	Building the Roman Ballista

	Including Plans and Pictures for Most Major Ancient Artillery Devices

	Here is a basic summary of how ancient engineers built ancient ballistae in shops dedicated to that purpose.  This information comes from the few ancient writings describing siege engines that have survived until today.  Siege engineers had developed a formula to describe the relationship between the diameter of one of the spring bundles and the mass of the stone that one wanted to throw.  This formula was derived from long experimentation.  The algebraic equation for this is given as: 





D = 1.13((100M) 

  

Where D is the diameter of a spring cord bundle in dactyls.  One dactyl is equal to 0.76”.  The M is the mass of the stone shot in Attic minas.  One mina is equal to 0.96 lbs.  If one knows the weight of the rock one wants to throw, the size of the spring bundle could be thus calculated. 
Now that the value of D is known, it can be used to get all the dimensions of the major parts of the siege engine.  Heron, Philon, and Vitruvius all described the lengths, heights, and widths of the parts of the engine in multiples of D.  These values were obtained empirically, that is, by trial and error.  Many experiments were conducted to create the dimensions of the parts of the machine that would produce the strongest, lightest, and most powerful machine using the materials at hand.  Variations between the three engineers mentioned previously are surprisingly small.  Tables of values give by Philon and by Vitruvius were given in Greek and Roman Artillery, Technical Treatise.  Since Philon’s measurements were referring to a machine that is closer in design to the one described by Heron than Vitruvius’ measurements were, I used Philon’s table to figure out the dimensions of the ballista parts.  Dimensions not specified here were estimated with the help of a 3-D computer model, which is shown on the 3-D Computer Rendered Pictures of the Ballista page.  Vitruvius made changes and design improvements to the levers and washers (epizygi and modioli) which altered the dimensions of the springs from those recommended by Philon.  For my ballista, I made a new copy of this table, using my value for D (6”) to fill in all the blanks to form a new table, with values in inches, which I would use to create my ballista. 

Lists of Dimensions for Palintone Stone Throwing Ballistae According to Philon c. 250 BC and Vitruvius c. Mid-1st Century AD.  
The following numbers are given in multiples of D, the diameter of one spring cord bundle.  So, Take the numbers in the table below, multiply them by D, and you have the dimension in whatever units you are using for that particular part.  These tables are taken verbatim from Marsden’s Greek & Roman Artillery, Technical Treatise.  Those numbers in round brackets are dimensions not given directly in the ancient texts, but were deduced from them.  Those numbers in square brackets are estimates and are not specifically listed in ancient sources.  Vitruvius provides the numbers that are italicized, since Philon and Heron do not list them, and it allows us some measure as a guide for the part sizes.  Measurements not specified in the tables must be estimated using good engineering judgment.  
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	Latin

	Translation 
	Height 
	Length 
	Width 
	Thickness 
	Breadth 
	Curvature or Diameter 

	foramen 
	spring-hole 
	  
	  
	  
	  
	  
	1 

	scutula

	hole-carrier 
	1 
	2¾ 
	  
	  
	  [2½] 
	

	? 
	counter-plate 
	¼ 
	  
	  
	  
	  
	  

	modiolus 
	washer 
	¾ 
	2 
	  
	  
	  [2½] 
	

	? 
	rim or flange 
	  
	  
	  
	1/5 
	  
	  

	epizygis 
	lever 
	  
	[3] 
	2/5 
	1/5 
	  
	  

	parastata 
	side-stanchion 
	5½ 
	  
	1 7/12 
	29/48 
	  
	  

	? 
	counter-stanchion 
	5½ 
	  
	1 7/12 
	29/48 
	  
	  

	regulae 
	short frame beams 
	1/4 
	  
	  
	1/5? 
	  
	  

	regula exterior 
	outer frame beam 
	  
	suitable 
	  
	4/9 
	5/9 
	  

	regula in mensa 
	frame beam  joined to table 
	  
	8 
	  
	4/9 
	5/9 
	  

	cardines 
	frame tenons 
	  
	1/2 
	  
	¼ 
	  
	  

	mensa 
	table 
	  
	9 
	(1 7/10) 
	  
	  
	  

	? 
	long joints of the table 
	1 
	(9) 
	¼ 
	  
	  
	  

	transversarii mensae 
	cross-pieces of table 
	  
	  
	¼ 
	  
	  
	  

	? 
	table board 
	  
	  
	  
	1/8 
	  
	  

	scapus climacidos 
	side-pole of ladder 
	1+ 
	19 
	  
	¼ 
	  
	  

	intervallum 
	gap between side- poles of ladder 
	  
	  
	1 1/5 
	  
	  
	  

	pterygoma 
	ridge-pole (dove- tail strips on inner sides of the ladder) 
	  
	19 
	¼ 
	1/18 
	  
	  

	interiores regulae 
	‘rungs’ of ladder 
	  
	  
	  
	1/6 
	1/3 
	  

	quadratum 
	square endblock at the rear end of ladder

	  
	  
	  
	  
	1/4 
	  

	anterides 
	frame support stays 
	  
	3 ¼ 
	  
	3/16 
	1/2 
	  

	chelonium

	slider 
	  
	11 1/2 
	1 1/5 
	1/4  
	  
	  

	extantia chelonii 
	projection of slider 
	1/2 
	  
	  
	  
	  
	  

	clelonii replum 
	lid of slider 
	  
	  
	1/4 
	1/12 
	  
	  

	axon, axis 
	winch 
	  
	3 
	  
	  
	  
	7/16 

	basis, eschara 
	long ground-joist of base 
	  
	8 
	  
	1 
	1 
	  

	antibasis 
	short ground- joist of base 
	  
	4 
	  
	1 
	1 
	  

	columnae 
	columns of base 
	suitable 
	  
	  
	1/2 
	1/2 
	  

	bracchium 
	arm (diameters at heel) 
	  
	6 
	½ 
	½ 
	  
	  

	? 
	sling 
	  
	2.1x6 
	  
	  
	  
	  

	

	Refer to the diagrams below to identify the parts listed in the table above.
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	Ballista Major Construction features 

	

	When constructing a ballista, only about 65% of the information on the actual methods and construction features of the parts and how they interconnect has survived directly from or can be inferred from ancient writings.  The rest has to be developed by the craftsman endeavoring to create a replica ballista.  Below is a collection of computer rendered pictures with commentary on how I personally solved several problems involving how the parts of the ballista interrelate.  It is my assumption that if one invents features using joinery methods and materials known to be available to ancient engineers, and keep your design features simple and elegant in design, then you will be much closer in accuracy to how an ancient siege engine would have actually been built.  One can use the known features of an ancient machine as a context to give us an idea of how to construct those areas which we know nothing about.  Ancient engineers typically constructed machines in a manner in which material was not wasted and using parts geometry which was highly refined so as to be simple and yet serve the function efficiently.  That is not to say that decoration was omitted.  Decoration of war machines was important in that it made a impression on the morale of enemy soldiers, and this fact was stated as a major aim in siege engine construction.  For example. Philon described a lightly constructed "cover" which was built over the front of a ballista to make it appear as if it were a piece of architecture, like a marble temple.  Heron of Alexandria and Philon of Byzantium both stress that the appearance of siege machines absolutely terrified enemy soldiers facing them.  False mockups or "dummy" siege engines have been noted to be constructed in order to fool the enemy into believing that their foe had more artillery machines than they actually had, or to manipulate them away from lightly defended areas of a city wall or fortification.  Click on any of these pictures to see a larger version. 





 

Let's start with the basis (Latin for base).  Ancient sources describe how the members are arranged, but the exact dimensions and how the parts are connected were not mentioned.  I chose to use simple mortises and tenons for the joints arranged in such a way that the weight of the ballista itself held the basis together.  This proved to be a very strong structure which was exceptionally stable and sturdy, and yet it also was very easy to assemble and disassemble.  
 





 

Now let's take look at the construction of the half-spring assembly that powers each arm of the ballista.  To the left you can see an overall schematic.  The tenons of the stanchions extend into the hole-carriers.  It is unknown if the tenons are glued into the hole-carriers are are jut press-fit.  Judging from the forces arrayed on the half-spring, it is possible that the tenons were not glued permanently to facilitate replacement of the wooden parts should they suffer cracks from age and wear.  The design of the epizygis and modiolus was my own, and made from steel parts such as a schedule 80 pipe section welded into a washer-shaped plate for the modiolus and a flat bar for the epizygis.  Most modioli surviving from ancient machine remains were made from cast bronze, though one discovered has been made from iron.



 HYPERLINK "http://198.144.2.125/Siege/ConstructionPics/Full/bronzebøsninger.jpg" \t "_blank" 

 

 

To the right is a diagram of actual modioli that have survived and have been unearthed.  Note that the system for holding a modiolus after it has been twisted to tighten the cord bundle varies.  Either pins or perhaps a pawl attached to the hole carrier which engage teeth on the modiolus were used to prevent the cord bundle from unwinding.
 
 

 



 

To make it easier to remove the pins and adjust the rotation of the modiolus, I made the pins in an "L" shape.  I designed a washer of steel with pins that projected into holes in wood of the hole-carrier to take the wear of rotating the modiolus and bear the weight of compression afforded by the cord bundle.  Note that the grain direction of the hole carrier is along the major axis of the rhomboid shape in order to maximize the strength of the hole carrier.  The hole carrier must be able to withstand tons of stress with its ends being supported by the stanchions and the center being pulled inward by the cord bundle.  On my ballista, a hole-carrier is constructed from three horizontal laminations of wood, each 2" thick, to form a 6" tall piece.
 

 




Each half-spring rests on the upper edge of the ladder from a ledge located on the inner side of the counter (inner) stanchion.  This was my solution to how the weight of the half-spring is transferred to the rest of the ballista.  It turned out that the chelonium (slider) will not slide past the counterstanchions as a result.  So, the chelonium must be inserted into the ladder prior to fitting the half-springs to the ladder during assembly.  Also, instead of placing leather padding on the heel ends of the arms, one can mount leather pads on the front surfaces of the counterstanchions.  The padding is what stops the arms as they fly forward when the ballista is discharged, not the sling.  If the sling snaps taut, you will break the sling at the eyes.  The sling at the breast position (undrawn) should have a little tension and not be loose either.
 





The frame is well documented in ancient sources.  Each member is called a regula in Latin.  The upper and lower regula assemblies hold the half-springs to the sides of the ladder and make the entire frame solid and sturdy.  To keep the transverse regulae from sliding off the tenons of the longitudinal regulae by vibration, wedge-shaped holes and wedges made of ash wood are used in the tenons.  The wedges to not have to be made of metal because the majority of the forces holding the entire assembly together are on the sides of the tenons and the mortise holes.  To help locate the exact locations of the mortise holes when making the transverse regulae, the half-springs were held onto the completed ladder and table assembly, and careful measurements were taken. 



These two stays are used to provide support behind the top of the spring frame assembly, preventing the force applied by pulling back on the sling from causing the frame to lean back and put stress on the counterstanchions and the ladder.  At the rear end of each stay is a hole that fits over a pin protruding from each side of the ladder near the rear end.  A tenon on the front end of each stay was selected as a good way of fitting the stay to the rear side of the top regula exterior.  One may have the stays engage the back surfaces of the counterstanchions.




 

The method of how the ladder, the table, and the horizontal board between them are attached in not specified in ancient sources.  It may be that on larger ballistae, greater than 21' long overall, builders may have incorporated a means of easily detaching the table (lower) from the ladder (upper) to make the parts easier to transport.  On my ballista, which is at the smallest end of the size spectrum, The ladder and table were glued together as a single piece as shown below. 
 

 





A means of preventing the frame from sliding along the ladder as the sling is drawn back had to be devised.  A vertical piece of wood was glued to the each side of the ladder just behind the counterstanchions.  Thus, the rear inboard edges of the counterstanchions butt up against the front edges of these boards, and the entire frame cannot slide backward.  A similar set of vertical pieces were attached to the ladder in front of the counterstanchions.  This prevents the frame assembly from shifting forward over time because the recoil force on the frame when the ballista is fired.
 

 





The winch assembly has been removed from the ladder/table to the left for clarity.  The "toothed boards" that Biton of Greece mentions as the rack of teeth that are used to prevent the slider from sliding forward when drawn back are assumed to be made of metal of some sort, probably bronze.  I used steel because it was far cheaper and easily obtainable.  The rear end wood piece of [image: image14.jpg]


the ladder, called the quadratum, has a hole in it that I made to allow the attachment of the end of the winch line, after it was passed through the pulley at the rear end of the chelonium.  The end of the line is passed through the front end of the hole and a Flemish figure-eight know is tied in the end of the line so it cannot get pulled through the hole.  A figure-eight knot is used instead of an overhand knot because it can be easily untied when the machine is disassembled fro transport.
 




The release mechanism of the chelonium is fully described by the ancient engineers, but how it is attached to the chelonium is not described.  I devised a release mechanism that transfers force beginning with the sling pull-back ring all the way to the pulley through metal parts joined together.  At no point is wood relied upon solely as a strength member to bear the forces drawing back the sling.  Metal is many times stronger than wood and will not suffer cracks from load cycling over time.  The pulling force exerted by the sling is transferred from the pivoting hook to the hook pivot pin, forked trigger mount, upper and lower metal plates, pulley support rod, pulley bracket, pulley pin, and finally to the pulley wheel.  The wood does well to support the rods passing through it, including the rod attaching the pawls to the chelonium.  Many replica makers underestimate the strength of metal the trigger mechanism and tend to make the parts oversized.  On my ballista, the trigger hook is only 5/8" thick and the pin is 1/4" in diameter, and the release mechanism holds up well when the ballista spring cords are wound up to full strength. 

	

	How to Wind the Cord Bundles

	


	



	



	



	




	



	  

These pictures show how the spring cords were wound in one of the half-springs.  The metal bar which the cord is wrapped around is called the epizygis.  The epizygis is mounted in the modiolus, which can be rotated after the cords is wound to twist and tighten the cord bundle.   The holes in the flange on the modiolus are 15 degrees in arc apart and the holes in the metal ring and wood on the hole-carrier (the rhomboid shaped part on each end of the spring) are 22-1/2 degrees apart.  This arrangement, discovered on a Roman arrow-throwing catapulta in Ampurias, Spain, allows the modiolus to be rotated and positioned in increments of 7-1/2 degrees.  This makes for very fine adjustments in the twist and thus the power of each half-spring for purposing of balancing  them.  
With the bitter end of the rope tied to the epizygis, a portable winch is placed over the modiolus on the opposite end and the cord is drawn taut.  How taut each cord is drawn is a matter of experimentation.  There is a balance between the tautness of the cords as they are wound and the amount of twist imparted to the bundle afterwards which will give the ballista its most efficient operation.  Where that point is, I do not yet know, and it can only be rediscovered through more experimentation, data collection, and analysis.  I have assumed that the epizygi should have about 150 to 220 degrees of twist relative to the arm, beginning from parallel starting positions.  With a board acting as a spacer,  three clamps are hold the tight cord from going slack.  The winch is loosened and the cord is fed through the hole-carriers to the other end of the half-spring.  The winch is then moved to this over end and the cord is drawn tight again.  With this pass of cord made taut, the board and clamps are removed and placed on the next pass of cord.  The process continues until the hole in the hole carrier is packed pull of cord.  This takes many hours to accomplish.
Large wooden wedges of pine are used to split the rock-hard tight bundle of cords in order to insert the arms.  Two wedges are inserted from opposing sides of the bundle and ride on each other.  One set of two wedges is placed above and another set below the point in the bundle where the arms will slide in, separating the bundles along the same vertical plane that the epizygi lie in.
For more diagrams of the ballista and other siege engine construction, go to the SIEGE ENGINE BLUEPRINTS page.
 


	Field Assembly of the Ballista
 

	



	The ballista is laid out on the ground for assembly on site in the field.  This is the smallest ballista used by the Greeks and Romans for throwing stone shot.  A ballista of this small size can be assembled in about 20 minutes by an experienced three-man crew.  Click on any of these pictures to see a larger version.

	



	





	

	

	The base (eschara in Latin) is held together by mortises and tenons that fit together in such a way that the weight of the ballista itself locks all the joints into position.  You can see some of the diagonals members have tenons not yet inserted into the columns.  The bottom of each column (the columnae) have 1/2" long tenons that extended into mortises in the bottom crosspieces (the basis and anti-basis).  The columnae are permanently joined by a center cross member and the top cross member.


	The universal joint on top of the eschara allows the ballista to rotate to aim in any heading and pitch to any desired altitude to adjust the range of the stone shot.  The vertical pin of the universal joint is made of metal since it must be very strong.
	



	

	The ladder is the long stock of the ballista body.  the table is the box-shaped frame of wood attached to the ladder which extends down from the bottom of the ladder, and provides the basis for supporting and strengthening the ladder, as well as a place to attach the universal joint to allow the machine to be pointed in virtually any direction.  The universal joint pin is inserted through the table after the ladder & table assembly is lifted into position.


	A strong table made of pine wood is assembled and acts as a scaffold.  The crew need to be able to work high up in order to lift the heavier parts of the ballista into position.
	



	

	The ladder and table are position horizontally to prepare for assembly of the spring framework.  The table is placed in position to allow the crew to lift the first half-spring into position onto the ladder.


	The left half-spring is lifted into position by two crew members while the third man places two bar clamps to hold the half-spring onto the ladder.  The weight of the half-spring is supported by a ridge on the inner stanchion that rests on the top edge of the ladder.
	

	



	

	Both half-springs are held in place by bar clamps temporarily until the rest of the frame is assembled.


	The upper frame shown here is assembled.  The members of the frame are called regulae.  The "regula exterior" is the front crossbeam, and the "regula in mensa" is the rear crossbeam.  Tenons from the longitudinal regula extend through the transverse members and wooden wedges are placed in holes in the tenons to make sure the joints stay tight.  You can see in the picture to the right that the regula in mensa still needs to be tapped tightly into place with the help of a leather mallet.
	



	

	The bottom frame around the half-springs is assembled and more wooden wedges are used to keep the joints tight.  The wedges do not have to be made of metal because the forces on the frame are taken up by the regulae tenons, not the wedges.  When the frame is assembled, all the bar clamps are removed.


	Diagonal stays are placed in order to support the top of the frame from behind.  The front ends of the stays have tenons which fit into mortises in the back side of the regula in mensa.  The rear ends of the stays have holes that slide over large wooden pegs attached to the sides of the ladder.  Metal pins in these pegs keep the rear ends of the stays from coming away from the ladder.
	



	

	A length of heavy manila ropes is looped around the ends of the arms inboard of the nocks and held from slipping by clamps.  The center of the this "bastard sling" is drawn back using the winch to draw the arms back a short distance.  This allows the sling to be fitted onto the ends of the arms and the eyes of the sling to be seized tightly about the nocks on each arm.  After the eyes of the sling are seized tight, the bastard sling and clamps are removed.
	



	




	
Once the sling is fitted, then comes the fun part: LAUNCHING STONES ! !  The slider (chelonium), which houses the release mechanism, is moved forward and is latched to the sling.  Two winch men haul the slider back, drawing the sling and the arms backwards.  The stone shot is laid in the sling and the ballista pointed in the desired direction.  After a few sighting shots, an experienced crew can achieve an astonishing degree of accuracy.  The ballista has virtually no recoil when discharged, a testament to the balance of forces within this elegant and ancient design in engineering.

	The Ballista in Miniature

	     After the full size ballista was constructed, a 1/10th scale ash wood working model was made as a tutorial aid in training new crew members how to assemble the ballista on site and operate it safely and efficiently.  The model is detailed in every way like the original.  It can be disassembled and assembled in the exact same way as the full sized ballista and fire a 1/2" diameter stone about 40 yards or more.  The power of the model is humbling in itself.  All the parts were cut our from scrap ash pieces with a small band saw.  The metal parts such as the modioli were made from sections of 3/8" steel pipe nipple sections. The cord bundles are waxed nylon cord and the half springs were tightened with a pair of channel lock pliers.  The springs have a lot of force stored in them.  The metal racks on the sides of the ladder were cut from 16 gauge black iron sheet metal with a hacksaw.  The model took about two weeks of work, with much of that calculating the proper scaled down dimensions off the original full size ballista plans and cutting the parts.  The parts were glued together with carpenter's yellow wood glue.  The model makes a great teaching tool.

	



	



	




	

	



	




	

	

	

	

	

	


	Frequently Asked Questions

	1) Question:  Where can I get plans?  

Answer:  Here is a list of websites where we have posted plans. These URLs are subpages for web pages that actually have the plans to reduce your hunt to a minimum. My own website here is CHOCK FULL of diagrams of ALL siege engines that were mass-produced in ancient times.


http://198.144.2.125/Siege/Blueprints.htm
http://198.144.2.125/Siege/ConstructionPics.htm
http://www.schamp.net/andy/index2.htm
http://www.unc.edu/courses/rometech/public/content/special/Kat_Smith/ROMANARTILLERY.htm
http://www.middelaldercentret.dk/acta.html
http://members.iinet.net.au/~rmine/seemore.html#plans

2) Question:  How much will it cost me? 
Answer:  Approximately $4000.00 to $60,000.00 (depending on size) for a real, full sized catapult for materials and some contracted labor. You choose the price level based on the size and level of complexity of the catapult.  Working models cost far less.  For example. a small 11" model ballista can be made for less than $30.00 if one already has the shop tools.  A small model trebuchet can be made from soft, pinewood for about $20.00.

3) Question: I want to make a catapult for a school project that throws ridiculous things for short distances and it has to fit in a 1 cubic meter space. Where do I go for plans? 
Answer:  I usually send this guy to Andy's web page where he has a few plans on small model catapults:

Realm of Taergerasmob (Thingymabob) - http://www.schamp.net/andy/index2.htm
or send him to Peter Ireland's web site at http://icatapults.freeservers.com/ where he can build a table top toy from popsicle sticks. 

4) Question:  I want your plans. Can you e-mail them to me as soon as possible? 
Answer:  No.   Hell No.   PERIOD. (I hate lazy idiots)  Please do your own research. You won't believe the vast amount of lazy people these days (mostly students) asking for a craftsman to give them fully researched blueprints without demonstrating the slightest evidence that they have even tried to think about how a catapult might work.  Start by gathering as much information as your can from multiple sources, including this website, and fill in the gaps by THINKING.  You have to develop plans on your own just like the rest of us.  The reason why I don't just hand out my plans to everyone is that it there is no way for them to tell what construction features are historically accurate and  which ones are the result of my interpretations of the ancient texts or my own design to solve the myriad of gaps in the information available.  It is important that one know those parts of the machine that the ancient engineers provided us information on.  A catapult builder should attempt to fill in the gaps by developing his/her own carpentry methods.  Remember that the ancient engineers wrote their texts for an audience of experienced and professional carpenters, so a lot about how to do wood joinery was left out completely.  Furthermore, you as a builder may solve many of the problems I ran into in making a ballista in better and more elegant ways.  Only by going through this process will you truly understand the forces at work in your machine, especially since every machine we reenactors build will be different in many ways.  The diagrams supplied by Eric W. Marsden from his interpretations and posted on this website should help.  Study them!  The plans of my own siege engine (a ballista) have been released only to a few engineers intent on making a full sized replica of their own.  These same plans will be later published in a book entitled "Build Your Own Greek Siege Engine".  See the next question for how you SHOULD ask for assistance.

5) Question:  I have a specific question regarding a construction feature or the performance of a catapult project I am considering or am in the process of building. Who can I E-mail to seek out the answers? 
Answer:  Such a question demonstrates that the questioner is trying to solve mechanical problems on his own and may be asking how another siege engine builder overcame a certain problem or constructed a certain feature on his catapult.  E-mail  the following catapult replica builders for detailed information pertaining to specific questions regarding construction or performance of siege engines.  DO NOT bother these guys with pleas for information if you refuse to somehow demonstrate in your message that you are willing to do some research and actual THINKING on your own!  A complete "read and make" recipe for making a siege engine does not exist!  A thinking human being must take the incomplete historical evidence available from as many sources as possible and fill in the gaps with logical and well thought out solutions. 

BALLISTAS: ksuleski@isd.net
TREBUCHETS: rmine@iinet.net.au or dimona@home.com or andy@schamp.net
ONAGERS: onager@mindspring.com  or ksuleski@isd.net
CATAPULTAS: noelkavan@hotmail.com or ksuleski@isd.net 

If I have failed to mention any of the craftsmen I know, I am sorry.  I had to write this in a hurry. Please add yourself to this list by E-mailing me if you have experience in building any of these machines.  I want to hear from you in any event because I love to talk  to other craftsmen!

6) Question:  Where can I find books or articles on siege engines? 
Answer:  Here are three links listing documentation sources.  Also, look into the links below.


http://198.144.2.125/Siege/Sources.htm
http://198.144.2.125/Siege/siege.htm
http://198.144.2.125/Siege/Archaeologica/Archaeologica.htm
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The Scorpio: (Dart-thrower)

This too is described by Vitruvius,
and ane of the mostcommon size,
a three-span machine firing a
27" (67cm) bolt, is shown delow
left. It incorporates the oval holes
and has curved arms to obtain
an increased twist (see left). Many
bolts from this type of machine
survive. They usually have
pyramid-shaped heads and 3
wooden or leather flights.

The Cheiroballistra

The next major improvement in
catapult design, the introduction
of metal frames, came some time
before AD 100. They were sturdier
than wood and allowed the springs
to be wider spread, as well as,
further increasing the angle of
twist. Stone-throwers also came
to have metal frames. The springs
areencased in bronze cylinders to
protect them from the weather.
The wider spaced frames also
allow easier sighting while the
small arch assists aiming. (Modern
tests have shown that these
machines were impressively
accurate.)

Mechanical Efficiency

The diagram (left) shows, top to
bottom; a Greek arrow-firer, the
scorpio and the cheiroballistra.

It illustrates how improvements
brought about an increase in
twist, and hence power.
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