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1. Introduction

When Titus besieged Jerusalem in AD 70, the engines of his tenth legion threw stones that
“were of the weight of a talent, and were carried two furlongs and further” [1, 5.270]. That is
about 26 kg carried at least 370 m. The stones were white, and watchmen on the towers cried
“The son cometh” whenever an engine let go [1, 5.271-72]. The ground tells a smaller story. Of
79 stones excavated in front of the city’s outermost wall, most weigh up to 5 kg and one weighs
24 kg [2, pp. 109-10].

Reports like these raise an engineering question. How far could the best possible stone-
thrower reach, and could it have broken a city wall? This report puts the question to the
trebuchet, the beam-and-sling engine of the Middle Ages. A physics model of the throw,
checked against published models and measured reconstructions, is used to design two
machines. The Optimal trebuchet may use any material. The Jerusalem 1187 trebuchet may use
only what Saladin’s army could have built when it besieged the city in September 1187. Both
are compared with machines that people actually built, and the second is set against the wall
Saladin attacked.

2. From Traction to Counterweight

The first trebuchets were pulled by people. The type arose in China between the fifth and third
centuries BC and reached the eastern Mediterranean by the late sixth century AD [3, pp. 66-
67]. A crew hauled down the short end of a pivoting beam so that the long end swung up and
whipped a sling [4].

When a falling weight replaced the crew is disputed. George Dennis reads a winch
mentioned at Zevgminon in 1165 as the first clear reference to a counterweight machine [5, p.
113]. Michael Fulton places its appearance in the last two decades of the twelfth century, and
the earliest known drawing of one is in a treatise dedicated to Saladin, which Fulton dates to
1180 [4]. No source read for this project puts counterweight engines at Jerusalem in 1187, so
Saladin’s machines are called mangonels here, as in the translated chronicles.

Weighed stones show what these engines threw. Most of those from the Mamluk siege
of Arsuf in 1265 weigh 8 to 48 kg, and the heaviest 78 kg [6, p. 87]. Whether such stones broke
walls is debated. Fulton argues that wherever a fortress was taken in the crusading era, it fell by
other means, most often mining [4].



3. Method

The model, written in Python for this project, treats a trebuchet as rigid parts joined by pins and
derives their equations of motion by Lagrange’s method. It covers six layouts: traction, a fixed
or hinged counterweight on a fixed or wheeled frame, and the floating arm, whose weight
drops straight down in guides while its axle rolls forward on a rail. Friction in each bearing
follows the load on it [7, eq. 3], and the stone flies with an assumed drag coefficient of 0.40.

The model reproduces Horsdal’s published design for a 19.1 t counterweight to within
0.2% in range and peak axle load [8, table 1]. Real throws are harder. The model puts the field
throws of Horsdal’s laboratory engine at Aarhus 9 to 17% long [9, table 3], because a rigid
model ignores the shifting of the trestle and the bending of the beam [7, Sec. 5.3]. Hansen’s
reconstruction at Nykgbing threw a 15 kg ball 168 m [10, “The Trials”], where the model,
guessing the weight of its beam, gives 180 m. Model ranges are therefore about 10 to 15%
optimistic, a bias that every design shares.

Built to the same proportions, Horsdal’s scaled engines from 1.2 to 10 m all throw 33.7
times the length of their beam in a vacuum [7, Secs. 6.1, 6.7, table 6]. Each machine is therefore
scored, at the same ratio of counterweight to stone, by R* = R/(L; + L,), its range divided by its
beam length (long arm L, plus short arm L,), and by its efficiency n, the share of the
counterweight’s available energy that leaves with the stone. Strength does not scale, so
materials are sized on one reference machine with a 10 m beam, a 20 kg stone, one of the
commonest weights at Arsuf [6, p. 87], and a 3,000 kg counterweight, 150 times the stone and
between the 133 of Hansen’s machine and the 191 of Horsdal’s design [8, table 1], [10, “The
Trials”].

Each feature was settled by precedent and the model together. Every candidate layout,
bearing, timber or sling was re-optimised on its own terms before it was compared, with the
beam sized to survive its own throw. The same equations drive an interactive simulator, built
with Claude [11], in which every parameter of both designs can be changed.

4. Two Designs

In modern materials the floating arm wins clearly, throwing 885 m against 747 m for the best
wheeled machine and 698 m for the best hinged one. It needs steel guides and a rail, so for
1187 the choice lies between a hinged counterweight (579 m) and a fixed weight on a rolling
frame (586 m). The rolling frame’s small lead rests on a rolling resistance we had to assume, so
the 1187 design keeps a hinged weight on a fixed frame.

The beam matters more than any other choice. A uniform ash beam strong enough for
its loads weighs 321 kg, and the machine throws 455 m. Tapered from full depth at the axle to
half that depth at the tip, the beam weighs 241 kg and the machine throws 580 m, 27% farther,
because every kilogram of beam has to be swung up to speed with the stone. In modern
materials a carbon-fibre tube of 99 kg does the same work.



No magic ratio comes out of the search. The period optimum sits where four limits
meet: the hanger as long as the ground allows, the axle as high as the 0.75 beam lengths we
allowed, the hinge pin at the 5 t load we set and the beam at its design stress. Its arm ratio L./L,
is 4.8 and its hanger 2.8 times the short arm, its sling is as long as the long arm, and it starts 26°
from the vertical (Figure 1 and Table 1). All but the sling fall within Horsdal’s independently
optimised designs [9, table 4], [12]. A taller frame would always help, and lowering this one
from 7.5 to 5.9 m costs 25% of the range. Range keeps rising with the counterweight, so the
ratio of 150 rests on precedent and logistics rather than on a peak.
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Figure 1. The two designs, drawn to the same scale and cocked for the throw. Both have a 10 m beam and an axle
about 7.4 m up. They differ in how the counterweight falls and in what the beam is made of. Image created by
Claude [11].

Table 1. The two designs at the reference scale (10 m beam, 20 kg stone). Ranges are model values, about 10 to
15% optimistic.

Optimal trebuchet Jerusalem 1187 trebuchet
Layout Floating arm on a rail Hinged counterweight, fixed oak frame
Beam Carbon-fibre tube, tapered, 99 kg White ash, tapered, 241 kg
Counterweight 3,000 kg in a steel box 3,000 kg of rubble in a timber box
Axle bearings Rolling bearings Iron journals in greased hardwood
Sling 8 mm HMPE rope 25 mm hemp rope
Range, R* 885 m, 88.5 580 m, 58.0
Efficiency n 0.91 0.75
Release 114 m/s at 38° 85 m/s at 40°

With the model’s optimism removed, the 1187 design’s 580 m is better read as about
500 m, and the floating arm has no measured throw to check it against. A besieger also wanted
weight. With the sling and release re-tuned for each stone, the 1187 design throws 4 kg 791 m
and 40 kg 340 m. Its 20 kg stone strikes with 47 kJ and the 40 kg stone with 65 kJ, but past



about 40 kg the impact energy barely grows, because the machine can no longer bring a heavier
stone up to speed.

5. History against the Optimum
Two reconstructions built to medieval patterns, Hansen’s at Nykabing in Denmark and one at
Varbola in Estonia, reached R* 24 and 16 as reported, only 41% and 28% of the 1187 design’s
58.0[10, “The Trials"], [13, pp. 75-76]. Hansen's machine shows where the gap lies. Scaled to
the reference machine, and assuming that its unweighed beam weighed a fifth of the
counterweight, it scores 25.8. An ash beam sized to its loads adds 16.4 and raising the axle to
the design’s height adds 14.3, while re-proportioning the machine for its own frame adds only
1.5. Its arm ratio of 4.9 and hanger of 1.1 short arms [13, p. 75] are close to the 4.7 and 1.0 that
suit so low a frame.

Saimre had already pointed to the frame. The axle stood “only 3.15 m” high, and raising
it by a metre “would result in an increase of the theoretical maximum range by 17%” [13, p.
75]. Our model gives 18%. The sources do not say why builders kept frames low and beams
heavy. Our inference is that a tall frame needs long timbers and stands less steadily, while a
heavy beam rarely breaks. Hansen’s machine fired about 120 shots and “functioned nearly
flawlessly in all of them” [10, “The Trials"].

6. Jerusalem, 1187

Saladin’s siege opened on 20 September 1187 on the west, opposite the Tower of David [14,
pp. 159-63]. Five days later his mangonels were working against the north-east angle [15,
“Salah al-Din’s Attack”]. In the Arabic accounts the mangonels destroyed the tops of the towers
and drove off the defenders, and in two days the sappers opened a breach about 30 m long [15,
“Salah al-Din’s Attack”]. The city surrendered on 2 October, twelve days after the siege began
[14, pp. 159-63], [15, “The Surrender of Jerusalem”]. None of these accounts gives the size of
an engine or the weight of a stone.

On the north the attackers faced a rock-cut moat 14 to 20 m wide and a forewall 3.2 to
4.5 m thick, 8 to 10 m in front of the main wall [16, pp. 424, 425, 436, 443, 445]. The main wall
is unmeasured, so we take it as 11 m high and 2.5 m thick, close to the walls Pisa built in the
same century [17, Sec. 2]. The defenders’ longest shot is taken as the 421 m that Payne-Gallwey
reached with a later steel siege crossbow [18, Ch. Ill, 14-15].

Figure 2 shows what the 1187 design could have done. From 421 m it still throws a 32 kg
stone that strikes with 60 kJ, but it mostly misses. Coming down at about 49°, the stone passes
the 11 m face in about 10 m of forward travel, and landings scatter by 13 to 16 m, so only 27 to
30% of long shots hit the face. From a stand-off of 70 to 150 m, our judgement since no source
gives one, it throws 108 kg to 98 m and hits the face 68% of the time with 68 kJ. A 20 kg stone
strikes with 47 kJ, a little more than the 41 kJ implied by Josephus’s talent at two stades, but a
20 cm iron cannon ball at 200 m/s carries 660 kJ [17, Sec. 4].
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Figure 2. Out of crossbow range the 1187 design mostly misses the wall, and from the stand-off it mostly hits.
Above, four flight paths to scale. Below, the four settings and, at right, the wall and its outer defences to scale with
each setting’s shot-to-shot spread. Shares are from 200 simulated shots per setting, aimed 8 m up the face,
without wind. Image created by Claude [11].
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The machine would probably not have broken the wall on its own, and not in twelve
days. At Hansen’s pace of one shot every ten minutes [10], a twelve-hour day at the stand-off
puts 50 to 70 stones on the face, each with about a tenth of a cannon ball’s energy. It was
gunpowder that forced builders to thicken their walls [17, abstract], and nothing suggests such
a battering would match the 30 m that the sappers opened in two days. The machine’s value
would have been to wreck the tower tops from beyond crossbow range and cover the miners.
Our confidence is low to medium, because the wall and the stand-off are estimates and no one
has tested how impact energy turns into a breach.

7. Conclusions

The best trebuchet that physics and modern materials allow is a floating arm that throws a

20 kg stone 885 m from a 10 m beam in the model. The best that could have been built in 1187
is a tall hinged machine with a tapered ash beam that throws the same stone 580 m, or about
500 m allowing for the model’s optimism. Medieval-pattern machines had nearly the right
proportions for their frames and lost range to heavy beams and low frames, a trade that suited
builders who wanted heavy stones. At Jerusalem the best machine of 1187 would have ruled
the top of the wall without breaking it. The sappers would still have made the breach.
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