complex holes to complete desired area of the model, save as ‘Polygon model cleaning stage 3’ 

16. Enhance mesh for surfacing, save as ‘Polygon model cleaned’ 

17. Run Exact Surfaces Autosurface tool, save as ‘Polygon model cleaned-autosurfaced’ in both wrp and stp (AP214) formats  

 

 

SOLIDWORKS POSTPROCESSING 
 
18. Open ‘Polygon model cleaned-autosurfaced.stp’ file in SolidWorks 
19. Run ‘Import Diagnostics’ and heal problem faces and gaps, save as ‘‘Polygon model cleaned-autosurfaced.sldprt’ 

Notes/comments 

Import Diagnostics successfully healed three faces to give a complete model which (with AISI 5160 applied as material) was c. 
1% overweight.  Given the very rough initial scanning and no checking of other dimensions, this looks favourable compared 
to previous data capture methods. 
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A.2.3 Test piece TP4-SMcK-3-17 

A.2.3a Sword documentation record 

Record reference TP4-SMck-3-17a/b/c/d Date measured March 2017 Collection reference SMcK-03 

Origin (date/place) 2017, Hanwei Sword name/type Hanwei Tinker Pearce Longsword – replacement blade (sharp) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variants a, b, c, and d relate to four different pommel sizes/masses: 
 
- Variant a is pommel with thickness 12mm 
- Variant b is pommel with thickness 14mm 
- Variant c is pommel with thickness 16mm 
- Variant d is pommel with thickness 18mm 

 

Total length (mm)  1195 Blade length (mm) 880 Hilt length (mm) 315 

Total mass (g)  1314/1356/1398/1440 POB (mm from guard) 101/90/79/68 Hilt width (mm) 222 

Inscriptions/markings None (‘+’ marked on tang to denote ‘front’) 
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BLADE DETAILS 
 

Blade form/style Oakeshott type XVIIIb 

Cross-section Flattened diamond 

Fuller details Medium width and deep fuller through 1/3 of blade length 

 
 
 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard (mm) 0 100 200 300 400 500 600 700 800 860 

Blade width (mm) 55.7 46.7 41.3 37.0 33.2 29.5 25.7 22.3 17.4 9.1 

Max. blade thickness (mm) 6.1 5.9 5.2 5.4 4.9 4.6 4.5 4.3 3.8 2.0 

           

Front fuller width (mm) 13.1 12.1 10.5 - - - - - - - 

Front fuller depth (mm) 2.5 2.5 2.0 - - - - - - -- 

Back fuller width (mm) 12.1 11.7 11.0 - - - - - - - 

Back fuller depth (mm) 2.5 2.5 2.0 - - - - - - - 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel(s): Type G, disc secured by recessed hex nut, mild steel (machined)  Cross: Style 1, stainless steel (machined) 
 

Pommel diameter:  60 mm       Total cross length:  222 mm 
Pommel thickness(es):  12/14/16/18 mm     Maximum cross-section: 12 mm by 12 mm 
Pommel mass(es)*:  244/286/328/370 g      Minimum cross-section:  12 mm by 8 mm 
 
Grip/Tang 
 

Tang is 19 mm wide at cross, 15 mm mid-grip, and narrowing to 12mm by pommel.  Tang thickness is c.5.5 mm throughout. 
 
Hilt construction is by threaded tang and recessed hex nut in pommel, with finishing screw to fill internal void. 
 
*Pommel masses include mass of recessed hex nut and finishing screw. 
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NOTES 
 
This sword was constructed from an ‘off the shelf’ Hanwei longsword blade, with cross and pommel(s) designed and manufactured at the University.  Four pommel 
sizes/masses were manufactured for the purpose of comparative testing of dynamic properties with changes in pommel mass.  Total cost of components was c. £120. 
 
The blade is sharp, being designed for HEMA (Historical European Martial Arts) test cutting, and has been designed alongside its blunt equivalent such that both blades 
have the same mass, though mass distribution shows subtle differences between the two swords. 
 
The sword is representative of c. 15th century longsword (Oakeshott type XVIIIb). 
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DYNAMIC PROPERTIES 
 
TP4-SMck-3-17-a 
 

Pommel thickness = 12 mm   Pommel set mass = 244 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 31.5 cm    
Blade extremity = 119.5cm        CoG from origin = 41.6 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Cross pivot point from origin = 28.5 cm  Grip pivot point from origin = 22.5 cm 
 
Pendulum tests: 
 

Blade length = 0.88 m 
Pommel pivot from grip reference = 0.24 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1314 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.341 

31.3 

1.56 0.60 0.36 0.41 0.269 0.116 31.3 

31.2 

Grip 0.191 

32.3 

1.62 0.65 0.56 0.64 0.163 0.115 32.3 

32.3 

Cross 0.131 

36.7 

1.83 0.83 0.80 0.91 0.143 0.120 36.6 

36.7 
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TP4-SMck-3-17-b 
 

Pommel thickness = 14 mm   Pommel set mass = 286 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 31.5 cm    
Blade extremity = 119.5cm        CoG from origin = 40.5 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Cross pivot point from origin = 28.5 cm  Grip pivot point from origin = 22.5 cm 
 
Pendulum tests: 
 

Blade length = 0.88 m 
Pommel pivot from grip reference = 0.24 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1356 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.330 

31.4 

1.57 0.61 0.37 0.42 0.273 0.125 31.5 

31.4 

Grip 0.180 

33.4 

1.67 0.69 0.60 0.68 0.168 0.124 33.5 

33.4 

Cross 0.120 

38.2 

1.91 0.90 0.87 0.99 0.146 0.126 38.3 

38.2 
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TP4-SMck-3-17-c 
 

Pommel thickness = 16 mm   Pommel set mass = 328 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 31.5 cm    
Blade extremity = 119.5cm        CoG from origin = 39.4 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Cross pivot point from origin = 28.5 cm  Grip pivot point from origin = 22.5 cm 
 
Pendulum tests: 
 

Blade length = 0.88 m 
Pommel pivot from grip reference = 0.24 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1398 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.319 

31.5 

1.58 0.62 0.38 0.43 0.276 0.134 31.5 

31.6 

Grip 0.169 

34.2 

1.72 0.73 0.64 0.73 0.172 0.132 34.2 

34.3 

Cross 0.109 

39.9 

1.99 0.98 0.95 1.08 0.149 0.132 39.9 

39.8 
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TP4-SMck-3-17-d 
 

Pommel thickness = 18 mm   Pommel set mass = 370 g    
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 31.5 cm    
Blade extremity = 119.5cm        CoG from origin = 38.3 cm 
Hilt vibration node from origin = 17 cm  Blade vibration node from origin = 83 cm 
Pommel pivot point from origin = 7.5 cm Cross pivot point from origin = 28.5 cm  Grip pivot point from origin = 22.5 cm 
 
Pendulum tests: 
 

Blade length = 0.88 m 
Pommel pivot from grip reference = 0.24 m 
Cross pivot point from grip reference = 0.03 m 
Grip pivot from grip reference = 0.09 m 
 

Total mass (m): 1440 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.308 

31.7 

1.59 0.63 0.39 0.44 0.279 0.142 31.7 

31.7 

Grip 0.158 

35.1 

1.76 0.77 0.68 0.77 0.175 0.139 35.1 

35.1 

Cross 0.098 

42.0 

2.10 1.09 1.06 1.20 0.154 0.140 41.9 

41.9 
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A.2.3b Scanning documentation record 

Record reference: TP4-SMcK-3-17 Date scanned: 31-Aug-2018 Folder/file names: …//Romer Arm (Aug 18) 

Equipment used Hexagon Metrology, Romer Absolute Arm with laser scanning head: RA-7525 SI-5281-FA 

Fixture(s) and lighting 

3D printed fixtures for Tang and Blade mounted on small tripods: 
 
 
 
 
 
 
 
 
 
 
 
 
Standard workshop lighting, with arm and test piece placed on metal work bench 

Key scan settings Data capture at 100% sampling, taken directly into GeoMagic 

Description of scans Each version (i.e. TP4a/b/c/d) captured in a single set of scans. 

Other information  
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A.2.3c Post-processing documentation record 

Record reference: TP4-SMck-3-17 Date processed: August 2018 Software used: GeoMagic Studio 2014/SolidWorks 2014-2015 

Source folders/files //TP4-SMck-3-18/Romer arm tests (Aug 18)/ 

Destination files //TP4-SMck-3-18/Romer arm tests (Aug 18)/TP4b/ 

Step-by-step method 

 

GEOMAGIC POST PROCESSING 
 

20. TP4a scan imported at 100% sampling, roughly cleaned, and saved as ‘tp4b 31-8-18 cloudpoint cleaned.wrp’. 

21. Uniform Sampled (curvature high priority) at 10% and saved as ‘tp4b 31-8-18 cloudpoint cleaned 10% sampled.wrp’ 

22. Outliers selected at 95.0 sensitivity and deleted. 

23. Wrap and save as ‘Polygon model before cleaning’. 

24. Clean up to remove obvious overlaps and internal mess, save as ‘Polygon model cleaning stage 1’ 

25. Run Mesh Doctor and remove spikes etc., fill simple holes, save as ‘Polygon model cleaning stage 2’ 

26. Bridge and fill complex holes to complete desired area of the model, save as ‘Polygon model cleaning stage 3’ 

27. Enhance mesh for surfacing, save as ‘Polygon model cleaned’ 

28. Run Exact Surfaces Autosurface tool, save as ‘Polygon model cleaned-autosurfaced’ in both wrp and stp (AP214) formats  

 

 

Notes/comments 
Quick check – model volume = 175cm3 @7.8g/cm3 = 1365g versus 1356g measured (c. 0.7% error) suggesting successful data capture 
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A.2.4 Test piece TP5-SMcK-6-17 

A.2.4a Sword documentation record 

SWORD OVERVIEW 
 

Record reference TP5-SMcK-6-17 Date measured 21-Jun-17 Collection reference SMcK-04 

Origin (date/place) 2017, Mateusz Sulowski Sword name/type Reproduction representative of C14th war sword (Oakeshott type XVIa) 

 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Total length (mm)  1182 Blade length (mm) 909 Hilt length (mm) 273 

Total mass (g)  1349 POB (mm from guard) 101 Hilt width (mm) 240 

Inscriptions/markings None      
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BLADE DETAILS 
 

Blade form/style Representative of C14th war sword (Oakeshott type XVIa), straight, double-edged, sharp 

Cross-section Flattened lenticular transitioning to flattened diamond  

Fuller details Medium width with distinct/crisp transition on both sides, running ½ of blade length 

 
 
 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard (mm) 0 80 180 280 380 480 580 680 780 880 

Blade width (mm) 48.0 45.5 42.5 39.1 35.9 32.4 28.8 25.5 21.3 12.2 

Max. blade thickness (mm) 5,5 5.3 4.9 4.7 4.6 4.8 4.2 4.0 3.7 3.3 

           

Front fuller width (mm) 14.8 13.8 13.3 11.7 10.1 - - - - - 

Front fuller depth (mm) 1.5 1.5 1 1 0.5 - - - - - 

Back fuller width (mm) 15.0 14.0 13.0 12.0 8.9 - - - - - 

Back fuller depth (mm) 1.5 1.5 1 1 0.5 - - - - - 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel: Type T   
 

Octagonal scent stopper with ‘domed’ end 
    
Cross: Style  
 

Total cross length:  240mm 
Maximum cross-section:   11mm by 10mm   
Minimum cross-section:  8mm by 8mm 
 
Grip/tang 
 

Waisted wood core with leather wrap (including risers) 
 
Hilt construction is secured by hot-peen, with peen near flush at pommel end. 
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NOTES 
 
This sword commissioned in Feb 2017 from Mateusz Sulowski and completed in June 2017, and was hand forged in 6150 steel. 
 
The sword is intended to be representative of a typical ‘war sword’ as might be in use during in the 14th century and is closest in style to Oakeshott Type XVIa.   
 
When acquired, the sword appeared to be of solid construction with no rattle or loose components. 
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DYNAMIC PROPERTIES 
 
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 27.3 cm    
Blade extremity = 118.2 cm        CoG from origin = 37.4 cm 
Hilt vibration node from origin = 15 cm  Blade vibration node from origin = 82 cm 
Pommel pivot point from origin = 0.075 cm Cross pivot point from origin = 24.5 cm 
 
Pendulum tests: 
 

Blade length = 0.909 m 
Pommel pivot from grip reference = 0.198 m 
Cross pivot point from grip reference = 0.028 m 
 
Total mass (m): 1349 g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.299 

31.4 

1.57 0.611 0.413 0.454 0.246 0.125 31.3 

31.3 

Cross 0.129 

37.2 

1.86 0.858 0.83 0.913 0.149 0.127 37.2 

37.2 
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A.2.5 Test piece TP6-SMcK-6-17 

A.2.5a Sword documentation record 

SWORD OVERVIEW 
 

Record reference TP6-SMcK-6-17 Date measured 21-Jun-17 Collection reference SMcK-05 

Origin (date/place) 2017, Mateusz Sulowski Sword name/type Reproduction representative of C14th arming sword (Oakeshott type XIV) 

 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Total length (mm)  810 Blade length (mm) 652 Hilt length (mm) 158 

Total mass (g)  1077 POB (mm from guard) 100 Hilt width (mm) 198 

Inscriptions/markings Copper inlaid cross on either side of pommel face 
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BLADE DETAILS 
 

Blade form/style Representative of C14th arming sword (Oakeshott type XIV), straight, double-edged, sharp 

Cross-section Flattened lenticular transitioning to heavily flattened diamond  

Fuller details Medium width with crisp transitions, through c. 2/3 of blade length 

 
 
 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Distance from guard (mm) 0 102 202 302 402 502 602 - - - 

Blade width (mm) 72.0 58.7 52.0 46.2 40.5 33.7 21.3 - - - 

Max. blade thickness (mm) 4.8 4.6 4.4 4.1 3.7 3.4 3.1 - - - 

           

Front fuller width (mm) 14.9 14.6 14.0 11,5 7.4 - - - - - 

Front fuller depth (mm) 1.5 1 1 1 0.5 - - - - - 

Back fuller width (mm) 15.4 15.0 14.0 11.5 7.2 - - - - - 

Back fuller depth (mm) 1.5 1 1 1 0.5 - - - - - 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel: Type J 
 

Large ‘disc’, Diameter: 49 mm Total Thickness:  12 mm 
Small ‘disc’, Diameter: 20 mm Total Thickness: 28 mm 
 
Cross potent is inlaid (in copper?) into each face of the pommel’s small disc 
    
Cross: Style  
 

Total cross length:  198mm 
Maximum cross-section:   18mm by 18 mm   
Minimum cross-section:  8mm by 8mm 
 
Grip/tang 
 

Wood core with leather wrap (including risers) 
 
Hilt construction is secured by hot-peen, with peen near flush at pommel end. 
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NOTES 
 
This sword commissioned in Feb 2017 from Mateusz Sulowski and completed in June 2017, and was hand forged in 6150 steel. 
 
The sword is intended to be representative of a typical ‘arming sword’ as might be in use during in the 14th century, for example for sword and buckler work, and is 
closest in style to Oakeshott Type XIV.   
 
When acquired, the sword appeared to be of solid construction with no rattle or loose components.   
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DYNAMIC PROPERTIES 
 
Hilt extremity = 0 cm         Grip reference (start of blade) from origin = 16 cm    
Blade extremity = 81 cm        CoG from origin = 26 cm 
Hilt vibration node from origin = 10 cm  Blade vibration node from origin = 50 cm 
Pommel pivot point from origin = 6 cm  Cross pivot point from origin = 12.5 cm 
 
Pendulum tests: 
 

Blade length = 0.652 m 
Pommel pivot from grip reference = 0.06 m 
Cross pivot point from grip reference = 0.125 m 
 
Total mass (m): 1077g 
Percussion length (l) = 0.248T2 

Moment of Inertia at pivot point (IP) = ldm 
Moment of inertia at centre of mass (ICOM) = Ip – md2 
 

Pivot 

Point 

Pivot point from 

Centre of Mass, d (m) 

Time for 20 

oscillations (s) 

Period of 

oscillation, T (s) 

Percussion 

length, l (m) 

Percussion 

point from 

guard (m) 

Percussion point 

as proportion of 

blade 

Moment of Inertia 

at pivot, Ip (kgm2) 

Moment of Inertia at Centre 

of Mass, Icom (kgm2) 

Pommel 0.200 

25.8 

1.29 0.413 0.313 0.480 0.089 0.046 25.7 

25.8 

Cross 0.135 

27.1 

1.35 0.452 0.417 0.640 0.066 0.046 27.0 

27.0 
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Appendix 3 – Historical artefact records 

This appendix contains records for the historical artefacts that were studied using the research 

methodology.  The important data contained within this appendix is reproduced (with 

appropriate narrative) in Chapter 4 of this thesis.  The specific records contained are as follows: 

1. HP1–PW 

a. Sword documentation record 

b. Scanning documentation record 

c. Post-processing documentation record 

d. Simulation record 

e. Database record 

2. HP2-YORCM-CA1296 

a. Post-processing documentation record 

b. Simulation record 

c. Database record 

3. HP3-YORCM-CA701 

a. Post-processing documentation record 

b. Database record 

4. HP4-RA-IX13 

a. Post-processing documentation record 

b. Database record 

5. HP5-RA-IX915 

a. Post-processing documentation record 

b. Database record 

6. HP6-RA-IX1083 

a. Post-processing documentation record 

b. Database record 

7. HP7-RA-IX2155 

a. Post-processing documentation record 

b. Database record 

8. HP8-RA-IX5614 

a. Post-processing documentation record 

b. Database record 
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A.3.1 HP1-PW records 

A.3.1a – Sword documentation record 

 

 

 

 

 

Sword Reference: HP1-PW 

 

 

 

c. 14th Century, two-handed, knightly sword, in private collection.  

Possible links to de Lacy family 
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SWORD OVERVIEW 
 

Record reference HP1-PW Date measured 20-Jul-17 
Collection 
reference 

Private (PW) 

Origin (date/place) 
c. 14th 
century 

Sword 
name/type 

Two-handed, Type XVII/XVIII mix (does not 
neatly fit Oakeshott typology) 

Total length (mm)
  

1300 
Blade length 
(mm) 

1050 
Hilt length 
(mm) 

250 

Total mass (g)  1185 
POB (mm from 
guard) 

170 
Hilt width 
(mm) 

315 

Inscriptions/markings None visible 

 
 
 
 
 
 
 
 
 

NOTES 
 

An unusual historical example, overall size suggests 2-handed yet very light, long and slender in 
design with a lenticular blade and no fuller, which is unusual.  Provenance is not certain but 
connections to the de Lacy family are possible.    
 
BLADE DETAILS 
 

Blade 
form/style 

Long narrow blade, does not obviously conform to an Oakeshott type – XVII/XVIII 
hybrid, likely to be quite rigid in the thrust  

Cross-section Predominantly lenticular form, though could be approaching flattened hexagonal 

Fuller details No visible fuller 

 
Point 

1 
Point 

2 
Point 

3 
Point 

4 
Point 

5 
Point 

6 
Point 

7 
Point 

8 
Point 

9 
Point 

10 

Distance 
from guard 

(mm) 
100 200 300 400 500 600 700 800 900 1000 

Blade width 
(mm) 

33 32 28 28 27 26 25 24 22 22 

Max. blade 
thickness 

(mm) 
4.8 4.6 4.7 4.3 4.0 4.2 3.8 3.8 3.8 3.6 

Front fuller 
width (mm) 

          

Front fuller 
depth (mm) 

          

Back fuller 
width (mm) 

          

Back fuller 
depth (mm) 
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HILT DETAILS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pommel 
 

Unusual pommel design, close to Type H but with central indentation and no visible signs of peen. 
Pommel diameter:  57 mm 
Indent diameter:  14 mm 
Pommel thickness:  23 mm 
    
Cross (Style 1)  
 

Total cross length:  315 mm 
Maximum cross-section:   15 mm by 10 mm   
Minimum cross-section:  8 mm by 8 mm 
 
Grip/tang 
 

Rectangular cross-section, 19mm wide at cross tapering gradually to 11mm at pommel, thickness varying 3-

4mm. 

NOTES 
Pommel size is large and must be assumed to be partially hollow since, if solid, would have a mass of c. 
(3.14*(0.0285)2*0.023)*7800 = 460 g which does not tally with over (low) mass of the sword.  (Modelling 
confirms this where a solid pommel takes the model well over true mass). 
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MODELLING AND SIMULATION OUTPUT 
 

 
Software: GeoMagic 
 
This image shows the cloud point data 
generated by scanning, once outliers and 
fixtures have been removed.  The two 
missing sections, one in the tang and one 
in the blade, are where the artefact was 
held during the scanning process. 
 
Note, the original scan data was sampled 
at 10% to give a c. 400,000 point model 

which has approximate surface texture but good/complete overall geometry for subsequent conversion 
into a solid model. 
 
 
 

 
Software: GeoMagic 
 
This image is of the complete polygon 
model.  It has been generated from the 
cloud point data by creation of a surface 
(i.e. connecting each point to its 
neighbours via a set of triangles) and 
subsequent steps of ‘cleaning’ of the data 
to remove any anomalies (twisted/self-
intersecting surfaces, tunnels, small holes, 
etc.) and manual filling of any significant 

holes – e.g. at fixturing points and along blade edges, 
 
 
 

 
Software: GeoMagic 
 
The image shows the model after 
surfacing, which is the final stage in 
GeoMagic before exporting in a suitable 
format for CAD analysis work. 
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Software: SolidWorks 
 
This image is of the SolidWorks 
solid model after the process of 
importing and assignment of 
materials properties. 
 
A check of mass properties 
showed the model to be 
overweight by c. 145g which is 
due to the original artefact having 
a semi-hollow pommel that 
cannot be captured by surface 
scanning.  To overcome this 
inaccuracy, the pommel was 

separated in the model, assigned the correct mass, and then mated back onto the blade to give a final 
model that is both geometrically accurate and has the correct mass distribution. 
 
 
 
 
 
 

 
Software: SolidWorks 
 
Use of ‘Curves’ commands in 
SolidWorks makes it possible to 
show blade cross section at 
defined points down the blade.  In 
this case (see left) 10 points, each 
100mm apart were selected, 
showing the consistent lenticular 
cross-section of the blade 
throughout its length. 
 
It is also possible using the 

‘Section View’ option to move through the length of the sword on-screen showing cross-section throughout 
(see video below) 
 

HP1-PW Part model.avi
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Software: SolidWorks 
 
This image shows the motion analysis simulation tool being used to simulate a pendulum test on the 
artefact. 
 
From this test (and the period of oscillation) it is possible to calculate the percussion length for any set of 
pivot points and, therefore, to identify the Centre of Percussion (CoP) on the sword without the need to 
undergo empirical tests.   
 
The motion analysis simulation can be seen in this video clip: 

HP1-PW Pendulum assembly and test.avi
 

 

The calculation of CoP and Moments of Inertia are shown below: 
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A.3.1b - Scanning record sheet 

 

Record reference: HP1-PW Date scanned: 01-Oct-2018 Folder/file names: 
D:\PhD\Sword database\HP1-PW\HP1-PW 
Romer scans (01-10-18)\Raw data 

Equipment used Hexagon Metrology, Romer Absolute Arm with laser scanning head: RA-7525 SI-5281-FA 

Fixture(s) and lighting 

 
3D printed fixtures for Tang and Blade mounted on small tripods: 
 
 
 
 
 
 
 
 
 
 
 
 
Standard room lighting, with arm mounted on tripod and test piece placed on desk 
 

Key scan settings Data capture at 100%, scan to point cloud using PCDMIS for capture, and then exported as ‘XYZ’ data for post processing 

Description of scans Full scan was captured from a single position  

Other information At time of scanning, this Arm was on loan to NPL from Hexagon 
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A.3.1c – Post-processing documentation record 

Record reference: HP1-PW Date processed: Oct 18 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP1-PW\HP1-PW Romer Scans (1-10-18)\Raw data 

Destination files D:\PhD\Swords database\HP1-PW\HP1-PW Romer Scans (1-10-18)\Post Process attempt 1 

Step-by-step method 

GeoMagic 
 

1. Import ‘HP1-PW scan 2’ sampled at 10% (higher samples give better surface texture but create more holes so for mass 
distribution model, low sample works better), delete obvious fixture points and disconnected points, save as ‘HP1-PW scan2 
imported.wrp’ 

2. Apply wrap (no sampling), save as ‘HP1-PW Polygon model pre-cleaning’ 
3. Run Mesh Doctor and Auto-repair, save as ‘HP1-PW Polygon model stage 1 cleaning’  
4. Fill holes manually apart from at fixtures, save as ‘HP1-PW Polygon model stage 2 cleaning’ 
5. Fill holes at fixtures (use bridging as required), save as ‘HP1-PW Polygon model stage 3 cleaning’ 
6. Run Mesh Doctor to remove tunnels, and self-intersections, fill holes, save as ‘HP1-PW Polygon model cleaned’ 
7. Decimate to 400,000 triangles and enhance for surfacing (default settings) 
8. Run Mesh Doctor and Auto-repair to remove final issues, save as ‘‘HP1-PW Polygon model final’ 
9. Run Exact Surfacing/AutoSurface with default settings, save as ‘HP1-PW Surface model’ in wrp and stp (AP214) formats 
 

SolidWorks 
 

10. Open Surface model.stp file 
11. Run Import Diagnostics (no gaps/repairs required in this case), save as ‘HP1-PW Part model.sldprt’ 
12. Check key dimension against empirical data as a sanity check: 
 

Parameter   Measured (mm)   Model value (mm) 
 

Total length           1300   1294   
Width of cross            315    316 
Blade width near hilt            33     33 
Blade thickness near hilt          4.8    4.7 
Pommel diameter           57      57   
   



 

262 

 

 

13. Set ‘Plain Carbon Steel’ as materials and ‘Check Mass Properties’: 
 

Mass properties of HP1-PW Part model 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Density = 0.01 grams per cubic millimeter 
 

Mass = 1330.59 grams 

 

Volume = 170588.40 cubic millimeters 
 

Surface area = 81007.00  square millimeters 
 

Center of mass: ( millimeters ) 

 X = 696.46 

 Y = 143.89 

 Z = 257.53 
 

Principal axes of inertia and principal moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass. 

  Ix = ( 0.15,  0.99,  0.00)    Px = 1494940.58 

  Iy = ( 0.07, -0.01,  1.00)    Py = 168565865.39 

  Iz = ( 0.99, -0.15, -0.07)    Pz = 170015707.09 
 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 166216877.47 Lxy = 24989159.62 Lxz = 67124.00 

 Lyx = 24989159.62 Lyy = 5286316.47 Lyz = -266321.61 

 Lzx = 67124.00 Lzy = -266321.61 Lzz = 168573319.12 
 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the output coordinate system. 

 Ixx = 282011038.69 Ixy = 158333416.34 Ixz = 238716468.42 

 Iyx = 158333416.34 Iyy = 738936442.13 Iyz = 49039912.06 

 Izx = 238716468.42 Izy = 49039912.06 Izz = 841528559.83 

 
Model shows mass = 1,331g, which is 146g over true mass (1185g) compared to the artefact.  Overall dimension seems correct which 
indicates a semi-hollow pommel. 
 
SOLUTION PROPOSED: spilt the sword into separate parts (1. pommel and 2. tangs/cross/blade), assign custom material properties to 
the pommel to give it the correct mass, and then fix the pieces back together for subsequent simulations. 
 
Continued overleaf… 
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14. Create a plane for separation as close to the tang/pommel boundary as possible. 
15. Cut to create two parts (Pommel and Blade). 
16. Open ‘Blade’, set as plain carbon steel and ‘Check Mass Properties’ for mass = 911g (i.e. pommel should be 1185 – 911 = 274g) 
17. Open ‘Pommel’ and ‘Check Mass Properties’ for volume = 53649mm3 (274g in 53649 mm3 equates to a density of 0.00511 g/mm3) 
18.  Over-ride ‘Pommel’ density in ‘Mass Properties’ and set density to 0.00511g/mm3 to give pommel mass of 274 g 
19.  Create an Assembly of the two components, locked together, save as ‘HP1-PW Reassembled Sword’  
20. ‘Check Mass Properties’ ; mass = 1185 g and Centre of Mass 160 mm from guard (versus c. 170mm measured): 
 

Mass properties of HP1-PW Reassembled sword 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Mass = 1185.41 grams 
 

Volume = 170477.96 cubic millimeters 
 

Surface area = 81099.99  square millimeters 
 

Center of mass: ( millimeters ) 

 X = 491.04 

 Y = 745.60 

 Z = 1045.67 
 

Principal axes of inertia and principal moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass. 

  Ix = ( 0.15,  0.99,  0.00)    Px = 1459643.86 

  Iy = ( 0.07, -0.01,  1.00)    Py = 149596134.41 

  Iz = ( 0.99, -0.15, -0.07)    Pz = 151022782.25 
 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 147678887.24 Lxy = 22085923.01 Lxz = 67176.29 

 Lyx = 22085923.01 Lyy = 4796080.47 Lyz = -263274.17 

 Lzx = 67176.29 Lzy = -263274.17 Lzz = 149603592.82 
 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the output coordinate system. 

 Ixx = 2102849210.05 Ixy = 456090170.73 Ixz = 608739020.49 

 Iyx = 456090170.73 Iyy = 1586795544.11 Iyz = 923952655.67 

 Izx = 608739020.49 Izy = 923952655.67 Izz = 1094429099.60 
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It is possible to generate cross-sections 
using the ‘Curves’ commands in 
GeoMagic, but these entities are not 
easily manipulated for subsequent use 
in other forms of output. 
 
They do, however, give an easy visual 
representation of the blade’s cross-
section along its length.   
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GeoMagic 
 
21. Open ‘HP1-PW Polygon model final’ 
22. In ‘Curves’ tab, select ‘Create by Section’ 
23. Align to XY-Plane, select Multiple Curves and 10 Sections at 100mm spacing 
24. Adjust plane position to centre on blade so that all 10 planes will intersect and then apply 
25. Save as ‘HP1-PW Polygon model with curves x-sections’ (see output above) 
 
Alternatively, use the ‘Trim’ tool within the Polygons tab to trim at multiple points in the XZ plane to create x-sections: 
 
26. Open ‘HP1-PW Polygon model final and click on the ‘Trim with Plane’ tool 
27. Select the correct plane or create and adjust position until close to the cross (+250mm in this case) 
28. Click ‘Intersect Plane’, ‘Delete Selection’ and ‘Close Intersection’ 
29. Repeat trim at 1mm difference (+249mm in this case), but ‘Reverse Selection’ before Delete to leave a thin section  
 
This can then be repeated for each point required (but it is a slow process) … 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
… and presentation is still not ideal? 
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SolidWorks 
 
30. Open ‘HP1-PW Part model’ 

31. Click ‘Section View’, select appropriate plane (Top Plane in this case) and use slider (see image/video below)  

32. Repeat for any chosen position 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HP1-PW Part model.avi
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A.3.1d – Simulation record 

 

Record reference: HP1-PW Date processed: 03-10-18 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Source folders/files D:\PhD\Swords database\HP1-PW\HP1-PW Romer Scans (1-10-18)\Post Process attempt 1 

Destination files D:\PhD\Swords database\HP1-PW\HP1-PW Romer Scans (1-10-18)\Post Process attempt 1 

Simulation/study type Simple pendulum test  

Step-by-step method 

1. Create simple part to be used to represent the pivot, saved as ‘Pendulum fixture’ 
2. Create Assembly from part and place Fixture 2 in the assembly and save as ‘HP1-PW Pendulum assembly and test’ 
3. Insert Components ‘Blade’ and ‘Pommel’ into assembly and create mates to join, save assembly 
4. Create Coincident Mate between ‘Fixture2’ (Point1@Sketch6) and sword blade (Vertex<1>@Blade-1) 

 

In this case the Mate (Pivot Point) is 34mm from start of the blade and c 192mm from the Centre of Mass 
 

5. Create Parallel Mate between ‘Fixture2’ (Front Plane) and ‘Blade’ (Right Plane) 
 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 

6. Open Motion Manager Tab, and select ‘Motion Analysis’ 
7. Rename Tab as ‘Pendulum Simulation’ 
8. Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 
9. Calculate and run simulation 
10. Manipulate camera orientation/views to create desired output on screen 
11. Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.85 

seconds 
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Record reference: HP1-PW Date processed: 03-10-18 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Step-by-step method 

 

Motion Study Design/Output: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HP1-PW Pendulum assembly and test.avi
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Record reference: HP1-PW Date processed: 03-10-18 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Step-by-step method 

 
 
Centre of Percussion and Moment of Inertia Calculations (from simulated results) 
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A.3.1e – Database record 

 

 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

PLACE IMAGES HERE 

 

 

 

 

 

 

 

 

 

 

Research reference HP1-PW 

Collection (and any reference) Private Collection (Swords and Pistols Ltd) 

Date added October 2018 

Summary description: 

A two-handed, knightly sword of unusual design, thought to be c. 14th century in origin, with 
possible links to the ‘de Lacy’ family in Yorkshire. 
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OVERVIEW 

Detailed description 
including key 
features, Oakeshott 
classification, 
history/ provenance, 
condition, etc. 

This sword is currently in a private collection and retained as a study/ 
research piece.  The current owner acquired the piece at an auction at 
the Community of the Resurrection, Mirfield, West Yorkshire in 
November 2012.  It had been hanging on a chapel wall for c. 40-50 years 
and it is not known exactly how it came into the possession of the 
Community but it is believed to have been donated by a noble family. 

The sword is unusual in design, being very long (suggesting two-handed 
use) but also very slender and lightweight for its length.  The blade is 
narrow (only 33 mm wide close to the cross), of lenticular cross-section 
and with no fuller.  It has a gradual and uniform profile taper until close 
to the rounded ‘spatulate’ point.  The blade also has a gradual distal 
taper with maximum thickness of 4.8 mm close to the cross reducing to 
3.6 mm just before the final taper to the point.  In terms of classification, 
the blade does not neatly fit into any Oakeshott typology.  The size and 
form suggest it is most likely 13th – 14th century in origin. 

The cross is Type 1, straight and generally rectangular in cross-section 
with a gentle taper from the centre to the tips. 

The pommel is unusual, being circular (Type H) and rather thick, but with 
shallow circular indentations (14 mm diameter) on each side, and no 
visible peen.  Given the size and light weight of the pommel/sword, it 
would appear that the pommel is partially hollow (confirmed by 
modelling) and it is unclear how the pommel is constructed. 

The sword has extensive oxidation/corrosion throughout and has 
noticeable bends in the tang and close to the blade tip.  Condition 
appears too good for a river find but levels of corrosion are too great to 
suggest deliberate preservation (e.g. in an armoury).  It is possible the 
sword spent an extended period in a family vault or similar environment. 

Significant 
dimensions 

Overall length:  1300mm (51¼“) 

Blade length:  1050 mm (41¼“) 

Cross width:  315mm (12½“) 

Pommel diameter: 57mm (2¼“) 

Pommel thickness: 23mm (1“) 

Max. blade width: 33mm 

Blade thickness: 4.8mm at cross, 3.6mm near point 

Mass properties Total mass:  1185g (2lbs 10oz) 

Centre of Mass: 170mm (6¾“) from cross 

Other notes There are no obvious signs of decoration or inscription on the sword, 
though the condition would likely mask any original features of this type. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic: 
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Creating multiple intersecting curves it can be clearly seen that the lenticular cross-section is 

consistent throughout the length of the blade: 

 

 

PENDULUM SIMULATION 

Video of ‘Section View’ from SolidWorks showing lenticular cross-section throughout blade: 
 

HP1-PW Part model.avi
 

 

Pendulum simulation: 
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This image shows the motion analysis simulation tool being used to simulate a pendulum test on 
the artefact. 

The motion analysis simulation can be seen in this video clip: 

HP1-PW Pendulum assembly and test.avi
 

 

From this test (and the period of oscillation) it is possible to calculate the percussion length for any 
set of pivot points and, therefore, to identify the Centre of Percussion (CoP) on the sword without 
the need to undergo empirical tests. 
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A3.2 – HP2-YORCM-CA1296 records 

A.3.2a – Post-processing documentation record 

Record reference: HP2 (CA1296) Date processed: 27/08/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP2 - YORCM - CA1296\Original scan data (21-08-19) 

Destination files D:\PhD\Swords database\HP2 - YORCM - CA1296\Post process 1 (25 percent sample and as is form) 

Step-by-step method 

 

GeoMagic 
 

1. Open ‘Scan set 1’ 
2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 25% and save as ‘Scan set 1 raw data’ 
3. Combine Points Objects and save as ‘Scan set 1 cloud point cleaned’ 
4. Wrap to generate polygon model 
5. Run mesh doctor, Remove Spikes, Auto Repair, and save as ‘Scan set 1 polygon stage 1 cleaning’ 
6. Use Fill Single hole tool to complete model, save as ‘Scan set 1 polygon cleaned’ 

 

NOTE: significant missing areas on the cross 
 

7. Open ‘Scan set 2’ 
8. Delete ‘unordered data’, remove obvious outliers and fixtures, sample to 10,000,000 points and save as ‘Scan set 2 raw data’ 
9. Combine Points Objects, Reduce Noise, remove Outliers (0.95 sensitivity) and save as ‘Scan set 2 cloud point cleaned’ 
10. Wrap to generate polygon model and decimate to 20% (c. 4m triangles) 
11. Run mesh doctor, Remove Spikes, Auto Repair, and save as ‘Scan set 2 polygon stage 1 cleaning’ 
12. Use Fill Single hole tool to complete model, save as ‘Scan set 2 polygon cleaned’ 

 

NOTE: ‘Unordered data’ generated multi-layering issues and may not covert well (combining hilt scan with scan set 1 may work 
better). 
 

13. Open ‘Scan set 3’ 
14. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 25% and save as ‘Scan set 3 raw data’ 
15. Combine Points Objects and save as ‘Scan set 3 cloud point cleaned’ 
16. Run Manual Registration and then Global Registration with scan 1 clean cloud point, save as ‘Combine 1 and 3 cloud point’ 
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17. Combine scans, Reduce Noise, reduce to 2m points and save as ‘Complete cloud point cleaned’ 
18. Wrap to generate polygon model (max 2.5m triangles) 
19. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘Complete polygon stage 1 cleaning’ 
20. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘Complete polygon cleaned’ 

 

Quick check, Model volume = 182,919 mm3 or 183 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 1,427 g (versus 1,415 g 
measured) 
 

Discrepancy (less than 1%) could be from: 
 

- Differing material density (carbon steel can be as low as 7.75 g/cm3 which would give a result of 1,418 g) and/or 
- Small hollow(s) if tang and pommel are not a perfect fit 

 

However, the check suggests a reliable overall model has been captured. 
 

21. Run Exact Surfacing/AutoSurface with default settings, save as HP2-YORCM-CA1296 Surface model in wrp and stp (AP214) 
formats 

 
 
SolidWorks 
 

22. Open Surface model.stp file 
23. Run Import Diagnostics (no gaps/repairs required in this case), save as HP2-YORCM-CA1296 Part model 
24. Set Plain Carbon Steel as Material and check mass properties: 

 
 
P.T.O. 
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------------------------------------------------------------------------------------------------------------ 
Mass properties of HP2-YORCM-CA1296 Part model 

     Configuration: Default 

     Coordinate system: -- default -- 

 

Density = 7800000.000 grams per cubic meter 

 

Mass = 1420.669 grams 

 

Volume = 0.000 cubic meters 

 

Surface area = 77035.816  square millimeters 

 

Center of mass: ( millimeters ) 

 X = 672.091 

 Y = 245.299 

 Z = 330.620 

 

Principal axes of inertia and principal moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass. 

  Ix = (-0.089,  0.996, -0.030)    Px = 493492.897 

  Iy = ( 0.015,  0.031,  0.999)    Py = 108312205.383 

  Iz = ( 0.996,  0.088, -0.018)    Pz = 108731284.376 

 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 107881758.698 Lxy = -9546381.386 Lxz = 291936.373 

 Lyx = -9546381.386 Lyy = 1438513.205 Lyz = -3196299.203 

 Lzx = 291936.373 Lzy = -3196299.203 Lzz = 108216710.753 

 

Moments of inertia: ( grams *  square millimeters ) 

Taken at the output coordinate system. 

 Ixx = 348658822.091 Ixy = 224670153.987 Ixz = 315974275.612 

 Iyx = 224670153.987 Iyy = 798456618.641 Iyz = 112021267.936 

 Izx = 315974275.612 Izy = 112021267.936 Izz = 835426198.192 

 
------------------------------------------------------------------------------------------------------ 
 
Model mass of 1421g versus measured mass of 1415g represents a 0.4% error 
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Polygon model 
(GeoMagic) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solid model 
(SolidWorks) 
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          100mm from cross   350mm from cross   600mm from cross 
 

Maximum blade width of 49mm 
Blade length of 752mm 
Pommel thickness of 43mm 
Maximum pommel diameter of 63mm 
 

Notes 
Model accuracy looks good with key dimensions matching physical measurements well and overall volume/mass a very close match 
to physical properties measured. 
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A.3.2b – Simulation record 

 

Record reference: HP2 (CA1296) Date processed: 27-04-20 Software used: SolidWorks 2018-2019 (Motion Analysis) 

Source folders/files D:\PhD\Swords database\HP2 - YORCM - CA1296\Post process 1 (25 percent sample and as is form) 

Destination files D:\PhD\Swords database\HP2 - YORCM - CA1296\Post process 1 (25 percent sample and as is form) 

Simulation/study type Simple pendulum test  

Step-by-step method 

13. Create simple part to be used to represent the pivot, saved as ‘Pendulum fixture’ 
14. Create Assembly from part and place fixture in the assembly and save as ‘HP3 Pendulum assembly and test’  
15. Create Coincident Mate between Fixture (Point1@Sketch6) and sword blade (Vertex<1>@HP2-YORCM-CA1296) 

 

In this case the Mate (Pivot Point) is 36mm from start of the blade and 112mm from the Centre of Mass 
 

16. Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP2’ (Right Plane) 
 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 

17. Enable SolidWorks Motion in SolidWorks Add-Ins tab 
18. Open Motion Manager Tab, and select ‘Motion Analysis’ 
19. Rename Tab as ‘Pendulum Simulation’ 
20. Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 
21. Calculate and run simulation 
22. Set time to suitable multiple of period and enable loop 
23. Manipulate camera orientation/views to create desired output on screen 
24. Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.80 

seconds 
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Record reference: HP2 (CA1296) Date processed: 27-04-20 Software used: SolidWorks 2018-2019 (Motion Analysis) 

Step-by-step method 

 

Motion Study Design/Output: 
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Record 
reference: 

HP2 (CA1296) Date processed: 27-04-20 Software used: SolidWorks 2017-2018 (Motion Analysis) 

Step-by-
step 
method 

 
 
Centre of Percussion and Moment of Inertia Calculations (from simulated results) 
 

Pendulum Simulation Test applied for HP2-YORCM-CA1296

All values are modelled/simulated

Pivot point to blade (m) = 0.036 Blade length (m) = 0.752

Total mass, m (kg)
Center of Mass 

from Guard (m)

Pivot from Centre of 

Mass, d (m)

Time for 20 

oscillations 

(s)

Period of 

oscillation, 

T (s)

Percussion 

length, l 

(m)

Percussion 

point from 

guard (m)

Percusion point 

as proportion of 

blade

Percusion 

point as % of 

blade

Moment of 

Inertia at pivot, 

Ip (kgm2)

Moment of Inertia 

at Centre of Mass, 

Icom (kgm2)

N/A
N/A
N/A

Where:

Percussion length (l) = 0.248T2 Moment of Inertia at pivot (Ip) = ldm Moment of Inertia at centre of mass (Icom) = Ip - md2

0.1210.1441021.421 0.158 0.126 1.80 0.80 1.020.77

 
 
 

Notes 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being very close to the blade tip.  This is unusual in a 
blade that seems to be designed primarily with cutting in mind (i.e. broad, lenticular blade with broad fuller and rounded tip).  However, the 
simulations do seem to make sense given key features of the sword: 

- Relatively short blade length for a ‘hand and a half’ style 
- Relatively high mass for overall length 
- Centre of mass relatively close to hilt 
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A.3.2c – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Research reference HP2 (YORCM - CA1296) 

Collection (and any reference) York Castle Museum – CA1296 

Date added August 2019 

Summary description: 

A knightly hand-and-a-half sword of straightforward design with flattened wheel pommel and 
simple curved cross guard, and with a broad single fullered blade with spatulate point, 
suggesting an emphasis on cutting.  Design features would suggest dating from late 13th to late 
14th century. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the York Castle Museum collection and of 
unknown provenance. 

The sword does not neatly fit into an Oakeshott category.  The hilt 
length and blade form suggest Type XIIIa, but the blade is rather short 
to be considered a ‘sword of war’ at only c. 750mm (30”) and the 
curved cross is also unusual for this type.  Although not easy to date 
given the mix of styles, this is thought to be 13th-14th century in origin. 

The blade is broad and lenticular in cross-section, with very gradual 
profile taper before the spatulate point.  A shallow but reasonably 
broad fuller runs through c. ¾ of the blade length and there is a 
gradual distal taper from 5mm blade thickness close to the cross 
down to 4mm close to the point.    

The cross is of Type 6, being of rectangular cross-section and with a 
gentle downward curve and flaring towards the tips. 

The Type J pommel is of a flattened disc style (both to hilt and peen 
sides) with a pronounced small central disc (the pommel is 40mm 
thick at its centre) and deeply hollowed out sloping faces.  There is a 
large peen block and visible peen.  Design of the pommel (and 
consideration of the overall mass) suggests that the pommel is solid in 
construction. 

The sword is in excavation condition being heavily oxidised with 
pitting and some nicks to the blade.  The cross is a poor fit being very 
loose and had to be wedged with acid-free paper to enable scanning. 

Significant dimensions Overall length:  970 mm (38¼“) 

Blade length:  755 mm (29¾“) 

Cross width:  170 mm (6¾“) 

Pommel diameter:  58-62 mm (2¼ - 2½“) 

Pommel thickness:  c. 40 mm (1½“) 

Max. blade width:  c. 50 mm (2”) 

Blade thickness:  c. 5 mm at cross, 4 mm near point 

Mass properties Total mass:  1415 g (3 lbs 2 oz) 

Centre of Mass: c. 90 mm (3½“) from cross 

Other notes There are no obvious signs of decoration or inscription on the sword, 
though the condition would likely mask any original features of this 
type. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample cross-sections through the blade show the 

gradual transition from broad fullered (and 

relatively thin) shape through to a relatively thick 

flattened hexagonal section that is retained even 

quite close to the tip of the blade. 

Hilt dimensions and style of cross seem 

incongruous with blade length and the very 

rounded point. 

Is it possible that this blade was originally much 

longer (in which case the sword could fit a Type 

XVIa design) but was shortened following damage 

close to the tip?   

Simulation to ascertain Centre of Percussion could 

be interesting in this case. 
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INCLUDE X-SECTION, MASS DISTRIBUTION & AGILITY MODELS/DIAGRAMS 

 

 

 

 

 

Pendulum Simulation 

The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

artefact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this test, and the resulting period of oscillation (1.80s in this example), it is possible to calculate 

percussion length for any set of pivot points and, therefore, to identify the Centre of Percussion (CoP) on 

the sword without the need to undergo empirical tests. 
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Centre of Percussion and Moment of Inertia Calculations (from simulated results) 

 

Pendulum Simulation Test applied for HP2-YORCM-CA1296

All values are modelled/simulated

Pivot point to blade (m) =0.036 Blade length (m) = 0.752

Total mass, 

m (kg)

Center of 

Mass from 

Guard (m)

Pivot from 

Centre of 

Mass, d (m)

Time for 20 

oscillations 

(s)

Period of 

oscillation

, T (s)

Percussion 

length, l 

(m)

Percussion 

point from 

guard (m)

Percusion point 

as proportion of 

blade

Percusion 

point as % 

of blade

Moment of 

Inertia at pivot, 

Ip (kgm2)

Moment of Inertia 

at Centre of Mass, 

Icom (kgm2)

N/A
N/A
N/A

Where:

Percussion length (l) = 0.248T2Moment of Inertia at pivot (Ip) = ldm Moment of Inertia at centre of mass (Icom) = Ip - md2

0.1210.1441021.421 0.158 0.126 1.80 0.80 1.020.77

 

 
 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being very close to 

the blade tip.  This is unusual in a blade that seems to be designed primarily with cutting in mind (i.e. broad, 

lenticular blade with broad fuller and rounded tip).  However, the simulations do seem to make sense given 

key features of the sword: 

• Relatively short blade length for a ‘hand and a half’ style 

• Relatively high mass for overall length 

• Centre of mass relatively close to hilt 

 

The unexpected CoP result further confirms the incongruous design and mass distribution seen in this 

sword and the fact that it just doesn’t seem quite right.  This could be explained in a number of different 

ways: 

1. The sword is simply poorly designed  

2. The component parts did not originally belong together 

3. The blade was originally longer but was at some stage shortened, perhaps due to tip 

damage/breakage 
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A.3.3 – HP3-YORCM-CA1296 records 

A.3.3a – Post-processing documentation record 

Record reference: HP3 (CA701) Date processed: 10/09/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP3 - YORCM – CA701\Original scan data (21-08-19) 

Destination files D:\PhD\Swords database\HP3 - YORCM – CA701\Post process 1 (25 percent sample and as is form) 

Step-by-step 
method 

 

 

GeoMagic 
 

1. Open ‘Scan set 1’ 
2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 25% and save as ‘Scan set 1 raw data’ 
3. Combine Points Objects and save as ‘Scan set 1 cloud point cleaned’ 
4. Open ‘Scan set 2’ 
5. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 25% and save as ‘Scan set 2 raw data’ 
6. Combine Points Objects and save as ‘Scan set 2 cloud point cleaned’ 
7. Run Global Registration, save as ‘Combined 1 and 2 cloud point’ 
8. Combine scans, Reduce Noise, and save as ‘Complete cloud point cleaned’ 
9. Wrap to generate polygon model (max 2.5m triangles) 
10. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘Complete polygon stage 1 cleaning’ 
 
 

Note: tang flattened to represent removal of organic material still present on artefact 
 
 

11. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘Complete polygon cleaned’ 
 
 

Quick check, Model volume = 190,964 mm3 or 191 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 1,490 g (versus 1,395 g 
measured) 
 
 

Discrepancy (c. 6% or 95g) could be from: 
 
 

12. Differing material density (carbon steel can be as low as 7.75 g/cm3 which would give a result of 1,480 g) and/or 
13. Additional volume from organic material on tang and/or 
14. Partially hollow pommel, which is highly likely in this case 
 

 

15. Run Exact Surfacing/Autosurface with default settings, save as ‘HP3 – CA701 Surface model’ 
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SolidWorks 
 
16. Open Surface model.stp file 
17. Run Import Diagnostics (no gaps/repairs required in this case), save as ‘HP3 - CA701 Part model.sldprt’ 
18. Check key dimension against empirical data as a sanity check: 
 
Parameter   Measured (mm)   Model value (mm) 
 

Total length           880   860           ?  Blade tip ‘lost’ in Autosurface step 
Width of cross           175    173   
Blade width near hilt           60     60 
Pommel diameter           55     54        
 
GeoMagic 
 
19. Repeat 15 using manual intervention to exact surfacing, save as ‘HP3 – CA701 Surface model v2’  
 
 
SolidWorks 
 
20. Repeat 16 through 18 and then save as ‘HP3 – CA701 Part model v2’ 
 
Parameter   Measured (mm)   Model value (mm)  
 

Total length           880   873             
Width of cross           175    173   
Blade width near hilt           60     60 
Pommel diameter           55     54        
 
 
PTO 
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21. Set Plain carbon steel as material and ‘Check Mass Properties’ 
 

Mass properties of HP3 - CA701 - Part model v2 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Density = 7800.00 kilograms per cubic meter 
 

Mass = 1.49 kilograms 
 

Volume = 0.00 cubic meters 
 

Surface area = 73731.58  square millimeters 
 

Center of mass: ( millimeters ) 

 X = 636.30 

 Y = 200.68 

 Z = 332.28 
 

 

As previously identified, model is 95 g over mass, suggesting semi-hollow pommel. 
 

SOLUTION PROPOSED: spilt the sword into separate parts (1. pommel and 2. tangs/cross/blade), assign custom material properties to 
the pommel to give it the correct mass, and then fix the pieces back together for subsequent simulations. 
 

Continued overleaf… 
 
 
22.  Create cutting plane close to where grip and cross meet, and split into two parts (‘Blade_cross’ and ‘Pommel_tang’) 
23.  Check ‘Blade_cross’ mass properties (840g) which means ‘Pommel_tang’ needs to be 555g. 
24.  Check ‘Pommel_tang’ mass properties (650g), then override mass and set at 555g (‘Pommel_tang’ corrected)  
25.  Create assembly (‘HP3 reassembled sword’) with the ‘Blade_cross’ and ‘Pommel_tang corrected’ parts 
26.  Check mass properties (1395g) 
27.  Create assembly from ‘Pendulum fixture’ and ‘HP3 reassembled sword’ 
28.  Create Coincident Mate between fixture and sword (In this case 42mm from start of blade) 
29.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP2’ (Right Plane) 
 
The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
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30.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 
31.  Open Motion Manager Tab, and select ‘Motion Analysis’ 
32.  Rename Tab as ‘Pendulum Simulation’ 
33.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 
34.  Calculate and run simulation 
35.  Set time to suitable multiple of period and enable loop 
36.  Manipulate camera orientation/views to create desired output on screen 
37.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.45 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.45 0.52 0.48 0.68 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    50mm from cross    250mm from cross         600mm from cross 
 

Maximum blade width of 60mm 
Blade length of 707mm 
Maximum pommel thickness of 36mm 
Pommel diameter of 55mm 
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A.3.3b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Research reference HP3 (YORCM – CA701) 

Collection (and any reference) York Castle Museum – CA701 

Date added August 2019 

Summary description: 

A single-handed sword of striking proportions, with a wide diamond section blade that tapers to 
an extremely acute point.  This sword is thought to have been amongst the group of swords 
recovered from the River Dordogne at Castillon, and is dated to the early/mid 15th century. 
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OVERVIEW 

Detailed description including 
key features and/or history 

An arming sword in the collection of York Castle Museum and 
believed to have been one of the group of c. 80 swords 
recovered from the Dordogne river at Castillon in 1973. 

The sword is an excellent example of an Oakeshott Type XV 
arming sword, with its distinctive blade style and shape.  Given 
its provenance and design features it seems very likely that this 
sword can be dated to the first half of the 15th century.  

The blade is of reinforced diamond cross section with a 
triangular blade tapering to a very acute point suggesting a 
focus in thrusting.  For a single-handed Type XV this is a large 
weapon with significant blade presence.  

The cross is of Type 8 with a well formed ecusson. 

The large Type J wheel pommel has what appears to be a long 
decorative peen block, otherwise being quite plain in design, 
and has a wedge shape reducing thickness from 35 mm to 30 
mm.  Even given the high overall mass of the sword, it seems 
likely that the pommel is at least partially hollow. 

The sword is in river find condition with heavy corrosion and 
pitting across most of its surface.  There is a break across the 
blade which has been repaired at some point. 

Note: This sword appears in Oakeshott’s “Records of the 
Medieval Sword” (Page 137 in the 2009 digital print edition) 

 

Significant dimensions Overall length:  880 mm (34½“) 

Blade length:  710 mm (28“) 

Cross width:  175 mm (7“) 

Pommel diameter: 55 mm (2¼“) 

Pommel thickness: wedge with varying thickness 

Max. blade width: 60 mm (2½”) 

Blade thickness: c. 6 mm at cross, 5 mm near point 

Mass properties Total mass:  1395 g (3 lbs 1 oz) 

Centre of Mass: 60 mm (2½“) from cross 

Other notes There are no obvious signs of decoration or inscription on the 
sword, though the condition would likely mask any original 
features of this type. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample cross-sections through the blade (@ 

points 50 mm, 250 mm and 600 mm from the 

cross) show the constant flattened diamond 

section which is reinforced close to the tip of 

the blade. 
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PENDULUM SIMULATION 

 

 

Pendulum simulation gave a period of oscillation @1.45s, which equates to: 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade 

proportion) 

1.45 0.52 0.48 0.68 
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A.3.4 HP4-RA-IX13 records 

A.3.4a – Post-processing documentation record 

Record reference: HP4 (RA IX13) Date processed: 16/11/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP4 - RA – IX13\Original scan data (12-11-19) 

Destination files D:\PhD\Swords database\HP4 - RA – IX13\Post process 1 

Step-by-step 
method 

 

GeoMagic 
 

1. Open ‘RA IX13 raw scan’ 
2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 100% and save as ‘RA IX13 scan raw data’  
3. Combine Points Objects, remove outliers and save as ‘RA IX13 scan cloud point cleaned’ 
4. Wrap to generate polygon model (max 2.5m triangles) 
5. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘RA IX13 polygon stage 1 cleaning’ 
6. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘RA IX13 polygon cleaned’ 
 
 

Quick check, Model volume = 101,233 mm3 or 101 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 788 g (versus 737 g measured) 
 

Discrepancy (c. 7% or 51g) could be from: 
 

Differing material density - iron oxides are typically c. 5 g/cm3 (highly likely but small impact) and/or 
Partially hollow pommel (likely main cause) 
 

7. Run Exact Surfacing/Autosurface with default settings, save as ‘RA IX13 surface model’ in normal and STP format 
 

SolidWorks 
 

8. Open RA IX13 surface model.stp file 
9. Run Import Diagnostics (no gaps/repairs required in this case), save as ‘RA IX13 part model.sldprt’ 
10. Check key dimension against empirical data as a sanity check: 
 

Parameter   Measured (mm)   Model value (mm) 
 

Total length            832   c. 829            
Width of cross   200    c. 198   
Blade width near hilt  43    c. 43 
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11. Set Plain carbon steel as material and ‘Check Mass Properties’ 
 

Mass properties of RA IX13 part model 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Density = 7800.000 kilograms per cubic meter 
 

Mass = 0.788 kilograms 
 

 

As previously identified, model is 51 g over mass, primarily caused by partially hollow pommel. 
 

SOLUTION PROPOSED: Override pommel mass. 
 

12. Create cutting plane close to where tang and pommel meet, and split into two parts (‘Blade_hilt’ and ‘Pommel’) 

13.  Check ‘Blade_hilt’ mass properties (590g) which means ‘Pommel’ needs to be 147g. 

14.  Check ‘Pommel’ mass properties (200g), then override mass and set at 147g (‘Pommel’ corrected) 

15.  Create assembly (‘HP4 reassembled sword’) with the ‘Blade_hilt’ and ‘Pommel corrected’ parts 

16.  Check mass properties (739g) 

17.  Create assembly from ‘Pendulum fixture’ and ‘HP4 reassembled sword’ 

18.  Create Coincident Mate between fixture and sword (In this case 31mm from start of blade) 

19.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP4’ (Right Plane) 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 
 
20.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 

21.  Open Motion Manager Tab, and select ‘Motion Analysis’ 

22.  Rename Tab as ‘Pendulum Simulation’ 

23.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 

24.  Calculate and run simulation 

25.  Set time to suitable multiple of period and enable loop 

26.  Manipulate camera orientation/views to create desired output on screen 

27.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.4 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.4 0.49 0.46 0.66 
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   X-section 50mm from cross      X-section 300mm from cross  X-section 550mm from cross 
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A.3.4b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Research reference HP4 (RA – IX13) 

Collection (and any reference) Royal Armouries – IX13 

Date added November 2019 

Summary description: 

A knightly single-handed sword of straightforward design with small wheel pommel, slightly 
down-curved cross-guard, and comparatively short blade with a single shallow fuller which 
tapers evenly to a semi-acute point.  The sword is thought to be dated from the 14th century. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the Royal Armouries collection.  According 
to Tower collection records it was found during the construction 
of the coffer dam for the erection of the Houses of Parliament in 
1838 and was taken from a natural concrete bed 8-10 feet 
below the surface.  

The sword fits well into Oakeshott Type XIV with its short grip, a 
comparatively short blade with clear tapering to the point and 
appropriate hilt components.  Together these would appear to 
support the c. 14th century dating, perhaps most likely the first 
half of the century.  

The blade, which is comparatively short at 695 mm (27¼”), 
tapers evenly to a reasonably acute point.  A single shallow 
fuller runs through c ¾ of the blade length and there is a gradual 
distal taper from 4.6 mm close to the hilt down to 3.5 mm close 
to the point.   

The cross is of Type 1 with a gentle downward curve and, 
unusually, is of hexagonal section.  

The Type I small wheel pommel is broadly circular in style with a 
diameter of c. 40mm (inner disc diameter is c. 20 mm).  It has a 
distinct wedge profile across the inner disc and the pommel 
thickness varies (23 – 28 mm) across this inner disc. 

The sword is in excavation condition with some nicks to the 
blade and is covered in a shiny black patina. 

Significant dimensions Overall length:  832 mm (32¾ “) 

Blade length:  695 mm (27¼ “) 

Cross width:  200 mm (8“) 

Pommel diameter:  40 mm (1½“) 

Pommel thickness:  c. 23-28 mm (1“) 

Max. blade width:  c. 43 mm (1¾”) 

Blade thickness:  c.  4.6 mm at cross, 3.5 mm near point 

Mass properties Total mass:  737 g (1 lbs 10 oz) 

Centre of Mass: c.  130 mm (5“) from cross 

Other notes There are no obvious signs of decoration or inscription on the sword, 
though the condition would likely mask any original features of this 
type. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample cross-sections through the blade (@ points 

50 mm, 300 mm and 550 mm from the cross)  

show the transition from fullered section through 

to a lenticular section close to the tip of the blade.  

Point reinforcement is minimal in this case with 

the blade remaining lenticular (as opposed to 

flattened diamond) even close to the tip. 
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Pendulum Simulation 

The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

model of the artefact. 

 

 

 

 

From this test, and the resulting period of oscillation (1.4s in this example), it is possible to calculate 

percussion length for any set of pivot points and, therefore, to identify the Centre of Percussion (CoP) on 

the sword model without the need to undergo empirical tests. 
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Centre of Percussion and Moment of Inertia Calculations (from simulated results) 

 

Pendulum Simulation Test applied for HP4 - RA - IX13

All values are modelled/simulated

Pivot point 

to blade 

(m) = 0.03

Blade length 

(m) = 0.695

Total mass, 

m (kg)

Center of 

Mass from 

Guard (m)

Pivot from 

Centre of 

Mass, d (m)

Time for 20 

oscillations 

(s)

Period of 

oscillation

, T (s)

Percussion 

length, l 

(m)

Percussion 

point from 

guard (m)

Percusion point 

as proportion of 

blade

Percusion 

point as % 

of blade

Moment of 

Inertia at pivot, 

Ip (kgm2)

Moment of Inertia 

at Centre of Mass, 

Icom (kgm2)

N/A
N/A
N/A

Where:

Percussion length (l) = 0.248T2Moment of Inertia at pivot (Ip) = ldm Moment of Inertia at centre of mass (Icom) = Ip - md2

0.0390.061660.737 0.130 0.169 1.40 0.49 0.660.46

 

 
 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being close to 2/3 of 

the distance from hilt to blade tip.  This proportion is common in swords designed with cutting in mind and 

the blade style and dimension are consistent with a multi-purpose arming sword capable of being effective 

in both cut and thrust use. 
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A.3.5 HP5-RA-IX915 records 

A.3.5a – Post-processing documentation record 

 

Record reference: HP5 (RA IX915) Date processed: 16/11/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP5 - RA – IX915\Original scan data (12-11-19) 

Destination files D:\PhD\Swords database\HP5 - RA – IX915\Post process 1 

Step-by-step 
method 

 
 

GeoMagic 
 

1. Open ‘RA IX915 raw scan’ 

2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 100% and save as ‘RA IX13 scan raw data’  

3. Combine Points Objects, remove outliers and save as ‘RA IX915 cloud point cleaned’ 

4. Wrap to generate polygon model (max 2.5m triangles) 

5. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘RA IX915 polygon stage 1 cleaning’ 

6. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘RA IX915 polygon cleaned’ 

7. Run Exact Surfacing/Autosurface with default settings, save as ‘RA IX915 surface model’ in normal and STP format 

SolidWorks 
 

8. Open RA IX915 surface model.stp file 

9. Run Import Diagnostics, save as ‘RA IX915 part model.sldprt’ 

10. Check key dimension against empirical data as a sanity check: 
 

Parameter   Measured (mm)   Model value (mm) 
 

Total length            832   c. 829            
Width of cross   200    c. 198   
Blade width near hilt  43    c. 43 
 

Continued overleaf … 
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11. Set Plain carbon steel as material and ‘Check Mass Properties’ 

Mass properties of HP5 (RA IX915) part 

     Configuration: Default 

     Coordinate system: -- default -- 

 

Density = 7800000.00 grams per cubic meter 

 

Mass = 1725.05 grams 
 

Mass is <1% error so proceed with model as is 
 

12. Create assembly from ‘Pendulum fixture’ and ‘HP5 (RA IX915) part’ 

13.  Create Coincident Mate between fixture and sword (In this case 35mm from start of blade) 

14.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP5’ (Right Plane) 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 
15.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 

16.  Open Motion Manager Tab, and select ‘Motion Analysis’ 

17.  Rename Tab as ‘Pendulum Simulation’ 

18.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 

19.  Calculate and run simulation 

20.  Set time to suitable multiple of period and enable loop 

21.  Manipulate camera orientation/views to create desired output on screen 

22.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.92 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.92 0.91 0.88 0.91 
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A.3.5b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Research reference HP5 (RA – IX915) 

Collection (and any reference) Royal Armouries – IX915 

Date added November 2019 

Summary description: 

A knightly hand-and-a-half or war sword of straightforward design with large asymmetric wheel 
pommel, straight cross-guard, and blade with a single shallow fuller (for less than half its length) 
which tapers evenly to a semi-acute point.  The sword is thought to be dated from the 14th 
century and is one of the group of well-known swords marked with an Arabic inscription that 
roughly translates as “Inalienable property of the treasury of the march province of Alexandria, 
may it be protected”. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the Royal Armouries collection and was 
acquired in 1949 from the collection of the late Mr W O 
Oldman.  It is thought have been one of a number of European 
swords, with Arabic inscriptions coming from Constantinople, 
that were offered on the London market about 1922-1929.  The 
sword is a good fit for Oakeshott Type XVIa classification. 

The blade, which 965 mm long, tapers evenly to a reasonably 
acute point.  A single shallow fuller runs through just under half 
of its length and the blade displays a gradual distal taper from 
5.5 mm at the cross, with this taper accelerating close to the 
blade tip. 

The cross is straight and relatively short.  

The large wheel pommel is almost rounded rectangular in style 
with a diameter of c. 70mm at its widest and c.50mm at its 
narrowest and has a distinct flattened profile. 

The sword is in well preserved condition (thought the cross is 
quite loose) with marks/inscriptions clearly visible on both the 
blade and tang (see below). 

Significant dimensions Overall length:  1225 mm 

Blade length:  965 mm  

Cross width:  210 mm 

Max. Pommel dia.: 70 mm  

Pommel thickness:  c.  

Max. blade width:  c. 55 mm  

Blade thickness:  c.  5.5 mm at cross, 2.5 mm near point 

Mass properties Total mass:  1708 g  

Centre of Mass: c.  100 mm from cross 

Other notes There is an inscription in Arabic on one face of the blade 

(“Inalienable property of the treasury of the march province of 
Alexandria, may it be protected”.) and marks on both sides of the 
tang, close to the cross. 

This sword (and the group of swords to which it belongs) have been 
referenced extensively)  
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

Note the wedge-shaped pommel profile, not immediately apparent from photographs. 

 

 

Cross-sectional views show the hexagonal blade shape quite clearly. 

 

 

 

 

Pendulum Simulation 
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The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

model of the artefact. 

 

 

From this test, and the resulting period of oscillation (1.92s in this example), it is possible to calculate 

percussion length and, therefore, to identify the Centre of Percussion (CoP) on the sword model without 

the need to undergo empirical tests. 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.92 0.91 0.88 0.91 

 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being close to the tip 

of the sword. 
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A.3.6 HP6-RA-IX1083 records 

A.3.6a – Post-processing documentation record 

 

Record reference: HP6 (RA IX1083) Date processed: 16/11/19 Software used: GeoMagic and SolidWorks 

Source 
folders/files 

D:\PhD\Swords database\HP6 - RA – IX1083\Original scan data (12-11-19) 

Destination files D:\PhD\Swords database\HP6 - RA – IX1083\Post process 1 

Step-by-step 
method 

 
 

GeoMagic 
 

1. Open ‘RA IX1083 raw scan’ 

2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 100% and save as ‘RA IX1083 scan raw data’  

3. Combine Points Objects, remove outliers and save as ‘RA IX1083 cloud point cleaned’ 

4. Wrap to generate polygon model (max 2.5m triangles) and save as ‘RA IX1083 polygon pre cleaning’ 

5. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘RA IX1083 polygon stage 1 cleaning’ 

6. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘RA IX1083 polygon cleaned’ 

Quick check, Model volume = 120,865 mm3 or 121 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 943 g (versus 936 g measured) 
 

Discrepancy (<1% or 7g) could be from: 
 

Differing material density - iron oxides are typically c. 5 g/cm3 and this sword has some black patina (highly likely) 
Partially hollow pommel very unlikely in this case 
 

7. Run Exact Surfacing/Autosurface with default settings, save as ‘RA IX1083 surface model’ in normal and STP format 

SolidWorks 
 

8. Open RA IX1083 surface model.stp file 

9. Run Import Diagnostics, save as ‘HP6 part model.sldprt’ 

10. Check key dimension against empirical data as a sanity check: 
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Parameter   Measured (mm)   Model value (mm) 
 

Total length            1018   c. 1017            
Width of cross   155    c. 155   
Blade width near hilt  47    c. 47 
 

11. Assign material (plain carbon steel) and check mass properties 
 

 
 
    Mass is less than 0.5% different to empirical checks so okay to proceed with model as is. 
 
12. Create assembly from ‘Pendulum fixture’ and ‘HP6 part model’ 

13.  Create Coincident Mate between fixture and sword (In this case 32mm from start of blade) 

14.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP6’ (Right Plane) 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 
15.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 

16.  Open Motion Manager Tab, and select ‘Motion Analysis’ 

17.  Rename Tab as ‘Pendulum Simulation’ 

18.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 

19.  Calculate and run simulation 

20.  Set time to suitable multiple of period and enable loop 

21.  Manipulate camera orientation/views to create desired output on screen 

22.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.55 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.55 0.60 0.57 0.67 
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A.3.6b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Research reference HP6 (RA – IX1083) 

Collection (and any reference) Royal Armouries – IX1083 

Date added November 2019 

Summary description: 

A knightly sword of straightforward design with flat wheel pommel, cross-guard with 
asymmetric curves, and blade with a single, well-defined fuller that runs for around three-
quarters of its length.  The blade tapers evenly to an acute point.  The sword is thought to be 
dated from the late 13th/early 14th century and falls within Oakeshott type XVI. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the Royal Armouries collection and was 
acquired at Christie, Manson and Woods on 25th April 1961 (lot 
143) along with several other items.  The sword appears to be 
designed as a single-handed weapon and is a good fit for 
Oakeshott Type XVI classification. 

The blade, which 855 mm long, tapers evenly to an acute point.  
A single well-defined fuller starts a little way down the blade 
and runs through around three-quarters of its length and the 
blade displays a gradual distal taper from 5.5 mm at the cross, 
with this taper accelerating close to the blade tip. 

The cross begins as straight square section but then flares and 
curves towards the tip, with the two sides curving in opposite 
directions.  

The wheel pommel is a flat round disc of 55mm diameter and 
14mm thick. 

The sword is heavily corroded with black patination over most 
of its surface and the tang appears to have been bent and 
twisted close to the pommel at some point in its past. 

Significant dimensions Overall length:  1018 mm 

Blade length:  855 mm  

Cross width:  155 mm 

Max. Pommel dia.: 55 mm  

Pommel thickness: c.14 mm  

Max. blade width:  c. 47 mm  

Blade thickness:  c.  5.5 mm at cross, 3.5 mm near point 

Mass properties Total mass:  936 g  

Centre of Mass: c.  130 mm from cross 

Other notes There are no obvious marks or inscriptions. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

 

Note the significant bend and twist in the tang (towards the pommel end) which is assumed to have 

occurred in the intervening centuries between use and discovery. 

 

 

The lenticular blade, which has a very well defined fuller through 2/3 to ¾ of its length, is reinforced close 

to its tip. 

 

 

 



 

319 

Pendulum Simulation 

The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

model of the artefact. 

 

 

From this test, and the resulting period of oscillation (1.55s in this example), it is possible to calculate 

percussion length and, therefore, to identify the Centre of Percussion (CoP) on the sword model without 

the need to undergo empirical tests. 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.55 0.60 0.57 0.67 

 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being very close to 

2/3 of the distance from hilt to blade tip.  This proportion is common in swords designed with cutting in 

mind and the blade style and dimension are consistent with a multi-purpose sword capable of being 

effective in both cut and thrust use. 
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A.3.7 HP7-RA-IX2155 records 

A.3.7a – Post-processing documentation record 

 

Record reference: HP7 (RA IX2155) Date processed: 16/11/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP7 - RA – IX2155\Original scan data (12-11-19) 

Destination files D:\PhD\Swords database\HP7 - RA – IX2155\Post process 1 

Step-by-step 
method 

 
 

GeoMagic 
 

1. Open ‘RA IX2155 raw scan’ 
2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 100% and save as ‘RA IX2155 scan raw data’  
3. Combine Points Objects, remove outliers and save as ‘RA IX2155 cloud point cleaned’ 
4. Wrap to generate polygon model (max 2.5m triangles) and save as ‘RA IX2155 polygon pre-cleaning’ 
5. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘RA IX13 polygon stage 1 cleaning’ 
6. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘RA IX1083 polygon cleaned’ 
 

Quick check, Model volume = 173,054 mm3 or 173 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 1349 g (versus 1167 g measured) 
 

Discrepancy (c. 16% or 182g) almost certainly from partially hollow pommel (seems very likely given large mass difference) 
 

7. Run Exact Surfacing/Autosurface with default settings, save as ‘RA IX2155 surface model’ in normal and STP format 
 

SolidWorks 
 

8. Open RA IX2155 surface model.stp file 

9. Run Import Diagnostics, save as ‘HP7 part model.sldprt’ 

10. Check key dimension against empirical data as a sanity check: 
 

Parameter   Measured (mm)   Model value (mm) 
 

Total length            1215   1215            
Width of cross    302     301   
Blade width near hilt    46     45 
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11. Set Plain carbon steel as material and ‘Check Mass Properties’ 

Mass properties of RA IX 2155 part model 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Density = 7800000.00 grams per cubic meter 
 

Mass = 1345.53 grams 
 

 

As previously identified, model is 179g over mass, primarily caused by partially hollow pommel. 
 

SOLUTION PROPOSED: Override pommel mass. 
 

12. Create cutting plane close to where tang and pommel meet, and split into two parts (‘Blade_hilt’ and ‘Pommel uncorrected’) 

13.  Check ‘Blade_hilt’ mass properties (970g) which means Pommel needs to be 197g. 

14.  Check ‘Pommel uncorrected’ mass properties (376g), then override mass and set at 197g (‘Pommel with mass corrected’) 

15.  Create assembly (‘HP7 reassembled sword’) with the ‘Blade_hilt’ and ‘Pommel with mass corrected’ parts 

16.  Check mass properties (1167g) 

17.  Create assembly from ‘Pendulum fixture’ and ‘HP7 reassembled sword’ 

18.  Create Coincident Mate between fixture and sword (In this case 30mm from start of blade) 

19.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP7’ (Right Plane) 

 
The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 
20.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 

21.  Open Motion Manager Tab, and select ‘Motion Analysis’ 

22.  Rename Tab as ‘Pendulum Simulation’ 

23.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 

24.  Calculate and run simulation 

25.  Set time to suitable multiple of period and enable loop 

26.  Manipulate camera orientation/views to create desired output on screen 

27.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.7 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.7 0.72 0.69 0.70 
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A.3.7b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Research reference HP7 (RA – IX2155) 

Collection (and any reference) Royal Armouries – IX2155 

Date added November 2019 

Summary description: 

A knightly hand-and-a-half sword, thought to be dated from the late 13th/early 14th century and 
falling within Oakeshott type XIIIa.  The sword has a flat pommel that is shaped like a square 
with rounded corners, with the rang running corner to corner, and a long straight cross-guard of 
rectangular section.  The blade, which is badly corroded, has a poorly defined shallow fuller that 
runs for around one-quarter of its length, and tapers to a rounded point. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the Royal Armouries collection and was 
purchased in 1981 from the Mann collection. 

It is a hand-and-a-half sword, thought to be dating from the late 
13th/ early 14th century.  In overall design, the sword would 
appear to be design primarily for cutting and it most closely falls 
within Oakeshott type XIIIa.   

The blade is long and relatively slender, with a very gradual 
profile taper that transitions into a spatulate point.  Distal taper 
also appears gradual.  It is possible to see a poorly defined 
shallow fuller that runs for around one-quarter of its length.  
The blade cross-section appears to be lenticular throughout 
with no obvious reinforcing of the tip. 

Regarding the hilt, the sword has a flat pommel that is shaped 
like a square with rounded corners, with the tang running 
corner to corner, and a long straight cross-guard of rectangular 
section. 

In terms of condition, the sword is badly corroded, with heavy 
surface pitting and severely notched/chipped blade edges, but 
there are no obvious bends/twists in the hilt or blade. 

 

Significant dimensions Overall length:  1215 mm 

Blade length:  990 mm  

Cross width:  302 mm 

Pommel thickness: c.20 mm  

Max. blade width:  c. 46 mm  

Blade thickness:  c.  4.5 mm at cross, 3 mm near point 

Mass properties Total mass:  1167 g  

Centre of Mass: c.  190 mm from cross 

Other notes There are no obvious marks or inscriptions. 
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

 

The sword has slender proportion for its size (as evidenced by the overall mass).  Key features of interest 

including the distinct pommel design and indistinct (but more clearly visible on virtual models) fuller in the 

first part of the blade. 
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As shown above, the sword is lenticular in cross-section, with a short, shallow fuller.  There is no obvious 

evidence of a reinforced tip but, given a cutting-focussed design and suggested dating of late 13th/early 14th 

century, this is not surprising. 

 

Pendulum Simulation 

The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

model of the artefact. 
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From this test, and the resulting period of oscillation (1.7s in this example), it is possible to calculate 

percussion length and, therefore, to identify the Centre of Percussion (CoP) on the sword model without 

the need to undergo empirical tests. 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.7 0.72 0.69 0.70 

 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being close to 2/3 of 

the distance from hilt to blade tip.  This proportion is common in swords designed with cutting in mind and 

the blade style and dimension are consistent with a 13th century Type XIII sword-of-war designed primarily 

for cutting. 
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A.3.8 HP8-RA-IX5614 records 

A.3.8a – Post-processing documentation record 

 

Record reference: HP8 (RA IX5614) Date processed: 16/11/19 Software used: GeoMagic and SolidWorks 

Source folders/files D:\PhD\Swords database\HP8 - RA – IX5614\Original scan data (12-11-19) 

Destination files D:\PhD\Swords database\HP8 - RA – IX5614\Post process 1 

Step-by-step 
method 

 
 

GeoMagic 
 

1. Open ‘RA IX5614 raw scan’ 

2. Delete ‘unordered data’, remove obvious outliers and fixtures, sample at 100% and save as ‘RA IX5614 scan raw data’  

3. Combine Points Objects, remove outliers and save as ‘RA IX5614 cloud point cleaned’ 

4. Wrap to generate polygon model (max 2.5m triangles) and save as ‘RA IX5614 polygon pre-cleaning’ 

5. Run mesh doctor, Remove Spikes, Auto Repair, fill majority holes and save as ‘RA IX5614 polygon stage 1 cleaning’ 

6. Fill fixture and blade edge holes, run Mesh Doctor for final refinements, and save as ‘RA IX5614 polygon cleaned’ 

Quick check, Model volume = 105,961 mm3 or 106 cm3    Density of steel c. 7.8 g/cm3       Model mass c. 816 g (versus 730 g measured) 
 

Discrepancy (c. 12% or 86g) could be from differing density of copper alloy hilt components (pommel and cross), differing material 
density, and/or a partially hollow pommel (possibly a factor) 
 

7. Run Exact Surfacing/Autosurface with default settings, save as ‘RA IX13 surface model’ in normal and STP format 

SolidWorks 
 

8. Open RA IX5614 surface model.stp file 

9. Run Import Diagnostics, save as ‘HP8 part model.sldprt’ 

10. Check key dimension against empirical data as a sanity check: 
 

Parameter   Measured (mm)   Model value (mm) 
 

Total length            805   804            
Width of cross   160    160   
Blade width near hilt   46    45 
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11. Set Plain carbon steel as material and ‘Check Mass Properties’ 

Mass properties of RA IX 2155 part model 

     Configuration: Default 

     Coordinate system: -- default -- 
 

Density = 7800000.00 grams per cubic meter 
 

Mass = 1345.53 grams 
 

 

As previously identified, model is 97g over mass, primarily caused by differing hilt component material and a partially hollow pommel. 
 

SOLUTION PROPOSED: Override hilt mass. 
 

12. Create cutting plane close to where blade and cross meet, and split into two parts (‘Blade’ and ‘Pommel_tang_cross’) 

13.  Check ‘Blade’ mass properties (394g) which means Hilt needs to be 333g. 

14.  Check uncorrected Hilt mass properties (429g), then override mass and set at 333g (‘Pommel_tang_cross corrected mass’) 

15.  Create assembly (‘HP7 reassembled sword’) with the ‘Blade’ and ‘Pommel_tang_cross corrected mass’’ parts 

16.  Check mass properties (727g) 

17.  Create assembly from ‘Pendulum fixture’ and ‘HP8 reassembled sword’ 

18.  Create Coincident Mate between fixture and sword (In this case 30mm from start of blade) 

19.  Create Parallel Mate between ‘Fixture’ (Front Plane) and ‘HP8’ (Right Plane) 

The assembly is now constrained such that the only movement possible is a rotational motion of the sword in one plane 
 
20.  Enable SolidWorks Motion in SolidWorks Add-Ins tab 

21.  Open Motion Manager Tab, and select ‘Motion Analysis’ 

22.  Rename Tab as ‘Pendulum Simulation’ 

23.  Extend to 10s  and apply Gravity in the correct axis (‘Y’ in this case) 

24.  Calculate and run simulation 

25.  Set time to suitable multiple of period and enable loop 

26.  Manipulate camera orientation/views to create desired output on screen 

27.  Create ‘Results and Plots’ for ‘Angular Displacement’ to clearly show pendulum behaviour and period of oscillation @ 1.4 seconds 
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Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.4 0.49 0.46 0.70 

 
 

 

 

 



 

331 

A.3.8b – Database record 

 

 

SWORD DOCUMENTATION RECORD 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Research reference HP8 (RA – IX5614) 

Collection (and any reference) Royal Armouries – IX5614 

Date added November 2019 

Summary description: 

A knightly single-handed arming sword of relatively small size, thought to be from the 2nd half of 
the 13th century and closest in style to Oakeshott type XIV. 
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OVERVIEW 

Detailed description including 
key features and/or history 

This sword is part of the Royal Armouries collection, allocated to 
the collection in 2007 by HM Government having been accepted 
in lieu of inheritance tax.   

It is an arming sword of relatively small size with a blade that is 
slightly flared close to the cross but then narrows gradually 
before tapering to an acute point.  A broad and well-defined 
fuller runs through most of the blade’s length and there is no 
obvious sign of the tip being reinforced. 

In terms of the hilt, both pommel and cross are thought to be 
made of a copper alloy, the pommel being of bulbous wheel 
style and the cross a straight ‘ribbon’ or ‘bow-tie’ style with very 
flattened tips.  On both sides these tips are decorated with 
inlaid and/or engraved scrollwork and ‘babewyns’. 

In terms of overall form, the sword is closest in style to an 
Oakeshott type XIV. 

Significant dimensions Overall length:  805 mm 

Blade length:  655 mm  

Cross width:  160 mm 

Max Pommel dia.: 45 mm  

Max. blade width: 46 mm  

Blade thickness:  5.1mm at cross, 3.6mm near point 

Mass properties Total mass:  727 g  

Centre of Mass: c. 120 mm from cross 

Other notes  
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ANALYSIS 

Geometry 

Basic geometry can best be seen using GeoMagic images: 

 

Overall blade shape is well shown, along with a well-defined fully and tip.  The pommel shows a 

slightly wedge-shaped profile that was not obvious from photographs, and even the decorative 

inlay work on the cross has been captured. 

 

 

Cross-sectional views show the well-defined and well-executed fuller that runs through most of the blade’s 

length.  
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Pendulum Simulation 

The image below shows the motion analysis simulation tool being used to simulate a pendulum test on the 

model of the artefact. 

 

 

From this test, and the resulting period of oscillation (1.4s in this example), it is possible to calculate 

percussion length and, therefore, to identify the Centre of Percussion (CoP) on the sword model without 

the need to undergo empirical tests. 

 

Period of 

oscillation, T 

Percussion 

length, L 

Percussion point 

on blade, m 

Percussion point 

(blade proportion) 

1.4 0.49 0.46 0.71 

 

Conclusions 

Simulations show the Percussion Point (corresponding to grip position close to hilt) as being close to 2/3 of 

the distance from hilt to blade tip.  This proportion is common in swords designed with cutting in mind and 

the blade style and dimension are consistent with a multi-purpose arming sword capable of being effective 

in both cut and thrust use. 
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