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 Many patents have been issued for compound bows since they were 

invented. However, there is just a limited number of research articles on 

the subject. Besides the dynamics of the compound bow and arrow, the 

kinematics of the compound bow configuration is significant for the 

compound bow performance. In this article, an eccentric circular twin-

cam compound bow, reported in [7,8] is optimized and several different 

design configurations of it are investigated. The objective of the 

optimization in this study is to maximize the stored potential energy at the 

drawn position. Only three parameters are chosen in this study: the 

distances between large and small cam geometric centers from the axle, 

and the angle subtended at the axle between geometric centers of the small 

and large cams while keeping the main geometry of the compound bow 

(limb lengths, cam radii and riser length) intact. A total of nine different 

optimum design configurations are investigated by changing the boundary 

conditions for the design variables. These are presented and results are 

discussed.  
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I. INTRODUCTION 

 

The compound bow was first introduced by Allen in 

1969 [1]. Since then, many patents for compound bow 

modifications have been issued. However, research 

articles on compound bows are limited. A prior study 

by Bott [2], on optimum design of the compound bow 

limb (cantilever beam) looks at varying the cross 

sections and materials for large deflections. Results 

show that limbs with a constant cross section and 

constructed with carbon fiber store more energy. 

Similar round-wheel compound bow models and 

design options are also presented by Tiermas [4-6].  

 

A kineto-elastic model of the Banshee twin round-cam 

compound bow is shown in Fig. 1a. Based on this 

model, different configurations of this bow will be 

investigated and optimized. Shown in the figure are 
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different parts to the compound bow: Riser (grip), 

upper and lower limbs, string and small and large cams. 

Note that the elastic deformation of the limb in an 

actual compound bow is modeled by a torsion spring. 

All other components shown are assumed inelastic. 

The compound bow's parameters include limb length, 

radii of small and large cams, the angle between the 

geometric centers of these cams, the distance between 

the axle and the geometric centers of the cams, string 

length, torsion spring constant, and spring preload or 

initial angle due to preload.  

 

Based on this model, the objective is to optimize the 

Banshee compound bow without modifying the main 

structural geometry of the bow. This results in that 

only three parameters are available to be optimized 

among all the aforementioned parameters: Spread 

angle (𝜎) between geometric centers of the small and 

large cams subtended at the axle point, the large cam 

offset (𝑑) from the axle, and the small cam offset (ℎ). 

Figure 1b shows these three design parameters for the 

lower cams. The bow is assumed symmetric about the 

middle axis in this investigation. Note that the large 

and small cams are not concentric so that the spread 

angle  subtended at the axle, is not vanishing. 

 

Figure 1a:  The compound bow schematic drawing 

 

Figure 1b:  The compound bow design variables 

 

Based on the three design parameters mentioned above, 

the objective is to maximize the stored potential 

energy within the elastic components (torsion springs) 

in the kineto-elastic model of the Banshee compound 

bow. The limb length, cam radii and riser length are 

left unchanged. Nine optimum design configurations 

resulted. These are presented and results are discussed. 

In the next section, a kinematic analysis of the bow is 

presented. 

 

II.  KINEMATIC ANALYSIS 

 

This article focuses on the optimization of the 

compound bow; therefore, only a summary of the 

kinematic analysis of the compound bow is provided in 

this article. For a detailed and systematic kinematic 

analysis of the twin-cam compound bow the reader is 

encouraged to look at another article [8] by the authors.  

 

The analysis is performed with following steps: 

 

1. Determine the parametric values of the compound 

bow at its initial position. This step requires two 

kinematic vector-loop equations.   

2. Calculate the total length of the wrapped cable 

around the eccentric circular twin-cam. This 

length is constant even as the bow is drawn. This 

step requires a total of three equations. 
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3. Consideration of the wrapped cable length around 

the twin-cams. Be aware of the shift in the point 

of the tangency of the cable at the cams. An 

additional equation is required to determine this 

wrapped cable length.  

4. Determination of the parametric values of the 

compound bow at the drawn position. This step is 

required four kinematic vector-loop equations.  

 

Based on these steps; a total of six kinematic vector-

loop equations (from Steps 1 and 4) and four other 

equations (from Steps 2 and 3) are required for a 

complete kinematic analysis of the eccentric circular 

twin-cam compound bow.  

 

III.OPTIMIZATION 

 

One important criterion for the compound bow is the 

potential energy stored in its limbs, which are modeled 

by torsion springs at the junctions of the risers and the 

limbs in this article. If the elastic components store a 

greater amount of potential energy, the arrow has the 

capacity to travel a greater distance and achieve higher 

velocities. On the other hand, it is desirable that the 

compound bow provides a low peak draw-force (to 

match the strength of archer) while storing a high level 

of potential energy. In order to attain the maximum 

potential energy storage while minimizing draw-force 

requirements, it is imperative to optimize the design 

parameters of the compound bow to approximate or 

attain such a state.  

 

Design parameters of the compound bow eligible for 

selection as design variables for optimization include: 

Radii 𝑅 and 𝑟 of the large or small cams respectively, 

limb length (𝑙2), torsion spring constant (𝑘𝑠), pre-load 

magnitude and the initial angle as a result of pre-load 

( 𝜙𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ), the angle between small and large cams 

geometric centers (𝜎), distance between axle point and 

geometric center of small and large cams ( ℎ  and 𝑑 

respectively), length of the compound bow (string 

length ( sT )). However, in this article, only three 

parameters are chosen as design variables: The spread 

angle (𝜎) between the eccentricities of the large and 

small cam; the distances (𝑑) and (ℎ) between axle point 

and large cam and small cam geometric centers 

respectively. The rationale behind selecting solely 

these three parameters as design variables is to 

optimize the Banshee compound bow while 

maintaining the fundamental aspects of the bow 

geometry, such as limb lengths or cam dimensions, 

unaltered.  

 

Optimization Setup 

 

The optimization objective for the compound bow is to 

maximize the stored potential energy within the bow. 

Figure 2 shows a plot of the draw-force (𝐹𝐷) vs. draw-

length (D). Note that the draw force is highly non-

linear, and that is due to the kinematics of the cables 

and the circular twin-cams as a function of the draw. 

The shaded area under force curve gives the stored 

potential energy in the compound bow. The let-off 

point D is the point where the draw-force is at a 

minimum and that is where the archer holds before 

releasing the arrow. For this reason, the area under the 

draw-force curve only extends until the let-off point. 

 

 

Figure 2:  The area under consideration for optimizing 

the compound bow 
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In Fig. 2, the shaded region can be determined by 

computing the definite integral of the draw-force 

function. Note that the let-off point (D) is not constant 

in the integral because it changes when the parameters 

(design variables) are being optimized. Note that 

initially, there is no stored energy at O even though 

there is a strain in the limbs of the bow in the initial 

bow position. This is because at the initial position, the 

draw-force is zero and so is the draw-length. The 

torsion springs have a pre-load and therefore, they 

have initially stored energy but torsion spring 

parameters are not design variables. Hence, the 

initially stored potential energy in the torsion springs 

are held fixed in this study. The upper limit of the 

stored energy occurs at D because that is the let-off 

position where the arrow is released.  

 

Three parameters (𝜎, ℎ  and 𝑑 ) are chosen as design 

variables for optimization. Sequential Quadratic 

Programming (SQP) optimization method is used to 

solve this nonlinear optimization problem because it 

ensures the inequality boundary conditions are 

satisfied in all iterations, and it is faster than the 

interior point algorithm [9].  

 

The optimization objective can be expressed as follows: 

 

min 
ℎ,𝑑,𝜎

𝑓 = − ∫ 𝐹𝐷𝑑𝐷

𝐷

0

 

                            

             subject to     

 

0.001 < 𝑑 < 0.015, 

0.001 < ℎ < 0.015, 

−45𝑜 < 𝜎 < 45𝑜 

(1) 

where ℎ  (m) and d (m) is the distance between the 

geometric center of the small and large cams 

respectively, from the axle point; 𝜎 (deg) is the spread 

angle between the eccentricities of large and small 

cams; 𝐹𝐷  is the draw-force and displacement 𝐷is the 

let-off draw-length. Beware that MATLAB minimizes 

the objective function, so that to maximize an objective 

function using a MATLAB optimizer, the objective 

function must be negated [10]. The lower bounds of 

design variables ℎ and 𝑑 are set to 1 mm instead of zero 

to prevent these variables from taking zero values. The 

upper bound of these same variables are chosen to be 

smaller than the small cam radius so that the axle point 

is inside of the small cam to be a practical design. The 

range of the angle 𝜎 value is chosen from −45𝑜 to 45𝑜.  

 

The presumed constancy of the stored potential energy 

by the torsion spring, attributable to its pre-load, is 

maintained. Based on the experimental determined 

values determined in [7, 8], the torsion spring initial 

angle is 0.328 rad to serve as a pre-load and the torsion 

spring constant (𝑘𝑠) is 145.68 Nm/rad.  

 

Different Optimum Design Configurations 

 

A total of nine distinct scenarios are examined, each 

characterized by varying boundary conditions 

pertaining to the design variables. The torsion springs 

have pre-load at the initial configuration of the 

compound bow and as a result of this pre-load, the 

torsion springs are initially twisted with an initial 

angle of 0.328 rad. This spring pre-load means that 

there is initial stored potential energy. To ensure that 

the main structure of the compound bow is unchanged, 

this stored potential energy (modeled by the initial 

twist angle) is therefore fixed for all of the investigated 

cases. The torsion spring constant (𝑘) is 145.6 Nm/rad. 

These values (initial twist angle and spring constant, 

modeling the elasticity and pre-load of the actual 

compound bow limbs, are determined separately from 

an experiment conducted on the Banshee compound 

bow [7, 8].  

 

The boundary values of the design variables for each 

case are shown in Table 1. The spread angle 𝜎  is 

constrained between −45𝑜 and 45𝑜 . However, the 

upper limits on the offset distances ℎ  and 𝑑  are 
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changed depending on the case so as to investigate the 

compound bow sensitivity to these offset distances. For 

instance, the boundary values are 0.002 < ℎ, 𝑑 <

0.008for the Case 1 and are progressively widened to 

0.001 < ℎ, 𝑑 < 0.015  for Case 9. Such progressively 

broadening of the inequality constraints on the offset 

distances are based on observations from the optimum 

results in Case 1. Note that lower bounds for these two 

variables cannot be vanishing. There are no equality 

constraints in the optimization. 

 

TABLE I 

THE UPPER AND LOWER BOUNDS FOR THE DESIGN 

VARIABLES 

 
 

IV. RESULTS 

 

Figure 3 shows optimum draw-length vs draw-force 

graph of the optimization. The optimization graph 

shows that a higher stored potential energy is achieved 

but with a slightly higher peak draw force. Upon 

examining the details of the optimized values, a 

negative value of angle 𝜎 is the reason for the higher 

draw-force at the let-off point. The optimum results 

also generally call for a higher value for ℎ than for 𝑑 

but both ℎ  and 𝑑  values never get close to their 

respective upper bounds. The lower draw-force value 

at the let-off point along with a slightly higher peak 

draw-force results in a significant improvement over 

the current Banshee compound bow. This is shown in 

Fig. 3. The optimum values are: ℎ = 0.008 m, 𝑑 =

0.005  m and 𝜎 = 0.008  rad with a stored potential 

energy of 21.5817 J while the original Banshee bow 

values are: ℎ = 𝑑 = 0.0072 m and 𝜎 = 0 ad with a 

stored potential energy of 21.1782 J. These original 

Banshee Bow values are presented by Denizhan and 

Chew [7, 8]. 

 

 

Figure 3:  Optimum draw-length vs draw-force graph 

 

Tables 2, 3 and 4 show optimum results of the design 

variables (𝜎, ℎ and 𝑑) along with the other parameters: 

The largest draw-force value 𝐹𝑚𝑎𝑥, the lowest draw-

force value 𝐹𝐿𝑂 (at the let-off point), the limb angular 

displacement at let-off point (Δ𝜙) and the area under 

the draw force curve at the let-off point. In these tables, 

𝐶𝑅  and 𝐶𝑟 the large and small cams geometric centers, 

respectively. The Point E refers the axle point of the 

cams and it is located at the same point for both cams, 

which are fixed relative to each other. To conform to 

table/page size requirements, three tables are used, 

with each summarizing three cases. Therefore, Cases 1, 

2 and 3 are shown in Table 2, Cases 4, 5 and 6 in Table 
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3, and Cases 7, 8 and 9 in Table 4. The first column in 

these tables show the values for the initial 

configuration of the cams which is that based on the 

Banshee compound bow. The third column shows the 

optimum numerical results with along with figures of 

the optimum cam configurations. The last column 

shows the resulting draw-force vs draw displacement 

curves (dashed). For comparison the initial design 

draw-force vs draw displacement curves are shown 

(solid). 

 

Table 2 shows the optimum results for Cases 1, 2 and 3. 

The geometric centers of the small and large cams 𝐶𝑟 

and 𝐶𝑅  are initially located at the same point 

(concentric). In the optimized cases, the geometric 

centers of the small and large cams are not concentric. 

The optimum angle 𝜎  is near zero in all these cases 

which is reflect in the draw-force curve fluctuation 

having a similar variation as compared to the initial 

case (concentric). Case 3 has the highest stored 

potential energy even though the associated let-off 

force and peak draw-force are the lowest among these 

three cases. Since the optimum variable ℎ (small cam 

offset) is the same in these three cases, the differences 

in the let-off forces and peak draw-forces between the 

three cases show that these forces are most sensitive to 

𝑑 (large cam offset) and 𝜎. Furthermore, the optimum 

draw distance in all Cases 1, 2 and 3 remain unchanged 

from the initial values.  

 

The optimum results for Cases 4, 5 and 6 are shown in 

the Table 3. Case 4 is the optimum configuration that 

has the lowest let-off force between these three cases. 

However, it also has the lowest stored potential energy. 

Case 6 has the lowest and Case 5 has the highest peak 

draw-force while the optimum let-off forces for these 

two cases are very nearly the same. Furthermore, in 

contrast to Case 4, the optimum angle 𝜎  values are 

negative for Cases 5 and 6. A comparison in the other 

design variables between the cases, shows that the 

reason for the low fluctuation in draw-force curve can 

be attributed to the negative 𝜎 values that also result in 

Cases 5 and 6 have longer draw distances as compared 

to the initial design.  

 

Table 4 shows the optimum results of the Cases 7, 8 and 

9. Case 9 has the lowest let-off force and the highest 

stored potential energy among these three cases.  

While Case 8 has the highest peak draw-force, Case 7 

has the lowest peak draw-force among these three 

cases. Similar with Cases 5 and 6, Cases 7, 8 and 9 have 

the negative optimum angle 𝜎 values. Therefore, the 

draw-force fluctuation is small in much the same 

manner as Cases 5 and 6. The optimum draw distance 

is longer than initial design for all the Cases 7, 8 and 9. 

 

From a closer examination of Tables 2, 3 and 4, the 

optimum draw-forces that are very similar to the initial 

design of the compound bow are in Cases 3 and 4. 

Moreover, the optimum let-off forces for these two 

cases are lower, and the peak forces are just a few 

newtons higher than the initial design values while the 

draw distances remain unchanged from the initial 

design. The optimum of the compound bow limb 

rotation angles ( Δ𝜙 ) for all cases change very 

minimally from the initial which means that (Δ𝜙) is 

not sensitive to the design variables (𝜎, ℎ and 𝑑).  
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TABLE 2. OPTIMIZED CASES 1, 2 AND 3 

 

 

TABLE 3. OPTIMIZED CASES 4, 5 AND 6 
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TABLE 4. OPTIMIZED CASES 7, 8 AND 9 

 

V. DISCUSSION 

 

The varying draw-force function and the force at the 

let-off point are important characteristics of a 

compound bow. The optimizer has been successful in 

determining the best combination of the three 

parameters, h, d and 𝜎  that maximizes the stored 

energy of the bow while reducing the force at the let-

off point which only a small increase in the peak draw 

force.  

 

The cases show that optimum cases generally tend to 

have larger ℎ  value (small cam offset) than 𝑑  (large 

cam offset) because the optimum ℎ  value is always 

larger than that for 𝑑  except in Cases 7 and 9. The 

results also show that the optimum cases tend to have 

the lowest 𝑑 and ℎ values.  

 

Case 3 and Case 4 can be one of the best optimum 

designs since they have low draw-forces at the let-off 

point with only a small increase in the peak draw-force 

compared to the initial design values. The rest of the 

design variable values and the stored potential energies 

for both cases are almost identical.  

 

As the bounds of the two cam offsets are loosened, the 

optimum designs become better so that Cases 3 and 4 

give excellent results. The other cases are comparable. 

This is due to two reasons: The first is that the 

optimization procedure with loosened bounds on the 

design variables, is able to converge into other local 

optimum solutions. If a global optimization procedure 

is used, the subsequent cases either should remain the 

same or gets better. The other reason is that the 

optimization criterion given by Eq. (1) does not 

include some of the characteristics that are important 

in our final judgment on what constitute as the best 

solution. Characteristics such as low let-off force and 

low peak draw-force. What is needed is a multi-

objective criterion that penalizes the let-off force and 

peak draw-force while maximizing the energy stored 

in the compound bow up to the point of let-off. This is 

a subject worthy of further study.  
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The findings also suggest that a negative angle 𝜎 could 

potentially explain the elevated draw force observed at 

the let-off point, minimized draw force variability, and 

an extended draw distance. The stored potential 

energy is higher than the original configuration in all 

nine cases. However, it is important to note that just 

because a case is optimum does not mean that the 

design configurations is practical. It is always 

important to go back and check for practicality.  

 

VI.  CONCLUSION 

 

In this article, an optimization of the eccentric twin-

cam compound bow is introduced and optimum results 

from total of nine different design configurations of the 

compound bow are presented and discussed. The 

purpose is to maximize the stored potential energy 

within the compound bow while the least changes to 

the Banshee compound bow. Without changing the 

main parts of the Banshee compound bow, significant 

improvements have been found possible just by 

adjusting only the parameters of the cams. The results 

show that two of the configurations are optimal and 

are practical. 
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