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I. Overview 
  
The objective of this report is to review the design of the trebuchet model from an 
engineering standpoint.  This study analyzes the dimensions and material selection 
using the COMSOL multiphisics solid mechanics module.  The design is validated to 
ensure that it has enough strength for the task with the given conditions and suggests 
changes where necessary.  The assumption made for this study is that the 
counterweight is 400lbs and the projectile weighs 5lbs.  For the actual design, a 
counterweight of 200lbs will be used initially but 400lbs may be used in future for 
extended range. 
 
II. Trebuchet Design 
 

Figure 1:  Throwing arm dimensions 
 

 
 
The overall design is 20% of full scale which requires the frame height to be 7’and the 
throwing arm to be 12’ long.  The design with regard to the throwing arm’s strength is 
extremely conservative.  Some additional tapering from both sides may be required to 
improve performance.  The material chosen to be used for the construction is white oak 
for the throwing arm and Douglas fir for the frame. 
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III. Stress Analysis and Findings 
 
 

Figure 1.1:  Stress analysis for the entire trebuchet (static configuration) 

 
 
Throwing Arm  
 
There are two major parts of stress analysis for the throwing arm. The first stress 
analysis is the static stress. This analysis shows how much stress the throwing arm 
experiences when the arm is in the initial resting position with the counterweight.  This 
is compared to the yield stress, which is the maximum stress the material can endure 
before it permanently deforms or fails.  The counterweight was assumed to be 400lbs 
for all the analysis, even though 200lbs will be used initially.  The second stress analysis 
is the dynamic stress analysis.  When the arm is rotating fast with the 5-pound 
projectile, it generates a tension force called “centrifugal force” acting along the sling 
that pulls the tip of the throwing arm. In addition, the counterweight undergoes 
centrifugal force that can increase load beyond its weight. The arm must be strong 
enough to endure not only at rest with the weight, but also support the forces while it is 
launching. 
 



UCCS Historical Engineering Society - The Trebuchet Challenge Page 20 
 

Boundary conditions 
Edge constraint at the tip of the throwing arm 
Roller constraints both ends of the axle (2inches) 
Boundary force 400lbs along –y direction  
Number of elements 79313 
Degree of freedom 358446 
 
Result 
Static stress analysis 
 
For the static analysis simulation, it is assumed that the counterweight weighs 400lbs, 
the axle is cast iron, 4 feet long and 1.5 inches in diameter and the throwing arm is oak.  
The axle is resting on the A-frame horizontally and a trigger system is holding the 
throwing arm to keep it from rotating.  Figures 2 and 2-2 show how much the arm is 
deformed under this condition.  The deformation in the figure is exaggerated 200 times 
for illustrative purposes.  The actual deformation is not that significant.  The maximum 
displacement occurs at the end of the throwing arm where the counterweight is 
attached.   According to the analysis with these boundary conditions, the end actually 
deforms only 0.114 inches 
 
Figure 2: Maximum deformation of the axle and the tip of the throwing arm with static 
condition.  The deformation in the figure is exaggerated 200 times   
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Figure 3:  Simulated maximum compression, shear, tensile stresses for static condition 

(counterweight = 400lbs) 
 

 
 
For the static condition, the throwing arm experiences three kinds of stress.  The first 
stress occurs due to forces squeezing the material, called “compression”.  Since the 
throwing arm will be bending in an “upside down U shape” after the counterweight is 
attached, the material under the throwing arm (inside the “U shape”) will be 
compressed.   The second stress is caused by forces acting parallel to the surface of the 
material.  This is called “shear”.  The shear stress also causes strain.  The third stress 
comes from stretching of the material, called “tensile” stress.  Figure 3 shows where the 
maximum stress occurs for these stresses in the simulation.  
 
Since the tension, compression and shear stresses are unable to be calculated separately 
with COMSOL, von Mises stress was chosen to be measured.  It was assumed that von 
Mises stress was purely tensile stress at the top, compression at the bottom, and shear in 
the middle.  
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Table 1:  Comparison of compression, shear and tensile stress value vs. simulated static 
stresses[1] 
 
Stresses Simulated 

stress 
(von mises 
stress) 

Hardwood material 

Douglas fir 
coast 

White oak 
bur 

Maple sugar 
 

Compression 
parallel to 
grain 

1.18MPa 49.9MPa 41.8MPa 54.0MPa 

Shear parallel 
to grain  

0.178MPa 7.8Mpa 12.5MPa 16.1MPa 

Shear 
perpendicular 
to grain 

 N/A N/A N/A 

Tension 
parallel to 
grain 

0.94MPa 107.6MPa 77.9MPa 108.3MPa 

Factor of safety 
with respect 
to:  
C-compression 
S-shear 
T-tension 

 C-42.3 
S-43.8 
T-114.5 

C-35.4 
S-70.22 
T-82.8 

C-45.8 
S-90.4 
T-115.2 

 
Table 1 compares the stress properties of three different materials to the simulation. The 
factor of safety is the ratio of the maximum allowable to the maximum simulated stress.   
For example the compression factor of safety for white oak is 41.8MPa/1.18MPa = 35.4.  
Considering buildings commonly use a factor of safety of 2 (Wikipedia) for each 
structural material, it is apparent that this design is very conservative from a stress 
standpoint.  Even the lowest factor of safety is more than 35.4, using white oak and 
assuming that the location where the stress is measured is the location is where the 
material is being compressed.   
 
Since this source did not specifically tell whether these stress values were yield stresses 
or ultimate, comparisons with other sources may be necessary. Shear stress may have a 
component which acts perpendicular to the grain direction, however, the source does 
not list the values.  
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Figure 3-2: Simulated static stress on the axle (cast iron diameter 1.5inch) due to 400lbs 
counterweight(arrows indicate the locations of the measured points) 

 
 
 
Figure 3-2 shows the stress that the axle experiences when the 400lb counterweight is 
attached to the throwing arm.  It is assumed that there is some trigger system 
preventing the tip of the arm from rotating the projectile.  The maximum stress on the 
axle under this condition is 47.5MPa.  Considering that cast iron’s yield strength is 
310MPa, the factor of safety is 6.5 which indicates that it is a safe design with this 
diameter.    
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Figure  4:  Schematic to visualize how the dynamic force is being applied 

 
 
 
Dynamic stress analysis 
 
Figure 4 shows the forces that exist when the projectile is fired.  When the object moves 
on a curved path, like a projectile which is fired by a trebuchet, there is a force called 
“centripetal force” (blue arrow) that acts on the object to maintain its path.  As Figure 4 
shows, the centripetal force acting on the projectile causes a reaction force called 
“centrifugal force” (red arrow) that pulls the tip of the throwing arm in that direction.  
Also, there is another centrifugal force generated by the counter weight acting on the 
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bottom counter weight hole downward.  Dynamic stress analysis determines if the 
material is strong enough to stand up to this centrifugal force with an assumption of a 
5-pound projectile and 400lbs counterweight.  The velocity of the projectile at the 
release point is estimated at 63ft/s from previous studies. Centrifugal force due to the 
projectile was calculated at 88lbs/394N.  It was assumed that the projectile is released 
when the throwing arm is in the vertical potion and the sling is at 45 degrees from the 
horizontal line.  Figure 4 shows the schematic of the release point.  Centrifugal force 
due to the counterweight was calculated using equation below: 
 

𝐹 = 𝑚 ∙ 𝑟 ∙ 𝜔! 
Where 
 m is the mass of the counter weight 13slags=400lbs/32.2ft/s^2 
r is the length between the axle hole and where the counterweight is attached and  
𝜔 is the angular velocity of the throwing arm at the releasing point 3.30rad/s from 
numerical data using the Lagrange equation  
 
Using the values above, the estimated centripetal force becomes 
F=566lbs/4297N which was added on to the 400lb counterweight itself. 
 
Thus total force pulling downward at the releasing moment becomes 
𝐹!"!#$=400lbs+566lbs=966lbs/4297N 
 
Boundary Conditions  
Mesh type free-triangular 
Number of elements 79467 
Degree of freedom359079 
Roller constraints for both sides (4inches)  
Boundary loads x-direction 4297N 
Edge load -278.6N in y-direction 278.6N in x-direction (sqrt(278.6^2+ 278.6^2)=394N)) 
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Figure 5:  Exaggerated (scale 10) deformation due to reaction to centripetal force 

 
 
Figure 5 shows that maximum deflection (1.79 inches at the tip of the arm) due to 
dynamic forces under these boundary conditions.  
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Figure 6:  Simulated von Mises stresses for dynamic condition (Counter weight =400lbs 
projectile weight = 5lbs) 
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Table 2:  Comparison of compression, shear and tensile stress value vs. simulated 
dynamic stresses [1] 

 
Stresses Simulated 

Maximum 
stress 
(von mises 
stress) 

Hardwood material 

Douglas fir 
coast 

white oak 
bur 

Maple sugar 
 

Compression 
parallel to 
grain 

6.37MPa 49.9MPa 41.8MPa 54.0MPa 

Shear parallel 
to grain  

6.37MPa 7.8Mpa 12.5MPa 16.1MPa 

Tension 
parallel to 
grain (over 
cup) 

6.37MPa 107.6MPa 77.9MPa 108.3MPa 

Factor of safety 
With respect 
to:  
C-compression 
S-shear 
T-tension 

 C-7.83 
S-1.22 
T-16.89 

C-6.56 
S-1.96 
T-12.23 

C-8.48 
S-2.53 
T-17 

 
 
For the dynamic analysis, the boundary condition was more complicated than for the 
stress analysis.  Therefore, the maximum von Mises stress was compared to each stress 
property.  The maximum stress point was near the axle hole.  The lowest factor of safety 
was 1.22 with respect to shear stress for Douglas fir. 
 
A-frame Stress Analysis 

 
For this analysis, it was assumed that a total weight of 523lbs (400lbs for the 
counterweight and 123 lbs for the throwing arm) is applied to 2 grooved surfaces just as 
the axle rests on the frame.  Compared to both the dynamic and static stresses on the 
throwing arm, the stresses and deformation that the A-frame experiences are 
geometrically smaller.  Maximum stress is 0.00224MPa and maximum deflection is 
8.45e-6inches. 
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Figure 7:  Simulated maximum stress for the A-frame.  A total of 533lbs was applied on 

the grooved surfaces (123lbs for the throwing arm and 400lbs for the counterweight) 
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Figure 8:  Maximum deformation of the A-frame due to the simulated weight (523lbs) 

 

 
 

Figures 7 and 8 shows the maximum von Mises stresses and deformation due to force 
from counterweight and the throwing arm’s weight (total523lbs).  Compared from the 
static stress analysis, they are significantly small, therefore, the design can be concluded 
to be a safe design.  
 
 III. Conclusions 
 
Given the counterweight was assumed to be 400lbs which was double the initial 
wight(200lbs) and that the static factors of safety for the throwing arm are consistently 
beyond 30 for each property (tensile, compression and shear), the design for the 
throwing arm is concluded to be a safe design.  The axle rod which was assumed to be 
cast iron has a factor of safety of 6.5 and maximum deformation of 0.035inches. For 
dynamic analysis, factor of safety was calculated each stresses (shear, compression, and 
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tensile) against the maximum von Mises stress which is a combination on three stresses 
at the release moment. As consequence, they were significantly smaller than static 
condition (1.22to17 ). Especially, for shear was almost one (1.22 with Douglas fir). This 
study does not, however, take into account construction failure (fastener selection or 
assembly) thus; it may require another stress analysis for the frame construction once 
the final construction methods are determined.  
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