A suggested reconstruc!t
Stonethrower: de ArchitecturaX, 11,4-9

Alan Wilkins

With a full -size 2librae version constructed by Len Morgan

Figure 1: Len Morgamvith theMk | 2 librae Vitruvian ballista, based othewriterd6 s i nt er pr et at i or
theevidence and model, and modifications resulting ftom neépgrience of building at fulize.The

Mk Il version to be tested iSeptembe2011 incorpoates further adjustments, including a revised

design of bowstring.

INTRODUCTION
The ballista, the stonea hr owi ng catapult described

engineer Vitruvius, is a far more complex machine than thesholbtingcatapulta
All attempts to reconstruct the latter are now ablentake use of the excithg
evidence ofparts of three front frames discovered at Ampurias, Caminreal and
Xanten. Unfortunately no finds of parts from the Vitruviballista have been
identified to date. The catapult has to be reconstructed from the Latin text of Vitruvius
and thedescription in Greek by Philon of an earlier version of the machine; both
engineers give details of parts and their dimensions. The Greek text of the third
engineer, Heron of Alexandria, does not list sizes, but offers highly valuable
information about ta functioning of individual parts, problems that may be
encountered, etc. . Further more Heronds di a
whereas those that originally accompanied °

It might seem unsafe to attempt teconstruct this complex machine solely
from verbal descriptions in copies of manuscripts where accompanying diagrams are
missing andpartsof the text andhe numeralsrecordingsizes have become corrupt.
However theballista andcatapultahad developeds siblings throughout their history,
designed by the same engineers huiit in the same workshops. So the principles of
the bots hoot er s constructi on, using hefty ha
plating secured by large rivets, applied to thensthrower. Modern reconstructors




of Roman stong¢hrowers can therefore utilise the mass of information afforded by the
metal framework of the Ampurias and Caminreal 4sbiboters, and the remarkable
survival of boththewood andhemetal plating of the<anten find.

Reliance on Vitruviusodo text i n the sur
problems. They are of course all hand copies; the earliest and best one, Harleian 2767
in the British Library, was written. AD 700 by monks in the very same writing noo
(scriptorium) as the Lindisfarne Gospels, seven centuries after Vitruvius handed his
master copy to his publisher in Rome. Hambied mss can be traced back like
human family trees; and just as a faulty gene may be inherited, so when a copy of a
book isf | awe d, either because of a copyistos
copies descending from that one will be liable to repeat the flaw. There are clear
signs that Vitruviusodé text has suffered
survived; Harleiar2767 has blank pages for lost diagrams. Confusions have arisen
because Vitruvi'd t e x both wards sandRoman capital letters focardinal
numerals. It is easy to forgive the mistakes made by cop$isise errors may have
crept in whenV i t r u vtiiruRohandagital letterswas transcribed intd&ncial
script around the "Scentury AD. There are some possible gaps in the mss where
parts of his text may have been lost; there is one item which has lost its name; a
sentence describing the Wasthete and Bar is out of position.

A typical passage giving the length and width of a part would originally have
been written LONGI TUDOFORAMI NlaSe@gttAdfl TUDOF O
half a spring-hole, a width of one and a half. B o t-nlumertalks,tStfoe a half, IS
for one and a half, look the same as the end letter(EO8{AMINIS fiof a hol® .
Most Latin manuscripts leave no or very small gaps between words.

Numerals like VIII or Xl can easily lose digits. The monks were not
engineers and would not have fullpderstoodhe numeralshey were copying. For
fractions, engineers like Vitruvius used the first letters of the Greek alphabet. Even if
the copyist did know the Greek alphabet, he would probably be ignorant of the
digammaF, long obsolete in literatureyhich can be mistaken for a Latin F or E, or a
Greek gamm& . Greek and Romamegineerscontinued to uséhe digammédor the
numeral 6 and the fraction 6/16. The very first numeral in the description of the
ballista has been corrupted tbe wordV EL meani ng 6éord in Latin.
of the V may have kmn miscopied from thewvo-strokenumeral 1l, and the E could
originally have beerf, digamma. The L can be explained as accidental repetition
(dittography) of the first letter of the following word. This is the type of textual
detectiveapproachrequiredto produce possible answers to what Vitruvius originally
wrote. The resulting measurement, two and six sixteenths, makes good sense in the
context and unravels the rhombus figure described iniffieult Lat i n of Vi tr uv
opening paragraph.

The combmned result of the difficulties posed by the lack of aajlista finds,
and by the problems in understanding the technical texts, with their missing drawings
and manus c rmakes ishardlydserprising that the earliest serious attempt to
reconstuct aballista, by Reffye and Dufour backed by Napoleon lll, was so way off
the mark that years | ater Erwin Schramm di
imagination and Dufods failure to understand the Greek texts. This withering
criticism was onef the many salvoes fired in what could be labelled as the Franco
Ger man Catapult War. However, Schrammés v
the right to deliver it because his oviine reconstructions were based sustained
determined attempts tonderstand and interpret the Greek and Latin texts. To this
end he enlisted the aid of the distinguished classical scholars Schneider, Diels and



Rehm, who collaborated with him in publishing a series of articles from 1904 to 1928.
Many of Sc hisaachresfrorh higrBfear campaign of reconstruction
survive in the museum at the Saalburg. A few wersdrdged in the Second World
War, includinghis ballista.

His article on Vitruviusoé artwthl ery, p
Hermann Died, contains his version of the Latin text plus a commentary and-small
scale interpretive plans. It has to be said that his edition of the Latin text is
entirelyreliable Eric Marsden spotted that Schramm has incldiled number of i t
that would neer seem to have been in,M¥8danduvi uso
further comment 0200). In dealing with the problems of the 49 numerals giving the
sizes ofballista parts Schramm has without explanation changed 20 to a reading
quite unlike that writtenin the surviving copies In almost all the 20 cases the
existing mss readings make sense without requiring amendment. To be fair, because

of the failure of hi s pr statiegcfrens scatchsid at t e m

trying to understandhe machine.Marsden (197,1194)also rightly acknowledges,s

everyonenust,it he great debt which | owe to Schra
The following commentaryi®ased on Vitruviuso | ist of

of hisDe architectura published c. 25 BC). All quotatiormed figuresin red are from
him. Where appropriate, the information from the two Greek artillery engineers
Philon (robably late 3 century BC) in blueand Heron (second half of thé'1
century AD)in gpeen,.have been used to suptgbkuement Vi
guotations are followed by (Ph.) or (H.). Their Greek treatises are both entitled
Belopoiila, AArtillery Constructiono, and are t
masterlyGreek and Roman Atrtillery; Technical Treatis@xford 1971, reprinted
1999 by Sandpiper). | have only occasionally revised his translations.
For the following text and translatidnhave consulteda photocopyof the

Harleian 2767 msandthe variant readings ithe other msgecorded bythe Teubner
Edition editors Ros€1899)andKrohn (1912).

The engineers give all dimensiomsspringhole diameters, i.e. the diameter
of the holes through whicthe skeins of sinewope passed, abbreviatedHoin the
translation.

Thefollowing letters or signs are used foumeras in the surviving copies of

Vitruvius
SYMBOLS FOR FRACTIONS IN THE MSS OF VITRUVIUS

3/16 G
1/4 d 9 T cC

5/16 e E

6/16 F V G (digamma)

7/16 z Z

1/2 S cCc 99

9/16 GF gV GG

10/16 GZ gz

11/16 S

3/4 ST S9 CCC .VII(=9/12)
14/16 SF

In a vain attempt to indicatde authenticity/reliabilityof the numerals in the
following text - which ones are left alone as found in the mss, and which have been



modified by modern editorsthe following signs are usead the traislation and the

commentary

19 Ph.) = information from Philonds | ist
19* = slightly corrupt manuscript numeral readily restored by standard textual

criticism procedures

19** = corrupt numeral: less easy to restore

19*** = manusdpt reading very corrupt: numeral estimated by modern editors

19# = numeral calculable from other dimensions

< > brackets mark word(s) supplied to fil

word(s) seem to have been lost.
[ ] bracketd ndi cate modern remar ks added to cl

Everyone who attempts to reconstruct Greek and Roman artillery stands on the
shoulders of a long line of those who have previously persevered to edit and make
sense of the difficult Gek and Latin texts, and to relate them to the archaeological
finds. In the case of the Vitruvidmallista, the contributions oErwin Schramm(with
Hermann Diels)and Eric Marsden areabsolutely vital. Ericos unti mel
prevented him from undertakingpis intended programme of producing fresh
reconstructions o#ll the catapultsand a revised edition of hiGreek and Roman
Artillery. These are remendoudoss.| have tried to maintain the momentum of his
research, and am extremely grateful to Mrs Maeg Marsden and her family for help
and encouragement in this.
Unfortunately the situation is no betowt han i n Scihth&momdés day
partsof a ballista of Vitruvian typehave beendentified Therefore thisarticle can
only attempt to advancenderstanding of the machine by offering a redition of
Vitruviusd t e xresultiagrinterpretation of hisballista. | have given a lot of
information about our reconstructioput not full working drawingsaeither Len nor |
will supply these. We are extremely concerned about tltangers involved in
building ancient catapudt and above all in operatirthem safely in public. There
have been someerious accidents and onear fataincident caveat reconstructof
| would like to pay tribute, ashaays, to the great technical expertise of
engineer Len Morgan, and to his long labours in bringing this machine back to life.
The series of Roman catapults that we have produced together over the last 15 years
has been constructed by him to the hightmtdards well up to those set by Erwin
Schrammés team of technicians. We were | o
engineer, Tom Feeley, who has collaborated on the Vitruvian -Bpaescorpiq the
cheiroballistrg and the Xanten Twepanscorpb. He is currently completing, with

Reffy e a nbdllistA (Clephanr 6 sS ¢ h r a palntwreon(Schramm1918/1980Abb.21)
1903 Fig. 4)




Lends support, a |-mamedeheirobalestrasvhiah we belfevet he met
to be that used for thmarroballistae(figure 29a).

COMPONENTS OF THE SPRING FRAMEWORK

1. THE HALF -SPRINGS

Figure 2:Left: Thewriterd s mo d e I-sprindfranag sddlad td &pring-hole diameteof 2 Roman

unciae (4.9 an), based on the following inteferptihgti on of
described by Heron has been added Ri g ht : phateaf hishhk frameaundirsconstruction

t o Vit rlioraeisigeswith & Springhole diameter of 5 Romaunciae (12.3 cm).The sem

circular cutout for the arrim the Sidestanchion has not yet been made. The position of the tenons on

the inner face of the stanchions is basetherevidence dfleon 6s r hombus diagram in fi

Hole-carriers (scutula i.e.rhombug
4. cum ergo foraminis magnitudo fuerit instituta, describatur scutula, quae Graece

per it apgpellaw, cuius longitudo foraminumFl | latitudo 1112 et sextae

parti3. dividatur medium lineae descriptae, et cum divisum erit contrahantur
extremae partes eius formae, ut obliguam deformationem habeat longitudinis sexta

parte, latitudiis ubi est versura quarta parte. in qua parte autem est curvatufa <et>
in quibus procurrunt cacumina angulorum? émramina convertantur, et contractura
latitudinis redeat introrsus sexta parte. crassitudo eius foraflicimbtituatur.

4. So wherthe size of the hole has been decided, let anthus be drawn,
which is calledp e r i t iintGteekYperitretos = "pierced around= hole-carrier],
whose length i26/16** h., width 3* and one sixth h.

1 VEL mss; VIII Granger; IIEZ SchrammDiels, Marsden. The V seens to be a misreading of
the numeral Il ; | suggest that the E is a failure to recognise the digkmara the L is dittography
of the first letter of the following word.

2 DUO mss. See commentary.

3 et sextae partismss ; et S SchramrrDiels, Marsden.

4 <et>in quibus<partibusMarsden partibus can be inferred.

5 et mss; eo SchrammDiels, Marsden.

6 SI mss; [S]| SchrammDiels, Marsden (dittography error).




Let the outline which has been drawn be divided in the middle, and

when it has been divided let the outer parts of that fig@eretawn in so that it has
the slanting shape, witbne sixthof its length equal tone quarterof its width at the
angle. Moreover in the area where the curvature is and where the points from the
angles extend, let the hol@fer the washerg be drawn tlere, and let there be an
inward reduction of the width byne sixth Let its thicknesghe hole-carrier's] be 1
h..
Commentary

The rhombus figuredescr i bed i n Vitisbagedws a tur gi
rectangle ABCD Divide the rectangle at EF, and comia the rhombus outline
GBCE ((figure 3. This gives the slanting shape for the Hoderiers. Diagonals from
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Fig. 3 : Vitruviusd rhombus. This gives a similar r
procedue (see Fig. 4 and comments below).
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Fig. 4 (left) ms version of Heronds rhombus diag
figure horizontally :Heron states that the long sid@sBandG D of his rectanglaretwice the length
of the short sideé& Dand B Beron's methodf drawing therhombus based on thisimple rectangle,

is much clearer (right) The main details of Heronds diagram re
distorton. The msdiagram givesthe sidestanchions improbable dnimpractical angled ends,
presumaba copyi stsé error. He@andK Lkoadheleftt noved the ms | ine

the corners of the rhombus will give the centre of the sgiolg and the baseline HJ
for drawing in the positions of the Sidand Centrestanchionsi1/18thick and17/12
(Ph) wide. To add strength near the sprimge and to trim off excess wood and



weight elsewhere, the long sides are given curvature by drawing &rdsose radius
is 30 (H. Bel. 94-6); the centres of thse arcs are marked in figei@and 4 From this
rhombus the outlinefadhe holecarriers(figure 2 is created a geometric solution to
the need to increase the strength of the-baleiers where they have been weakened

by drilling the springhole. The same outline can be achi

solutionand sizing it to a square withi® sides(figure 4).

The key to solving theaumeralfor thewidth of the rhombus is the limget by
the need to allow room for ¢hSpring-hole plus thehicknessof the Side and Centre
stanchions, plus thepacingbetween the stanchions and sp#hale required to
accommodate the Arm and thalk of theRopespringas it wraps round the Arnfror
the boltshootingscorpio Vitruvius gives this spacing a%: h; however his very
specialballista Washerqsee belowgllow more than the standard amount of spring
cord to be insertedlhis suggests a calculation dh.+11/1eh.+11/1eh + at the very
least 5/18h.+5/18h. = 2 1418h.. Thereforeretaining the ms reading ofi® h. is
impractical. This explains why | have suggested changing the ms realliaget

sextae partisto Il e.s.p., producing the same Hetear r i er profil e as
The top and bottom Holearriers on the left must bmatched by a mirrer
image righthand pair.fiLet the thicknesfof the Holecarrier] be 1 . Phil-onds

carriers are also this thick.is important to cut the Holearriers so that the grain of
the wood is running parallel to the long, curved sideseirTtbps will be covered with
a metal plate in addition to the plating round their sides (see bBIOATING).

Washers fnodioli). Counter-plates (not mentioned by Vitruvius)

5. modioli foraminum 1I, latitudo 1S9, crassitudo praeterquam quod in foraei

inditur S3B, ad extremum autem latitudo foramin@ forameA0 autem oblongius
sit tanto quantam epizygis habet crassitudinem. cum deformatum fuerit, circum

levigetul 1 extremam ut habeat curvaturam molliter circumactam.

5. The modioli (washer$ are 2 h., width 13/4 h., their thickness, except for the
part which is inserted in thgHole-carrier] hole is 14/16 h.; but at the edge their
width is13/16* h. Now let thgwasher]hole be longer than it is wide by the thickness
of theepizygiWasherbar) ; when it has been cut out let it be smoothed all round so
that it has a gently curving outer edge.

The Washers arglong, 1% wide (13/16 at the edges),4/16 high excluding the
part[i.e. flange,1/5 (Ph.)thick] inserted in the Holearrier. Thewashe-hole is to be
longer than it is wide by the thickness of the Washer Bauruvius is describing an
advanced type of Washeotherwise unknownwith an oval Springhole which
compensates for the space taken up by the Washer Bar and so allows vital extra
springcord to be inserted. CatapiMVashers are usually circuland cast in bronze.

71.89 H ,andsoerased B ; 1Sq::G ; |512 SchrammDiels, Marsden

8SI H; SGS

91G.S; Il ceteri. S SchrammbDiels, Marsden.

10 foramen......circumactam: since this part of paragraph 4 can only refer to the modioli, | have
transferred it to follow the sentence on the modioli.

11 dividatur mss; levigatur Krohn ; circumlaevigentur Schrammbiels ; circumlevigentur
Marsden; delinatur Rose.

ev

Ho |



The thickness reading eaf/16s eems t o be confirmed by t*h
Washer for a slightly smaller sprificame is% thick.

The sheer bulk of these Vitruvianashers (figure 5) on a large stetheower
requires them to be made of plated wood, because huge bronze castings would be
impractical.

VITRUVIUS' STONE-THROWER
Wooden Washers (plating shown in blue)

TOP VIEW CROSS-SECTION
Washer Bar
<—— 2 —  Spring-hole has oval profile

at the top of the Washer

Metal collar
Spring-hole tapers to a normal round profile
on the underside of the Washer.

Suggested style of collar for Heron's "Flange"

AW, 02
Fig. 5 : Vitruviusd Washer. Top and bepltéedom pl ating

HeronBel. 967 remarks that for larger machines, if the Washers are made of
wood the grain must run vertically, (as |
reinforcing plates must be pinned to the top and undersides. He adds that the
underside ball Washers must have either a flange or two round tenons to lock into a
round groove in the Holearrier.fA flange may be formed all round which runs in a
circular groove cut inthe hole ar ri er, to stop the washer n
(H.) All the many bronze washers that have been found have such a flange, for
examplethe fine Hatra Washer (figure) &vhich is complete with its 5 mm thick
bronze Countep | at e pwmbentcih Hofecarrier being worn awayn the area
of the grooved ( H. )

Fig. 6 : The Hatra washe(left) with squarecounterplate. (right) showing bottom flangg(Baatz
197&, Abb. 10 & 11)

| have used the large wooden washers on my scale magiede(f18). Len
Morgan has usestandardronze washers with rodinternal springholes on the 2



librae ballista the smallesballistao n Vi t r uv i u &iéextremaytdifficulBe c au s e
to makeround bronze washers with oval internal spiirades, it is likely that we have

not been able to cram as much extraspcdngr d as Vi truviuso pl ate
would have allowed.

Washer Bars (not described by Vitruvius)

A Washer Bar, around which the sprogrd is tensioned, and which is used
to apply twi sis totb® of puneeironspelinismed & ,the @arth,
because it must withstartide whole force of the machin® ( H. )

Phi | on 0 s/5thick,r2/s wide fi.e high], but his machine has slightly
less springcord.  In view of the enormous force operating on the Bar, we should
probably try somethim like %4 for the thickness and % for the height. Too much
width will reduce the space for the spriogrd and defeat the object of the oval hole.
A length of 2% will give plenty of overhang for a tightening spanner.

Note the fAbow &ars athe Qamiortal Fraene @igufe thih e b
stops the bars slipping when applying the spoagd, and strengthens the ends where
the tightening spanner is applied.

Fig. 7: Caminreal washer arighr withi b o w prbfile ¢JBMES Volume 8 197, 175 Fig. 13).

The spanner is mentioned by HeBal. 102 :i Once t he arms have Dbe
through the middle of the springs, you must twist the washers with an iron bar which

has a ring into which the projecting part of the washer bar is inseifftb. is so that

the armsmay havee he r ec oi | Thisedesign af bae ahd hngpanner is

illustrated by Anonymus Byzantinus (Wescher, 1867, 254).

Side-stanchions parastata¢
parastatarum longitudo foraminum @& curvatura foraminis pars

dimidia, crassitudo foraminis A8 et partis IX4. adicitur autem ad mediam
latitudinem quantum est prope foramen factum in descriptione.

The length of thearastatag(side-stanchiong is 511/16° h. ; the curve of théole [cut
out for thearm] is half h. ; their thickness ig21/18 h.. But an amount is added to
their width in the centre approximately as large as hioée [cut out for thearm] in
the drawing.
Construct left and right Sidgtanchions 511/16° high, 11/18 thick and 17/12
(Ph).wi de ( Fi g. 2) . I n the centre oftothe real
allow the arms even more room to reooil ( Hhe)cutoutfis’20 [ r adi us r at her

12 v.S. H; V.SG.S (Selestad ms) VG SchrammDiels, Marsden.
13 CC mss; S SchrammDiels, Marsden Both symbols = 1/2.
141X mss; IX SchramreDiels, Marsden.
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diameter, to judge by the thickness of the arms]. On their leadirgg @a$ anfiount

is added to their width in the centre approximately as large as thddwuileut for the

arm]o. A similar cur veshdoters (aegd Canihredl| platnghe f r a
and Xanten profilg¢figure 8); alsothe Vedennius religffigure 9). Heron Bel. 94

describes double tenons at the ends of the stanchions, which penetrate about two

thirds of the Holec ar ri er s6 thickness. T h(fguredd agr am i
shows square section t epuobarsr pldies tountiteer on 6 s i
double tenons, fixed with nalls seems to i mply round ones.
conclusion that the Greek worklklikos , which normally means
intended to mean fAencirclingo, Afemcasi ngo,
are to be encased in metal reinforcing plates.

L,
g

204

124
[

) 1o

406

124

202

Fig. 8 : (left) Side-stanchion platingpf Caminreal bolshooter,with front curve.JRMES Volume 9
1997, 179 Fig. 19right) Sidestanchion curve oareplica ofthe Xanten Twespan bokshooter.

Fig. 9 : Relief of a bolshootingcatapulta(probably a Twespan)on the tombstone ddrcitectus
Vedennius Moderatushowing the front curve of th@destandion and details of the plating and bolt
headqVatican Museum)
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<Tenons> (<cardines>)
<cardines>1S latitudine et crassitudine foraminis V, altitudo parte IlIl.

<Thetenons are 1/5wide and thick¥s* high.

The name of this part/parts is missing frohe tmss. Components of such
small dimensionsound likesquare pegs of some kinidbelieve them to be the same
as He eightntehans whichhe clearly describesBel 99 in Appendix 1) as
protrudingfrom the Holecarriersand penetratinthe Crossbeams.

The extra detail from the Vatican nighowninWe s c her 6 s dr awi ng, f
restores the labél o r \imtgrmogon Her on 6 s cahfirasghatathmare weaen d
two tenons on the front and rear facésach Holecarrier. Heronds text gi Vv
referenceletters for all the parts. Unfortunately our copieshisf diagram do not
have them

Vitruvius describes the part(a$ 2 high, which could mean that the were
tenonswhich projeced ¥4 from the surface of the Hotmarriers and therefore would
have penetrated halfwagto the Crossbeams. They wolldve ensured that the
Crossbeams are lked in the correct position on the surfaces of the idaleiers.
See the plan of the front frawork in figure 14 My model (figure 18 shows the
Cr o s s bpes#iomsyedative tothe Holecarriers.

Centre- or Counter-stanchions and Heelpads

These are straigisidedversions of the Sidet anchi ons, mi ssing i
text as transmitted. The Greek term for them in Her@mnistates hedescribes them
as lacking the convex and concave shapthe Sidestanchionsbut with the same
length and a similar vertical double tenon each.efich e y h pad ® méet the
heel of the arm as it recoils against the stanchi@an BglH3) (visible on my model,

figure 18 . This confirms the fact tWwaet t he i
allowed to strike the Cent®tanchions, as part of the braking system absorbing the
force of the armsdéd forward travel . The bo

remark inBel.1 0 2 ma k e K is getessary to tightdhn the bowstring enoug

hold the arms a short way clear of the sgtanchions, so that they are not damaged

and do not cause damag@e.Some of the forward energyillwbe absorbed by the

missile itself, of courseThe val i dity of Heronds advice \
caused t o t h e -taRB Gtonghrowear when the bowstring stretched and the

arms struck the massive (unplated) sadestanchionsausing them to cracRo be

fair to the BBC team, the correct rope for the bowstring failed to arrive in anu

the synhetic rope used was not prestretched

PLATING

The two Halfsprings are mirror images of one another. To@ybe used as
the templates for cutting the iron reinforcing plates.

It was standard practice in Greek and Roman engineering to reinforce wood
with bronze or iron plates or collars. This was intendeddd strength at critical

15 Gap in mss. <regulae> SchrammDiels, Marsden From their small dimensions | suggest
<cardines>. See commentatyve
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points andto combat wearln catapultsa side benefitof plating wasto combat fire.
Heron makes some general points about the dtomoging catapult inBel. 102
(Marsdem 6s transl:&atiton sr esvsisseend)i al to provide
points, | mean points that are under strain, and fasten them on with nails. Use strong
timber and strengthen the places mentioned in every possible way. However
construct the pds not under stress of light and small pieces of wood, as you make
your assessment of the parts that hold the catapult together and of the bulk and
weight of the machines. For very few catapults are built to meet urgent crises. So they
must be easily disamtled for transportation, light and inexpensive.

He gives specific instructions about the stanchions of the sfrente Bel
92-3): Side and (entrestanchions are to becovered on both sides with plates
fastened with naifs In Bel.94-5 he stateshatii T h e -carreels enust be made of
strong timber and must have plates put all round their vertical sides and fastened with
nai |l séo

No plating from stong¢hrowers has beeidentified to date, but there are the
Ampurias Caminreal and Xantenmetal plates from the sprirffames of bok
shooters. Their stanchions and ho&eriers have been plated as Heron recommends.
The plates are pinned on withails, or rivets. Th@xemplaryCaminreal report gives
the exact sizes and details of which are rivets @RMES8, 1997 figure 18) See
alsothe side rivets reproduced tre relief of Vedenniudigure 9.

2. THE INTERLOCKING CROSSBEAMS AND CROSSBARS

The pair of Halsprings is locked in position by an outer framework
composed of the following bean and bar s, identifiable in
(figure 10, although there the Crossbeams are drawn as strai@bhramm and
Dieteslfl ated the t hrpaishedragingeedagragiod thet e xt s a
fiPalintonon according téleron, Philonand Vi r uvi us o, the first vV e
showed the Crossbeams as straigheir second, final versiofiigure 17)showed the
Rear Crossbeam as curveWitruvius clearly describes both as curved, as Marsden
emphasised.

Vitruvius begins by describing theo lower Crossbeams :

Rear Crossbeam fegulainmensait he beam on t he Tabl eo)
6. regulae quae est in mensa longitudo foraminum VIII, latitudorassitudo
dimidium foraminis. cardines G'% crassitudo foraminis . curvatura
regulae G[K]. 18

The length of the beam which is on the Tablg the thickness and width is
half. Tenons/g** [long], ¥4* thick. Curvature of beario/16*.

Philon givest h e Cr o widthassze,nwrdthicknesss4/o. For the tenons
see below undeCROSSBARS

16 11z ::: mss; Il SchrammDiels, Marsden | suggesGZ (see commentary).

17199 mss; 9 SchrammDiels, Marsden.(Probably FORAMINS9 was miscopied and repeated as
199.)

18 | GK mss; S9 SchrammDiels, Marsden.(The many K's in this section of the mss may well be
referring to one of the lost diagrams).
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The namefi b e am o n implies thatathis lenér Crossbeam was in
contact with the Table (and that the Outer Crossbeam was frmtthe realisation of
this sedigures 14 and 18
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Fig. 10 : Her obalistw redrana gyrWeschen ¢ombining the figures in mss P and V.

The curvature ofl9/16 is probablythe deviation from straight caused by the central
i b e n d 0 helpstao ncamtaithe important contact between the Cressh and the
curved profile of the Hol€arriers.

Fig. 11: Lenb6s @ihdop plabire.aThe straightened central part of the Outer Crossheam
helps to maintain the spacing between the two {dateiers. (photo: Len Morgan)
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Outer Crossbeam (regula exterio

exterioris regulae latitudo et crassitudo tantundem, longitudo quam dederit
ipsa versura deformationis et parastaticae latitudo ad suam curvaturam [K].

The Outer @idtlo and bheeknesd arthe same [as the inner
Crossbeam] its length is what the actual angle of inclinatifpf the Holecarrier]
and the width of the Siggtanchion add to its curvature.

This seems to mean that the beam is shaped to follow the contours of the front edges
of the Holecarriers. To keep the wood grain following the complex cyrtles
Crossheanmay have been made frotayersof laminated timber cramped into shape
againstthe assembled catapult partsaoformer- a technique used to produce curved
legionary skelds, as shown by the Dura Eurodowls. As | discovered when using
the laminated approaatn my model figure 18, theinitial lengthof the laminagd
layershas to be far more than one would expbetause cramping thbemto follow
the contours ofhe Hole-carrierswill shorten their actual span

It should probably be strengthened with plates at least along its outer face, and
perhaps on itsop andinner face as well. (See beloVCROSSBARS:- for plating the
halving joints at the ends of Crosshea and CrossbarsBigure 11 shows Len
Mo r gsanodified, fully plated design with straightenedentral portion to maintain
the spacing between the two halarriers.

Fig. 12: Details on the Mk | machine afne of the plated Crossbars joéul to the ends of the
Crossbeams by halving joints and pins. add#fohso vi si bl
to secuethe Crossbeams to the Hetarriers, and the ends of the two bolts used as the Locking Bars.

Upper Crossbeamgqregulae siperiorey:
superiores autem regulae aequales erunt inferioribus [K].

The Upper Crossbeamsll be equal to the lower ones.
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Crossbars

The three engineers do not mention thessentialcomponents, but all four
bars are shown c Iraeafigurey10,i wihereHleey are dkelledd i a g
di a pdiapex € Crossbar]. They are not mentioned in Her.
They sit flush with the outside edges of the Hoéderiers and link the ends of the
Crossbeams.

Tenonss/g** [long], ¥4* thick. The thickness oY for the tenons of th& thick
Crossbeams suggests that halving joints were used at these junctions, and not the
muchsguare tenosystem sbwn bySchramm and/larsden(figures 16 and17).

spring-diameters 0 3 6
R I T S L 1

Nearer strut, stays, and
clavicula are omitted

EERE R

(a) Plan (b) Side-elevation (c) Front-elevation

Fig. 13: Ma r s dballistéd @an(Marsdenl971, Diagram 11 opposit®2).

Front of Ladder and Table Crossbar

Tenons

Outer | 2
Crossbeam

Heel pads

Inner
Crossbeam

Arm

Locking Bar

& N Tenons
VITRUVIUS' STONE-THROWER

SPRING FRAME ASSEMBLY /] ’/ Strut

/] # AW. ‘02
Fig. 14 : My original drawing of the Sprifigame and Locking Bar from above, along with the
positions of the Ladder, the righand Stay/Strut and leftand Ar m. Heronods ei ght
discussed in thadjacentsection CROSSBARS. Infolwi ng t he evi dence of Herond
10) | have extended the Crossbars and Crossbeams far too much beyond their halving joints: see
comments above. For Lenb6és treatment of these overl a
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This appears to be camnwhich smevd all eight Her on 0
Crossbheams and Crossbars projecting a small amount beyond each other at the ends.
The 5/8 tenon lengthwould allow thehalving jointsto project very slightly,1/s,
beyond the joints themselves. Thi®uld reduce the chance ofdegrain splitting.
Some form of metal capping may well have begplied to their endsan idea which
gainssupport from the remarkable bronze sheathings from the ends of the wooden
frame of the % century AD Hatra stonéhrower (Baat978, 4, Fig. 3.
There is no evidence at al |l i n the tex
Crossbars which Marsden inserts along the inside edges of theatdkrs ; on his
small model(figure 15 they are joinedo the Crossbeams khalving joints ; such
joints would seriously weaken the Crossbeams at a critical point. In his diagram
(1971 55, Fig. 18) these extra beams appe& 4$ Wbut these are the very letters
whi ch He rBelnd®)sgivds dox the rgngs or crepgeces of the Table. Of
course Mirsden was right to be worried about the centre sections of the Crossbeams
being under stress from the torsional forces applied to thesdetigs when tharms
are wound back and recoilLen has plated the Crossbeams on all sides, creating
strength athie ends where they are pinned through the Crosfimurse 11again)

Fig. 15: Small modeballista made for Eric Marsden by Norman and Raymond Codaking joints

are used to link the ends of tBeossbeams and Crossbars; hh may have beedeton Er i cds f
these joints. Note thextra Crossbars inged along the inside edges of the Halarriers: see the

commentary above.

- "_"_L:"_'j o Regula exterior e ]
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Fig.16:Mar sdends plan of t hl02fFig.d0he wo r k ( Mar sden
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ASSEMBLY 2 : THE SPRING-FRAME

Line up mortise holes in the Crossbeams with the tenons protruding from the
Hole-carriers, and tap them into place. Do not glue these joints because Heron says
that most parts of the machine can be dismdritle easy transportation. He also says
that you must provide iron plates at all points which must withstand hard usage. As
already suggested, the outer vertical faces of the Crossbheams and Crossbars (and
possibly thehorizontal faces, too) should be plkhteThe Crossbars must have been
held in position at the ends of the Crossbeams by some sort of pies thiough the
halvingjointsto tighten the fit of the Crosslams to the Holearriers figure 1§. See
figure 11f or Lends v er s iggnsofpreblensn barlystésts.we d n o

The completed assembly of Crossbars, Crossbeams andptaljs may be
called the Springrame. Two features help to fasten it securely to the stock of the
machine: a Locking Bar and twor8ts.

COMPONENTS JOINING THE SPRING -FRAME TO THE STOCK

Locking Bar

Marsden invents a pair of giant wedgeserted into the back of the Inrer
stanchions angressing down on the top edgd the Ladderln practice, those on his
model keep workingpose.

However,He r o n @gran fidgurealQ clearly shows a beam or bpassing
through the Centrestanchions and apparently passing through the lradihe
conjunction with the Strutghis would provide the means of locking the Spifiragme
to the stock at a point close to the limebowstring and armsnd so ideal for taking
the enormous strain when the Slider is wound back. It must surely have been
substantial andf iron, and the holes for it as it passed through the Gstdarehions
and t he L-padedwould wobablhalebeen reinforcedith metalcollars
it would beessentialto have metal padat its ends, against which the bar could be
tightened by, for example, wedgbaped pins.

EnlargingWe s c her 6 s v er si omakesitposbibleoseadtlee di agr a
labela n t e g (antetisis)on two rectangular blocks dravam the inner faces of the
Inner Stanchions. The Greek word could be an otherwise unknown noun from the
verbant er iaztexizijph (meaning fAto strive against [/
misspelling oftheknownnouna n t & i r( ia n tnesithericase the noun will mean
A b u f dr the like,and would then appear to babelling blocks at the end of the
Locking Barwhichwould function ashe metal padsuggested above

Len has used two bars, one pagsihrough the Tabl the other through the
Ladder, visible in figure 12 as modern threaded bolts used for ease of assembly/
dismantling.

Struts (anteride$
9.  anteridon longitudo foraminum XVIED, latitudo in imo foraminisG20, in
summo cassitudd21 [K].

19 foraminum eius latitudomss ; | suggest that EIVS is a corruption of XVIIS. foraminum 1119,
latitudo SchrammDiels, Marsden.
20 n®s; S SchrammbDiels, Marsden
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Fig. 17 Schrammés plan, dated 1917, of his Pa
engineers. His Struts ar e fmlest(Shranin, 1018, 56, Abb.223.i des o f

The stuts arel7*%21ong,3/16 wide at the botton®/16* thick at the top.

fiThe Half-springs have tsuts (anterdes) whosebottom ends are fastened to the
Ladder, the top ends to the pgr Holecarriers, so that the Bif-springs are not
strained while the pulback is takig place.(H. Bel. 101) On all reconstructions
knowntomee x cept Sc hr amthétep ends ard fasgned iacorrecly to
the inrer Crossbeams. My solution d7%2 , XVIIS, for the corrupt figure for their
length EIVS, is palaeographically stratéprward andas Len confirmsworks well in
practice.

Schrammdés Struts are shorter and fasten
t he L addpwlesd Bhilols dodsenot mention the Struts. They are mounted
running parallel to one another on all ¢xig reconstructions, but on my model and
diagram (figures 14 and 18) | tried splaying them, to reduce possible twist between
the frame and stock. Experience with parallel mounted Struts onlibwa@ machine
suggests that this is unnecessary.

Vitruvius 6 d i miewdthiabamesend and thickness (usually = height) at
the other end strike me as odd. He does not give a straightforward width and height
for the stays. | believe that he may be giving a reduction in width/height at their ends
which isrequired to attach them to the Sipeles of the Ladder and to the Hole
carriers. So their main width and height must be estiniag8 wide and %2 high, or
even thickeii say %2 by 5/87?

THE STOCK i.e. TABLE, LADDER, SLIDER AND WINDLASS

mensae transvearii foraminis CCE2K]

2L F . Kmss; G SchramrmDiels, Marsden
22 CCCK mss; 9 SchrammDiels, Marsden. (CCC = 3/4. C =G, | believe.)
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Fig. 18: My large model (stock one metre Igragaled to aing-hole diameter of 4.9 cm, 2 Roman
inched used asheb a s i s f o-size machinklshasfthe iwdoden Washetsscribed by Vitruius

and Heron (p. 7-8 and figure % . I have al thick caudteipatbsuriRiérthd Washers
(Appendix 2 for corrected reading of his texig gives their thickness as one quarter ofiibeneter of

the springhole, too thick for them to be dais metal, so | have presumed them to be plated blocks of
wood. They are not mentioned by Vitruvius, and are omitted on our MKk | version. The bowstring on
the model is far too narrow, and there is room for a lot more spardy

7.  climacidos scapiongitudo foraminum XVIIIR3, crassitudo44K]. intervalli

medii latitudo foraminis et partis quartae, crassitudo pars29[K]. climacidos
superior pars, quae est proxima bracchiis atque coniuncta est mensae, tota longitudine
dividatur in partes I#6. exhis dentur duae partes ei membro quod Graeei| wni o n
vocant, latitudo 27, crassitudd®, longitudo foraminum XlI et semis [KP. extantia

23 Xl mss; XVIII SchrammDiels, Marsden. (Philon gives 19 as the length.)

24 |K mss; 9 SchrammDiels, Marsden.

25 crassitudo pars .VIILK H ; altitudo foraminis | et partis octavagSchramrDiels, Marsden.
(A puzzling treatment of the mss reading, attempting to make the text refethi@igheof the scapi as
11/8, where the mss are giving thHdcknes=f the intervallum medium or "central gap" as 1/8.)

26 partis .v. H ; partis .u.G ; partes V SchrammDiels, Marsden : if the length of the
c el wn(Sliden is 124 it is two thirds of the Ladder's length of 19, certainly not two fifths. So |
suggest partes lll.

27 Jatitudo G crassitudo 9mss ; lat. IG crass. 9SchramrDiels, Marsden

28 ||| & semis .K.mss ; Xl et semisSchammDiels, Marsden Xl et semis is closer to twihirds
of 19.
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cheloni foraminis S, pterygomatos foraminis Z et sicikflis quod autem est ad
axona, quod appellatur frons transversarius foraminum trium.

8. interiorum regurum latitudo foraminis=30, crassitudoz31 [K]. cheloni
replum, quod est operimentum, securicula includitur [K] in scapos climacidos :
latitudo <I>G32, crassitudo foraminis X3 [K]. crassitudo quadrati quod est ad

climacida foraminis=, C34in extremis [H. rotundi autem axis diametros aequaliter
erit cheles, ad claviculas autéfminus parte sexta decuma [K].

Thetransversarii(crossstruts) of thetableare ¥+ h.

7. The length of thecapus(side-pole) of theladderis 19* h. (= Ph.), its
thicknessl* h.. The width of theintervallum medium (central gap is one and a
quarter h.,its thicknessl/s h.. Of theclimacis (ladder), which is very close to the
bracchia (arms) and is joined to théable the total length of the uppére.top] part
is divided into 3* sections ; of thes®vo sections are given to that component which
the Greeks callc e / w n[chelenion ="tortoiseshell" or "trough”, apparently used
for theslider and/or the groove for the missilgl3/16* h. wide, 4/16 h. thick and12*
and a half long. Theextantia (upstanding par} of the chelonionis %2 h. The
pterygoma(wing) is 7/16 h. and a quarter.

As for the axon (axle) [of the windlass ?], what is termed the
width across isthree h.
8. The width of thanteriores regulae (inner beams$ [i.e. rungs of the
ladden] is 6/16° h., their thickness7/16* h.. The replum (covel, that is the
operimentum(lid) for [i.e. the base for] thehelonionis fastened by dovetail into the
sidepolesof theladder, and is<1>3/8# h. wide, 1/12 h. thick.

The thickness of thguadratum (squared blockwhich is added to the
ladderis 6/16 h., ¥4 h.at the ends.

The diameter of theotundus axis(round axle) [of the windlass] will
put it on a level with thehele(trigger / trigger block), but will beone sixteenthess
at theclaviculae(pawls.

Ladder (climacis)

Vitruvius records the following parts for this we&lamed component (Figs 15
and 21).Ladders are very common componentGireek andRoman engineering,
combining strength wit lightness.

Side-poles gcap) : ¥4 (Ph.wide x 1 thick [=high] x 19* (= Ph.Jong.

Inner Beams (interiores regulag : these are the rung$¥z#long x 6/16* wide x
7/16thick. Philon says that they are spackapart.

A Wi n gpgerygorhata : these are wdgesectioned boards forming the sides of the
female dovetail groove a quarter [wide] x 7/16 [high]. They are cut from the same

29 plentigomatos gic, pterygomatosTurnebiug f. Z & sicilicus mss ; <PTERUGWMATOS
foraminis 9 SchramrrDiels ; pterygomatos f. Marsden

30 . Gmss; F SchrammDiels, Masden

31 K. mss; G SchrammDiels, Marsden

32 Gmss; G SchramreDiels, Marsden.

33 XII mss; duodecima SchrammDiels, Marsden

34 foraminis F.C. in extremismss ; foraminis 9 in extremisSchramreDiels, Marsden

35 autem <S> mins SchrammDiels, Marsden
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piece of wood which supplies the male dovetail of the Slider. Ma&ecuts at an
angle of abou60 degrees.
Slider Cover or Lid (cheloni replum, quod est operimentym 13/8* wide x 1/12
thick, fifastened by dovetail into the Ladder Sp#e® . I have interpret:
board as the base on which the dovetail of the Slider rests.
Central Gap (intervallum medium : one and a quarter [wide] x 1/8 thick. This gap
between the bottom of the rungs and the Plank of the Table provides the space for the
windlass rope which pulls the Slider forwards.
Figure 21 of the crosssection of these components offers a different
interpreation from that opreviouseditors.
Squared Block: thdithickness of the Squared Block which is added to the Ladder is
6/16, Vsaattheendd. There i s no certainty as to what
may be the equivalent of the very simildock (bucculg on the back of the windlass
box of Vi shoatev.iltwsuid therefdrd sedikely that it was fastened to
the rear end of the Ladder, using dovetails, as on the abheméoned windlass box.
Such a crospiece would providessential bracing for the Ladder.

Table (mensg
This component also resembles a Ladder, but the plank dogheas earned
it its nickname(figure 19. It is basically a spacer that lifts the Ladder and Slider to
the height required taccessthe bavstring (figures 1 andl8), and provides a greater
area of timber in contact with the Inner Stanchidiee recorded parts are :
Side-poles: (not mentioned in Vi%long Vaiwides ) Phil c
high.
Cross-struts (transversari) : i.e.rungs 1%# [wide] x % [high and thick].
Plank on the Table(s anenV t r la paaig en trapez€h) (not mentioned in
Vitruvius) : 1%# [wide] x 1/8(Ph.)[ t h i T glank fiifs the whole space between
the Sidepol es. é. The Ladder iclsliegpoh the @abstrdn 0t he pl
(H.)

No mention is made of the method used to join the Ladder to the Table.

Fig. 19: Lenbs Tabl e, with t hpoftpelsides &nd crossautsy f or f ast e
(photo : Len Morgan).



