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Scope: This document details how the senior design team reduced the weight of the 
JSOW missile airframe while maintaining structural integrity and minimizing additional 
manufacturing cost.  This document covers the derivation of loads based on provided 
bending moment diagrams, the construction of the baseline finite element model, the 
proposed methods of weight reduction, the detailed analysis, the menu of weight saving 
features, and the final design for the missile frame. 
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Mission Statement  

Our mission was to redesign the JSOW missile airframe in order to reduce weight 

without impacting critical interfaces or structural integrity. 

 

Background 

The Joint Standoff Weapon (JSOW, designated AGM-154), is a family of air-to-ground 

weapons designed to attack a variety of targets during day, night, and in adverse weather 

conditions.  The term “joint” refers to the fact that it is procured by the US Navy (USN) 

and the US Air Force (USAF), reducing development and production costs.  The JSOW 

has the capability to reach its intended target when launched from “standoff” range, 

outside the range of most target area surface-to-air weapon systems, reducing the 

probability that the launch aircraft will be attacked.  The common JSOW airframe can be 

used to carry one of several payloads, including: either of two unitary warheads for point 

targets; a submunition dispenser for area targets or armored targets. Other payloads will 

be integrated into the JSOW in the future. 

 

The unpowered JSOW airframe includes wings that deploy after launch, allowing it to 

glide to targets up to 70 nautical miles away.  An integrated Global Positioning System 

(GPS)/Inertial Navigation System (INS) controls missile navigation, guiding the missile 

by moving four control fins at its tail.  This guidance and navigation scheme allows 

JSOW to accurately hit targets at GPS coordinates specified prior to launch.  

Furthermore, the missile can be programmed to fly a specific trajectory to the target in 

order to optimize effectiveness or to avoid geographic features.  One variant includes an 
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imaging infrared seeker with imbedded Autonomous Targeting Acquisition (ATA) 

software, so that the missile searches for a specific point on a target rather than GPS 

coordinates.  In all cases, each JSOW guides itself to a preprogrammed location after 

launch, so one aircraft can simultaneously attack multiple targets. Future variants may 

include a small booster engine to extend weapon range, or a weapon data link that would 

allow the air crew to guide the weapon after launch to hit a moving or relocateable target. 

 

The JSOW has been integrated for use on a variety of USN and USAF aircraft, including 

the F/A-18C/D and E/F, F-16C/D, F-15E, B-1B, B-2, and B-52.  It has been subjected to 

extensive ground structural testing to demonstrate its capability to safely withstand the 

captive carriage environment on all of these aircraft.  JSOW is currently deployed on 

USN aircraft carriers, and has been used many times in tactical combat. 

 

Significance of Weight Reduction 

Weight reduction of the existing design allows for future growth of the weapon system to 

encompass new technologies, capabilities and payloads.   Major changes to the airframe 

structure would require this structural testing to be repeated.  Our weight reduction 

project allows Raytheon to expand the capabilities of the JSOW without having to go 

through the expensive recertification process for the overall weapon system. 
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Voice of the Customer 

The input from Raytheon was gathered through the official competition documents as 

well as electronic and telephone communication with the sponsor. Results of these 

interviews are summarized in Tables 1, 2 and 3. The raw data is available in the 

Engineering Notebook (ENB) for the project.  

 

Table 1: Customer Needs translated to Functions, Attributes and Measurables  

   (5=high priority, 1=low priority) 

1. Strongback Needs  

a. The weight must be reduced by at least 18 pounds.  This will allow for 

future growth of the weapon system capabilities by allowing new and 

different payloads to be carried (5) 

b. The strongback must maintain structural integrity. (5) 

c. All critical interfaces must be maintained to allow proper assembly of the 

weapon system. (5) 

2. Manufacturing Needs 

a. Exciting Need: Lower or minimize added cost through changes made to 

the structural frame. (3) 

b. Possible retrofit of existing systems to reduce airframe weight (1) 

 

 

 

 

6 



 

Table 2: Global Constraints 

1. Maximum allowable stress is 32.0 ksi (Based on Safety Factor of 2.0 ) 

2. Only nose and tail sections can be modified as specified on “keep-out” drawings 

3. Strongback must be machined from a 7075-T7452 aluminum forging 

4. Minimum allowable wall thickness is 0.120 inches 

5. Hole spacing must be no less than 3.0 diameters 

6. Minimum edge to diameter ratio (e/d) is 1.5 

7. Weight must be reduced in both nose and tail sections to limit any shift in the 

center of gravity of the overall system. 

 

Table 3: Top Level Functional Requirements (Verb-Noun) with Customer 

Importance Rating, Relevant CTQ variable, Target and Tolerance 

 
Top Level Functional 

Requirement 
Customer 

Importance 
CTQ 

(metric) 
Target Value & Tolerance 

Support Missile Structure 5 Structural 
constraints 

Safety factor = 2.0 

Maintain Current Functionality 5 Retain 
critical 
interfaces 

none 

Reduce Weight 5 Remove 
required 
weight 

18 lbs. 

Minimize Manufacturing Cost 3 Maintain 
current 
machining 
time 

none 
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Load Development for Baseline Model 

Based on the provided bending moments and knowledge of aerodynamic forces, we 

started with a basic cantilever beam approximation for the nose under load case 4100.  

We assumed a cantilever because the provided bending moments for the nose section 

were both zero at the end of the component, implying that the end was free (refer to 

figure 4).  Based on the bending moment diagram, the group assumed a uniform 

distributed load across the top and side surface of the component (resulting in a second-

order bending moment diagram).  From basic beam theory, the loads were derived using 

the equation: 

2)(
2

xLwM −=        (1) 

Where M is the bending moment, w is the distributed load, L is the length of the beam, 

and x is the distance along the beam from the origin.  To determine the distributed load, it 

was assumed that the maximum bending moment occurred at the origin (x=0).   

 

Therefore: 

L
M

w max2
=         (2) 

From this expression, the distributed loads were determined to be: 

Pitch: 64.56 lbs/in 

Yaw: 30.00 lbs/in 
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Figure 1 shows the load distribution using this simple cantilever beam approximation for 

the pitch moment.  The yaw moment sign convention is opposite that of the pitch 

moment. 

 

 

Figure 1 – Load Distribution for Nose Section 

 

Using these loads, a finite element analysis (FEA) model was created in ANSYS using 

beam elements.  The resulting deformation can be seen in Figure 2.  A similar model was 

run for the yaw moment. 

 

Figure 2 – Displacement in Pitch Axis (LC 4100) 
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The bending mome igure 3. 

This method results in some conservatism in the bending moment.  Table 4 shows the 

 

Table 4 – Pitch Moment Bending Data 

nt derived from the ANSYS model can be found in F

 

 

Figure 3 – Bending Moment in Pitch Axis (LC 4100) 

 

comparison between the given data and the calculated data.  Figure 4 displays this data

graphically. 

 Pitch Moment (in-lb) 
X (in) Given Calculated Conservatism

0 0 % 0.00 0.0
5 112 806.99 620.5% 
10 922 3  250.1% 227.97
15 3213 7262.94 126.0% 
20 7238 12911.89 78.4% 
25 13347 20174.83 51.2% 

30.5 22638 30028.22 32.6% 
3  3.55 28132 36334.14 29.2% 
42.85 53431 59269.53 10.9% 
46.65 66927 70247.87 5.0% 
50.45 80533 82158.44 2.0% 
55.54 99573 99573.00 0.0% 
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Figure 4 – Bending Moment Comparison (Nose Pitch LC 4100) 

 

he numerical and graphical results for the yaw moment can be found in Table 5 and  

Table 5 – Yaw Moment Bending Data 

T

Figure 5, respectively. 

 

  Yaw Moment (in-lb) 
X (in) Given Calculated Conservatism

0 0 % 0.00 0.0
5 49 374.91 665.1% 

10 389 1  285.5% 499.63
15 1414 3374.17 138.6% 
20 3353 5998.53 78.9% 
25 6232 9372.70 50.4% 

3  0.5 10712 13950.32 30.2% 
3  3.55 13574 16879.89 24.4% 
42.85 24451 27535.07 12.6% 
46.65 30738 32635.31 6.2% 
50.45 37235 38168.65 2.5% 
55.54 46259 46259.00 0.0% 
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Figure 5 – Bending Moment Comparison (Nose Yaw LC 4100) 

With verification for the cantilever beam approximation, these distributed loads were 

r 

Table 6 – Load Summary for Nose Section 

Case (lbs/in) (lbs/in) 

 

then applied as a pressure force on the strongback model.  The other two load cases fo

the nose were derived using the same cantilever beam approximation method.  A 

summary of each load case can be found in Table 6. 

 

Load Pitch Load Yaw Load 

LC 4100 64.6 30.0 

Jettison -69.3 79.3 

Separation 48.1 82.4 

 

eriving the loads for the tail section proved to be more difficult.  The bending moment 

wever, 

D

diagrams provided for all three cases on the tail sections did not converge to zero, 

implying that the simple cantilever approximation did not apply (see figure 7).  Ho

it appeared that the diagrams represented sections of a free cantilever beam.  A physical 
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explanation of this assumption is that the tail section used for analysis does not extend all

the way to the end of the missile.  Rather, there are fins and support structures on the 

back of the missile which are not considered for this project.  In order to encapsulate t

assumption, the beam used for load derivation was extended until a good fit was found.  

The excess length was then removed and replaced with a point load representing the 

shear force and a bending moment on the end caused by the additional distributed loa

A diagram of this load configuration can be seen in Figure 6. 

 

 

his 

d.  

 

o determine the distributed load across the top, Equation (2) was used with multiple 

 

il 

e 

     (3) 

 

Figure 6 – Load Application for Tail Section 

T

iterations.  The length of the beam was increased until the minimum error between the

calculated bending moment and the given bending moment became positive.  This 

assured that the loads were both accurate and conservative for all points along the ta

section.  With the length defined, the beam was then cut at the proper length.  The forc

on the end was determined by: 

)( Tailbeam LLwF −=   
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This equivalent force repla .  

 

nce these loads were developed, the bending moment diagrams were constructed using 

ced the distributed load on the extended portion of the beam

The equivalent moment was found by applying the moment in the beam at the cut section

as a reaction at the free end of the beam (refer to Figure 6). 

 

O

the equation: 

BMLxPxLwM = +−−− )()(
2

2      (4) 

Using this expression, the calculated ben

n 

ding moments were compared to the given 

bending moments.  For the Jettison load case, Figure 7 shows the comparison betwee

calculated and provided bending moments. 
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Figure 7 – Bending Moment Comparison for Jettison Load Case on Tail 
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This load derivation process was applied to each load case that was provided.  Table 7 

shows the resulting loads for each case in both the pitch and yaw directions. 

 

Table 7 – Load Summary for Tail Section 

Load Case Axis w1 (lbs/in) P1 (lbs) M1 (in-lbs) 

Pitch 36.58 1229.85 20673.77 
4254 

Yaw 39.85 993.12 12374.28 

Pitch -42.92 -928.04 -10032.09 
Jettison 

Yaw 42.82 1293.95 19551.58 

Pitch 17.52 734.64 15397.96 
Separation 

Yaw 14.88 1211.66 49326.78 

 

These loads were applied to the tail assembly model using ANSYS Workbench to 

develop the baseline model.  For a complete comparison of provided bending moments to 

calculated bending moments, refer to Appendix A. 
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Baseline Model ANSYS Analysis 

Using the derived loads from the simplified cantilever beams, the baseline model was 

inputted into ANSYS Workbench for each load case.  The methodology for running the 

analysis was typical for each load case for both the nose and the tail sections of the 

strongback.  For both sections, it was necessary to import the full assembly model from 

Pro Engineer into the Workbench interface.  The strongback and the bottom hull, as well 

as a bulkhead in both the nose and tail sections were imported.  These assemblies, as seen 

in figures B.1 and B.2, were needed as opposed to importing only the strongback itself, in 

order to simulate the contact regions between the strongback and its critical interfaces. 

All figures related to the baseline analysis can be found in Appendix B. 

 

Once imported, a mesh was applied to the assembly file.  A mapped mesh or swept mesh 

would have been preferred, but due to the complexity of the given geometries, neither of 

these options was possible.  Therefore, a tetragonal mesh was applied to the models, as 

seen in figures B.3 and B.4.  Applying the mesh to the tail section proved to be much 

more difficult than the nose section as it was a larger model.  The initial mesh of the tail 

section contained approximately 161,000 nodes, while the educational version of ANSYS 

only allowed up to 125,000 nodes.  In order to overcome this limitation, nonessential bolt 

holes in both the hull and bulkhead were removed from the model.  This dropped the 

number of nodes to just below the 125,000 limit.  It was deemed that the removal of these 

holes would not alter the results of the analysis greatly, as they were not critical interfaces 

with the strongback itself.  These removals also do not greatly impact the contact regions 

due to the contact method used. 
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The “Bonding” method of contact was utilized due to its superior characteristics to the 

other methods available.  The bonding method is the default configuration for contact 

regions. If contact regions are bonded, then no sliding or separation between faces or 

edges is allowed. The two regions can be assumed to be glued. This type of contact 

allows for a linear solution since the contact length/area will not change during the 

application of the load.  The “No Separation” method is similar to the bonded case. It 

only applies to regions of faces. Separation of faces in contact is not allowed, but small 

amounts of frictionless sliding can occur along contact faces.  However, this would result 

in non-linear solutions.  Examples of the contact regions can be seen in figures B.5 – 10. 

 

With the mesh and the contact regions defined, the material properties must be selected, 

followed by applying the loads themselves.  Working under design constraints from 

Raytheon, the standard Aluminum Alloy material properties in ANSYS were used, 

having a Young’s Modulus of approximately 10.3E6 psi, a Poisson’s Ratio of 0.33, and a 

density of 0.10015 lbm/in3.  Figures B.11 – 13 show the load application process to the 

nose section, and figures B.14 – 17 show the load application process to the tail section of 

the strongback. 

 

A separate ANSYS Workbench simulation was used for each load case.  The direct 

solver was used as it works better with thin flexible models, as opposed to the iterative 

solver which works better for bulky models.  While the sections are large, many of the 

components are thin, and the outer skin is relatively flexible due to its thickness.  Each 

17 



solution took approximately 30 minutes, due to the large amount of nodes and elements; 

6 degrees of freedom for each element, around 70,000 elements, resulting in 6 equations 

per element.  The desired output from these simulations was the von-Mises stress, or 

equivalent stresses.  Figures B.18 – 20 depict the solutions for load cases 4100, 

Separation, and Jettison respectively for the nose section, and figures B.21 – 23 show the 

solutions for load cases 4254, Separation, and Jettison respectively for the tail section. 

 

A summary of the six load cases can be found in Table 8 below. 

 

Table 8 – Baseline Analysis Summary 

Component Load Case Maximum Stress (ksi) 

4100 27.9 

Separation 26.8 Nose 

Jettison 30.0 

4254 36.8 

Separation 22.8 Tail 

Jettison 43.1 

 

According to the baseline analysis, two worst load cases for the tail were already 

violating the maximum stress constraint.   Raytheon approved our results, so the team 

continued our work using this higher stress baseline as the reference point. 
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Proposed Weight Reduction Methods 

Research conducted during the trade study yielded three potential weight-saving 

methods.  Consultation with industry experts further refined the proposed methodology 

given the constraints of the competition.  The most basic method for reducing weight is to 

reduce the thickness of the outer skin of the strongback. Reducing the skin to its 

minimum thickness of 0.120 inches would yield a large amount of weight reduction, but 

this also runs the risk of structural failure.   

 

The second weight-reduction method was to reduce the size of the internal bulkheads.   

Bulkheads are an attractive choice for weight reduction because of their concentrated 

volume, but they cannot be fully eliminated due to the critical interfaces and the necessity 

of maintaining the edge-to-diameter ratio at these interface holes.   

 

Another method considered was cutting trenches or grooves into the strongback.  These 

channels will reduce weight by removing structural material, but will not reduce 

structural strength to the extent that thinning would.  This method can be used in areas 

which have a higher baseline stress, where purely thinning might cause buckling.  This 

method is common in industry, and would have been implemented using existing tooling, 

minimizing its impact on manufacturing time and cost. 

 

At the advice of a veteran industry machinist, a fourth weight reduction method was 

investigated.  Known to machinists as ‘lightening holes”, this method consists of drilling 

into thick sections of the structure with a mill or drill, making circular or oval-shaped 
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voids to reduce the weight of the structure (refer to Figure 8).  This method has the 

advantage of actually increasing the structural strength in some cases, despite the removal 

of material (see Hexagonal Shell Model).  It also can be adapted to use pre-existing 

tooling, minimizing any impact on manufacturing cost other than time needed to make 

the cuts.  A roadblock to fully implementing this method is the location of sections of the 

strongback that are thick enough to make lightening holes worth while.  The majority of 

candidate zones are the structural bulkheads, whose downward-facing surfaces are part of 

the interface with the rest of the missile structure.  If these bulkheads could not be more 

significantly reduced, then lightening holes would have been applied.  Another 

disadvantage of lightening holes is the increased complexity compared to other methods 

of meshing the each of the holes in any FEA program, which was discussed in the 

Baseline Model ANSYS Analysis section. 

 

 

Figure 8 – Lightening Holes 
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To analyze the four weight reduction methods, two simplified simulations were designed: 

the Flat Plate model, and the Hexagonal Shell model.  These two models allowed us to 

gain experience with ProE and ANASYS in tandem, and to quantify the effectiveness of 

each of the weight-reduction methods.   

 

Flat Plate Model 

The thin plate model was used to study the effects of reducing the weight in particular 

sections and its affect on maximum resultant stress.  A thin plate was constructed in 

ANSYS and meshed with 80 SHELL63 elements.  The baseline mesh can be seen in 

Figure C.1.  To best simulate the load cases associated with the JSOW strongback, a 

uniform pressure load was applied across the top surface and the origin end of the plate 

was constrained in all degrees of freedom.  These loads and constraints can be seen in 

Figure C.2.  First, the plate model was solved for a uniform element thickness throughout 

the entire section.  The resulting von Mises stress distribution can be seen in Figure C.3.  

The maximum stress is located at the constraint of the plate. 

 

The first thinning case that was considered involved thinning the 36 endmost elements to 

half of the original thickness.  This “short end” case resulted in a total weight reduction 

of 22.5%.  The thin elements are highlighted in Figure C.4.  The resulting stress 

distribution can be found in Figure C.5.  The maximum stress remained at the constrained 

end and increased by a mere 0.01%.  This indicated that it is possible to reduce a large 

amount of weight in the unconstrained end of the strongback without greatly affecting the 

maximum stress. 
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The next case considered was one in which a larger section of the plate at the free end 

was thinned.  A total of 60 elements were reduced to half of the original thickness, 

resulting in a weight reduction of 37.5%.  The thinned elements are highlighted in Figure 

C.6.  The resulting stress distribution from this “long end” method can be seen in Figure 

C.7.  In this case, the maximum stress is no longer located at the constraint, but rather at 

the interface between thick and thin elements.  At this point, the maximum stress 

increased by nearly 90%.  This indicates that there is a limit of how much of the end can 

be thinned before the stress increases beyond the acceptable level. 

 

After discovering a limit to the number of end elements that could be thinned, the next 

case that was considered involved thinning only the centerline elements.  For this case, 36 

centerline elements were thinned to a thickness of half the original value, resulting in a 

weight reduction of 22.5%.  The thinned elements are highlighted in Figure C.8.  The 

resulting stress distribution from this “center” case in shown in Figure C.9.  As in the 

previous case, the maximum stress occurred at the interface between thick and thin 

elements.  The maximum stress increased by nearly 20% for this case.  There is a limit to 

how close thinned sections can be to the constrained end without adversely affecting 

stress. 

 

The final thin plate model case was a combination of the previous two cases.  The 

elements on the end of the plate were thinned as well as an interior channel.  A total of 44 

elements were reduced to a thickness of half the original value, resulting in a total weight 

22 



reduction of 27.5%.  It was believed that this pattern of tapering wall thickness would 

result in a maximum reduction in weight without dramatic increase in stress.  The thinned 

elements for this case can be seen in Figure C.10.  The resulting stress distribution is 

shown in Figure C.11.  For this case, the maximum stress remained at the constrained end 

an increased by less than 0.5%. 

 

A summary of all the thinning cases considered can be found in Table 9 

 

Table 9 – Summary of Thinning Options 

Thinned Section Weight Reduced Stress Increase 

Short End 22.50% 0.01% 

Long End 37.50% 89.52% 

Center  22.50% 19.46% 

Combination 27.50% 0.42% 

 

This study shows that the weight of a thin plate can be reduced without significantly 

affecting the maximum stress of the component.  This is accomplished by tapering the 

thinned sections near fixed constraints or stress concentrations.  It also shows that the 

regions in the immediate vicinity of the constrained end cannot be changed without 

drastically increasing the maximum stress. 

 

The lessons from this simple study can be extended to the weight reduction task on the 

strongback.  The primary locations for weight reduction by thinning walls will be located 
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far away from the constrained end.  The thin sections will also be tapered as they 

approach areas of constraint or stress concentrations.  The locations of thin wall regions 

will be determined by the baseline finite element analysis.  Areas of very low stress 

without vicinity to current interfaces will be the initial targets of this thinning method. 

 

Hexagonal Shell Model  

The next model created was the Hexagonal Shell model.  This model more closely 

approximated the strongback than the flat plate model.  The purpose of this model was to 

allow for experimentation with different weight reduction methods on a more 

sophisticated model without the long analysis times associated with the actual strongback 

models.  The baseline model was constructed as a hexagonal half-shell including a 

bulkhead (refer to Figure D.1).  The loads used are from LC 4100.  Each weight 

reduction method was applied separately to understand the affect on stress distribution. 

 

The first method modeled was thinning walls.  Following the lines of the stress field, 

areas of minimum stress were reduced in thickness up to the minimum wall thickness 

constraint (refer to figure D.2).  The result was a 26.3% reduction in weight with only a 

6.4% decrease in the maximum stress value.  The minimum stress value decreased by 

10.2%. 

 

The second method modeled was channeling.  Following the stress field, longitudinal 

grooves were cut in the inner side of the model (refer to figure D.3).  The result was a 
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9.5% reduction in weight, a 0.1% decrease in the maximum stress value, and a 1.7% 

decrease in the minimum stress value. 

 

The last method modeled was lightening holes.  Following the stress field, quarter- inch 

lightening holes were drilled to a depth meeting the minimum wall thickness.  The 

placement of the holes was dictated by the hole spacing and edge-to-diameter constraints.  

The result was a 2.5% weight reduction, a 29.0% decrease in the maximum stress value, 

and an 80.6% decrease in the minimum stress value.  

 

Table 10 - Hexagonal Shell Model Results Summary 

Method Weight Reduced ΔMax Stress ΔMin Stress
Thinned Walls 26.3% -6.4% -10.2%
Channels 9.5% -0.1% -1.8%
Lightening Holes 2.5% -29.0% -80.6%  

 

Table 10 clearly shows that the Thinned Walls method reduces the most weight overall.  

The other two methods have a much smaller potential for weight reduction, but can used 

to remove weight in areas where thinning is not practical, such as near the constrained 

end of the nose or tail.  All three methods reduced the maximum and minimum stress 

values.  Lightening holes could also be used to redistribute the stress field away from the 

point of maximum stress (refer to figure D.4).   

 

Evaluation Criteria 

Each weight reduction method was evaluated according to three main criteria.  These 

were weight reduction, strength, and manufacturing cost.  Weight reduction was given 
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the highest importance as it is the main goal of the competition.  Manufacturing cost was 

considered based on expected complexity of additional machining, but it was given a low 

priority compared with strength and weight reduction.  The current system was given a 

score of 3 for all categories.  Each proposed method was given a score relative to the 

baseline model.  The results of this scoring can be seen in the Pugh Diagram in Figure 9. 
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Figure 9: Pugh Diagram for Weight Reduction Methods 

 

According to the Pugh Diagram, all three methods are more desirable than the baseline 

model, and the wall thinning option is more effective than the other two.  However, 

reducing only wall thickness was not likely to result in the target weight reduction, so a 

combination of methods was incorporated into the final design.  The application of each 
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method depended on the stress field and was implemented using existing tooling, 

discussed in the detailed analysis section. 

 

Failure Mode Effects Analysis 

In order to avoid various modes of failure, a complete Failure Mode Effects Analysis 

(FMEA) was conducted.  The failure modes considered were aerodynamic instability, 

buckling, fatigue, and yielding.  Each failure mode was analyzed for possible causes and 

remedied by design solutions.  Each possible cause of failure was successfully linked 

back to a constraint provided by the sponsor.  Although excessive deformation was not 

considered as a failure mode, it was assumed that failure would occur in another mode 

before excessive deformation is reached.  A complete FMEA analysis can be found in 

Table 11. 

 

Table 11 – Failure Mode Effects Analysis 
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Detailed Analysis 

Originally, the process for detailed analysis was a single stream iterative process.  Using 

the lessons learned from the simplified cases, the three primary weight reduction methods 

would be applied to a single strongback model.  The application of each technique would 

depend on the locations of minimum stress and the areas of current machining 

determined by the technical drawings provided by Raytheon.  Initial changes would be 

focused on areas of minimal stress as indicated by the baseline model.  Then each model 

would be analyzed with ANSYS Workbench and measured against three criteria: 

maximum stress, weight reduced, and impact on machining cost.  Models that still met 

the design constraint would have further weight-reduced until the target weight reduction 

was achieved without violating any of the structural constraints.  Each iteration would 

require the model to be modified in ProE, imported into ANSYS, meshed, the loading 

applied, then analyzed, design changes chosen and then the model modified and the 

process started over again. 

 

These process yields one final design that moves incrementally towards a goal weight 

reduced.  The drawbacks of this process are the large number of iterations and the 

inflexibility of the final design.  These negative factors led our team to seek alternatives.  

These alternative approaches to improving the design are described below: tool choices, 

tolerances, genetic algorithm, rapid prototype, and a multi-stream design process. 
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Tool Choice 

One of the key design choices made early on in the project was the decision to use only 

existing tooling sizes for new features.  This was a cost saving measure, intended to 

minimize the impact on machining time by eliminating the need to change out new tools.  

It also saved the cost of all the additional tooling that would have to be purchased 

otherwise.  This decision was borne out of our research into Lightening Holes and 

Channeling as potential weight-saving methods.  Out intent was to go through the current 

strong back drawings, find the size of every hole used in the design, and create a list in 

order to pick the best size for our new features.  We also considered using the Taguchi 

Method or the Genetic Algorithm to choose the most efficient tool size and hole/channel 

configuration, but later dropped these plans as we realize they were impractical for the 

size and shape of the areas that were actually suitable for holes and/or channels.  After 

reviewing the drawings, we assembled a list of 11 possible tool sizes, ranging from 1/16” 

to ¾” radius.  Although we did not use either weight-reduction method in our final 

design, this in-depth study of the drawings aided our familiarity with the design.  We also 

noted several unusual features in the design, some of which we explored as other possible 

weight or cost-saving features. 

 

Tolerances 

While going over the drawings to find the full range of tool choices available during 

manufacturing, the team noticed a discrepancy in part of the design.  A collection of 

holes around the outer edge had a tolerance of +/-0.0003”, an extremely tight tolerance 

for what appeared to be a non-essential feature.  We discussed the feature with AME 

29 



Machine Shop Supervisor Floyd Block.  Block, whose industry experience included 

machining the nose-cone for the Atlas Intercontinental Ballistic Missile and the 

strongback for the Tomahawk Cruise Missile, surmised that the feature was an error on 

the part of the design staff.  The hole, for dowel-pins used in alignment during assembly, 

was designed to the tolerance of dowel pin itself.  According to Block, this is a common 

mistake made by industry engineers who do not have machining experience.  The error 

comes from the fact that it is time-consuming to machine a hole to this tolerance, and the 

hole must be inspected with Deltronic Inspection Pins, rather than conventional 

inspection equipment.  These Deltronic Inspection Pins cost on the order of several 

hundred dollars for a set, and must be regularly replaced due to wear which renders them 

unable to accurately read to their intended accuracy.  These pins also pose a hazard due to 

their propensity to stick or become lodged in the hole, thus ruining the entire part.  Block 

suggested that an increase in tolerance to +/-0.0005” would not only ease the machining 

process, but would allow the use of more conventional inspection equipment. 

 

Genetic Algorithm 

At the suggestion of our faculty advisor, the team spent a considerable amount of effort 

during the fall semester researching the application of algorithms to weight-optimization 

problems.  These optimization algorithms exist in many forms, but we primarily focused 

on applying the Genetic Algorithm to our project. The Genetic Algorithm is an 

evolutionary algorithm based on natural selection. First, a solution domain with the 

appropriate variables is established. Constraints are then defined in a ‘fitness function’, 

which describes the desirable traits we wish to improve upon. Upon selecting a variable 
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for optimization then activating the algorithm, a random population of possible solutions 

is created for the first generation. The population is then judged by the fitness function to 

determine which members survive.  The surviving members become the next generation, 

and the process repeats itself until the chosen variable is minimized, maximized, or 

reached. 

 

When applying a genetic algorithm to any design problem, one must first consider how 

the variables and the constraints are defined. In the case of the strongback optimization, 

the variables existing within the solution domain may include the wall thickness of the 

strongback, hole diameter, hole spacing, and number of weight-reducing channels. The 

constraints existing within the fitness function will include the maximum stress tolerated 

by the strongback, minimum hole spacing, minimum edge to diameter ratio, and 

minimum wall thickness. 

 

When we initially proposed utilizing the Genetic Algorithm, we planned a test-case 

similar to the thin plate model used in ANSYS to derive our load cases.  The model was 

to be refined to include more elements and various available thicknesses, and would be 

used to determine a maximum stress value.  We then would apply the Genetic Algorithm 

to determine the optimal distribution of element thicknesses in order to maximize the 

weight reduced without exceeding a maximum stress value.  The fitness function for this 

problem should consist of a maximum stress value of the cantilevered flat plate and will 

also involve the number of elements that are thinned. The first generation will be created 

as a random configuration of thinned elements.  The algorithm will create input files for 
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ANSYS and then find the maximum stress for each case.  These results will be compared 

to the fitness function.  The algorithm will discard all of the cases which do not meet the 

stress requirement and keep all cases that do.  This iterative process will continue until an 

optimum solution is found.  This test was contingent on finding a method to relate the 

complex geometry of our model to the Genetic Algorithm we acquired.  This step was 

hindered by our lack of experience with mathematical programming languages, such as 

NASTRAN and FORTRAN, and the difficulty in modifying the simplified algorithm we 

acquired in Microsoft Excel spreadsheet format. 

 

Had the team possessed extensive knowledge of programming in NASTRAN or 

FORTRAN, it is possible we could have modified it to interface with ANSYS, and create 

a self-modeling algorithm. However, such programming knowledge takes years to 

acquire, and a project of this complexity is more suitable for graduate-level research.  In 

fact, a similar program, combining optimization algorithms and 3D-modeling and 

analysis is currently being researched by a Cambridge mechanical engineering doctoral 

student. The excel version of the algorithm requires far less programming skill, but is 

limited by the nature of being in spreadsheet format.  The downloadable program we 

used, GA Optimization in Excel, is free of charge and easy to manipulate, with easily 

optimized equations, constraints, target values, and variables to be minimized or 

maximized. The creator of the GA Optimization in Excel was a structural engineer who 

used the program to find the optimal configuration of trusses to build a roof support for a 

home.  This use is strikingly similar to our problem, and initially gave us hope that this 
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algorithm could be used to completely configure the weight removal zones on the 

strongback.   

 

Hypothetically, the first step in applying the GA towards the airframe would be to 

generate a random volumetric reduction equation by hand then type it into an excel file.  

We would then input the given zone constraints, best weight reduction techniques, 

minimum edge-to-diameter ratio (if drilling a hole into a cylindrical protrusion), and 

minimum wall thickness. Next we would establish which rows and cell numbers will 

represent length, width, and height, and maintain the same cell and row numbers in every 

Excel file generated for the volumetric reduction equation of a selected weight-reduction 

zone. In the Excel Optimizer under its “Constraints” portion, type in the row and cell 

number for the height and set it equal to the original wall thickness minus the minimum 

wall thickness. For excel files subtracting the volume from circular zones, type in the row 

and cell numbers for the length or the width into the “Constraints” portion of the Excel 

Optimizer and set those equal to the diameter of the circular zone minus the minimum 

edge-to-diameter ratio multiplied by the diameter of the same circular zone. Then by 

opening the Excel file with the appropriate equation in the optimizer, and setting the 

optimization tab to “Maximize,” the maximum possible volume will be subtracted in the 

respective zone to which the equation was written. 

 

The constraint concerning the weight-reduction boundaries was still in the process of 

being established up until the design competition. Too many zones could have been 

misinterpreted during the competition presentation.  The geometry of the strongback was 
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the primary obstacle, as the algorithm was not intended for such a complex object.  

Furthermore, as we began to examine the keep-out zones and available locations for 

material removal, it was determined that even with the complete removal of all available 

zones, we were unlikely to reach our target weight reduction goal.   

 

The genetic algorithm is a tool that finds the best value given constraints and initial 

values. In the case of this project, the best areas within the airframe needed to be 

determined for a target weight-reduction given an edge-to-diameter ratio, minimum wall 

thickness, a maximum stress tolerance, and zones of workability. An algorithm could 

have possibly automated the process of looking for the best areas of weight-reduction, if 

it interfaced with ANSYS.  

 

Rapid Prototype 

One of the first things the team discussed when initially planning the project was the 

possibility of rapid prototyping a model of our design.  Rapid Prototyping is a relatively 

recent invention that uses a printer to create a 3-D model from a computer mesh.  The 

team desired a physical representation of our design in order to physically present at the 

competition, and to display at Design Day.  A second and more important reason was to 

conduct structural testing on a physical model.  All of our analysis would otherwise be 

conducted on ANSYS, but having a scale model of the part would allow us to do stress 

testing to find the actual material properties of our design.  The intention was to correlate 

the material properties of the model material to the real material properties, then scale 
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down the stress cases to their equivalent forces.  We would then apply these reduced 

forces to the model in order to verify the structural integrity of our design. 

 

There are two Rapid Prototyping labs at the University of Arizona.  The College of 

Engineering operates a plaster-based machine, and the Architecture Department operates 

an ABS-plastic machine.  We contacted Lautaro Civetta at the College of Engineering 

lab, and she informed us that we could get a price estimate by sending in a SolidWorks 

model of the mesh.  However, further investigation revealed that the build chamber for 

the machine was only 11” by 8” by 8”, with a 1/8” minimum thickness.  These 

restrictions eliminated the possibility of using this machine, as a model of the strong back 

that was scaled down in order to fit these dimensions would have paper-thin wall 

thickness.  We then spoke with David Bond at CALA IT Services, who manages the 

rapid prototyping machine for the Architecture Department.  The lab was in the process 

of moving into their new building, but we were able to look up the design constraints for 

the Stratasys BST modeler they operate.  Unfortunately, the build chamber was of similar 

size and minimum thickness to the other machine.  We ultimately decided to drop any 

plans for Rapid Prototyping, as we were nearing the competition date and were still in the 

process of analyzing our final design. 

 

Multi-Stream Design Process 

After conquering the problems of procuring suitable versions and licenses for ProE and 

ANSYS in the first semester, the second semester brought to light problems of 

communication between our team’s version of ProE and Raytheon’s professional version 
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of ProE.  Because of these problems, we realized that our final deliverable to our 

customer had changed.  We could no longer hand Raytheon a single final design because 

it would be useless.  The team decided that if we were going to give Raytheon anything 

useful on competition day, it would be our ideas in the most flexible form possible.  We 

decided a multi-stream design process was much better suited to this task.  In our multi-

stream process, the nose and tail of the strongback were each divided into several 

sections, more than twenty in all.  Starting from the common baseline model, each 

section would be modified and analyzed individually.  In the end, all of the beneficial 

modifications would be combined into the final design.  There are two strengths in this 

approach.  First, it allows for a more even division of labor across the team.  Second, it 

allows our customer to pick and choose from the menu of options what features they 

would like to include in their design, knowing what effect each menu item has on the 

overall weight and stress.  It is like ordering food from a restaurant menu: you can choose 

ala carte numbers 3, 7 and 12 and get exactly what you want, instead of ordering a full 

meal and not eating some of included dishes. 

 

Menus and Items 

The first task in our multi-stream design process was to create the menus for the nose and 

tail that define the sections that would be designated as each item.  The first step was to 

translate the 11 sheets of “keep-out” drawings onto one picture to make the keep-out 

zones clear (refer to the red areas in Figures 10 and 11).  The next step was to define each 

section of the menu based on the keep-out zones, geometry, and possibility for weight 
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removal (refer to the numbered areas in Figures 10 and 11).  The next step was to begin 

modeling each item, analyzing it and cataloging the results. 

 

 

Figure 10: Nose Menu of Weight Reducing Features. 

 

 

Figure 11: Tail Menu of Weight Reducing Features. 

This multi-stream or menu approach produced a table of items, and their effects on 

weight and stress (refer to Tables 12 and 13).  From this table, Raytheon can make an 

educated decision about which of our features to use in their design.  

 

Table 12 – Summary of Nose Weight Reduction Items 
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Item # Volume Weight 
(lb) 

Difference 
(lb) 

Max Stress 
(ksi) Change 

Base 456.77 44.76 0.00 75.65 0.00% 
2 449.77 44.08 -0.69 85.29 12.74% 
3 454.27 44.52 -0.25 69.51 -8.12% 
4 453.32 44.43 -0.34 75.89 0.32% 
6 444.40 43.55 -1.21 67.04 -11.38% 
8 445.81 43.69 -1.07 75.33 -0.42% 
9 442.89 43.40 -1.36 75.81 0.21% 
5,7,10 445.51 43.66 -1.10 74.46 -1.57% 
12 454.23 44.51 -0.25 86.05 13.75% 
Combo_1 391.11 38.33 -6.43 96.47 27.52% 
Combo_3 393.29 38.54 -6.22 70.74 -6.49% 
Nose Weight Change: -6.27     

 

Table 13 – Summary of Tail Weight Reduction Items 

Item # Volume Weight (lb) Difference 
(lb) 

Max Stress 
(ksi) Change 

Base 314.54 30.82492 0.00 54.67 0.00% 
20 298.90 29.2922 -1.53 48.33 -11.60% 
21 300.06 29.40588 -1.42 42.3 -22.63% 
22 312.66 30.64068 -0.18 55.5 1.52% 
24 308.94 30.27612 -0.55 55.28 1.12% 
26 309.85 30.3653 -0.46 57.21 4.65% 
28 311.99 30.57502 -0.25 50.06 -8.43% 
Combo 273.34 26.78732 -4.04 55.9 2.25% 

Tail Weight Change:   -4.39     
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Final Design 

Our final design incorporated all of the beneficial menu items.  Items #12 and 

“Combo_1” were not included because they had a large negative effect on the local 

stress, and were therefore not added to the final proposed design.  “Combo_1” could not 

be modeled without deleting in entire feature and stating from scratch, and due to the 

complexity of the models, we choose to leave it out of our design.  Details on each 

weight reduction item and its effect of stress and weight can be found in Appendices G 

and H.  The baseline and final designs are shown in Figure 12 and 13. 

 

Figure 12: Nose Baseline and Final Design Models. 
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Figure 12: Nose Baseline and Final Design Models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design Competition Presentation 

After the Down Select Presentation last December, our team was selected as one of the 

top three teams in the competition which qualified us to present live to Raytheon in the 

spring.  On March 29th teams from the University of Arizona, California Polytechnic 

State University at San Luis Obispo and Texas Tech University presented their designs at 

the Raytheon facility in Tucson, Arizona.  The presentations were judged by five 

Raytheon Engineers and Navy Personnel.  Each team gave a 30 minute presentation 

followed by a 10 minute question and answer period.  The judging panel gave feedback 

to each team at the end, and The University of Arizona team was selected as the winner. 
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Feedback 

General feedback was given to all teams.  First, we should consider the possible broad 

background of audience.  This presentation was at Raytheon, but some of the audience 

members were Navy personnel with no engineering background, so an executive 

summary at beginning of the presentation would have been helpful.  Second, be sure to 

include a strong summary at end with recommendations for design changes.  Third, all 

teams did a good job at assimilating limited requirements and information and flowing 

these down to the design.  Fourth, dwelling on the limitations of available software or 

computer resources should be minimized.  All of the teams had software issues.  So do 

most companies.  The problems should be addressed and overcome, not used as an 

excuse.  Fifth, more closed form solutions and hand calculations to supplement finite 

element analysis.  Computers are only as smart as the person using them, so you must 

have an outside way to verify your results.  And finally, we should consider peer reviews 

going through a gated design process like those used in the industry. 

 

The University of Arizona team then received feedback on our own presentation.  We 

exhibited good teaming:  all members contributed to the presentation, each being an 

expert in each area.  Our overall initiative was high due to things like getting PADT to 

provide professional licenses and PRO/E gratis, consulting with a machinist on our deign 

changes, and creating a menu of possible design changes.  We did a good job comparing 

the derived moments to the requirement.  They were glad to see that we conducted an 

initial trade study.  We did a good job of flowing down the requirements to the loads on 

model.  In our stress analysis, we needed to confirm loading on 3D model using FSUM in 
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ANSYS, but this would have come with experience. Also, we should have ignored the 

stresses at constrained interfaces or at singularities and instead have compared the far 

field stresses.  In addressing manufacturability, we showed initiative with the tolerance 

change recommendation, and our use of existing tooling is a good practice to start early 

in our careers.  Finally, our summary was concise but it needed a specific final 

recommendation. 

 

Summary  

The loads for all six load cases were derived using a simplified cantilever beam model.  

These loads were then applied in ANSYS Workbench to the Pro/E models of both the 

nose and tail sections of the strongback and a baseline model was constructed.  These 

loads and baseline values were reviewed and approved by the customer, Raytheon 

Missile Systems.   

 

Several methods of proposed weight reduction including drilling lightening holes, 

thinning out walls, and cutting channels were studied.  Each of these methods has its own 

advantages and disadvantages associated with strength, weight, and manufacturing costs.  

Ultimately, thinning walls and bulkhead reduction were incorporated into the final 

design.   

Our exploration into rapid prototyping and genetic algorithms demonstrated our search 

for the best solution.  Our use of existing tooling and our tolerance reduction 

recommendation showed that we created our design with manufaturability in mind.  We 

kept our design, within constraints, on time, under budget, and although we did not 
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reduce the target weight, our team reduced to most weight out of the competitors.  We are 

confident that the target can be reached with further effort and time.  In the end, our 

modular design was superior due to our excellent analysis and the flexibility of approach 

that allows our ideas to be translated without software. 

 

Recommendations 

From the beginning we knew that our baseline models had higher stress than the ball park 

figures mentioned by Raytheon. Yet, our baseline models and loads were approved by the 

customer, so we moved on to the next phases of the project.  From talking to Raytheon 

engineers after our presentation, we came to the conclusion that our applied pressure 

loads were not accurate to the combination of inertial and aerodynamic loads that occur 

during operation.  If we were to continue working on our design, we would work to find 

the right combination of inertial and aerodynamic forces to more closely simulate the real 

world conditions.   

 

The Aerospace and Mechanical Engineering Department at the University of Arizona 

might consider adding peer reviews as part of a gated design process.  This would involve 

a formal design review within each team or of another teams design.  Since this is 

common practice in all engineering disciplines, it would good for students to become 

familiar with design reviews before they graduate. 
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APPENDICES 

Appendix A – Derived Load Comparisons 

 

A summary of all the loads derived for the nose section can be found in Table A.1.  A 

summary of derived loads for the tail section can be found in Table A.2 below.  The 

worst-case load situation is highlighted in bold for each component.   

 

Load Case Pitch Load (lbs/in) Yaw Load (lbs/in) 

LC 4100 64.6 30.0 

Jettison -69.3 79.3 

Separation 48.1 82.4 

Table A.1 – Derived Loads for Nose Section 

 

Loadcase Axis w1 (lbs/in) P1 (lbs) M1 (in-lbs) 

Pitch 36.6 1229.9 20673.8 
4254 

Yaw 39.9 993.1 12374.3 

Pitch -42.9 -928.0 -10032.1 
Jettison 

Yaw 42.8 1294.0 19551.6 

Pitch 17.5 734.6 15398.0 
Separation 

Yaw 14.9 1211.7 49326.8 

Table A.2 – Derived Loads for Tail Section  
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The following figures show the comparison of provided bending moments to the derived 

bending moments.  Each figure shows the values for both the pitch and yaw axes. 
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Figure A.1 – Load Case 4100 Nose Bending Moment Comparisons 
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Figure A.2 – Load Case Jettison Nose Bending Moment Comparisons 
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Figure A.3 – Load Case Separation Nose Bending Moment Comparisons 
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Figure A.4 – Load Case 4254 Tail Bending Moment Comparisons 
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Figure A.5 – Load Case Jettison Tail Bending Moment Comparisons 
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Figure A.6 – Load Case Separation Tail Bending Moment Comparisons 

 

The load derivation process was confirmed to be valid by the sponsor.  All derived loads 

are tentative pending review by the sponsor.  There is inherent conservatism associated 

with the derivation process, so the loads may be changed to result in more realistic 

loading conditions. 
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Appendix B – ANSYS Workbench Figures 

 

Figure B.1 – Nose Section 

 

Figure B.2 – Tail Section 
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Figure B.3 – Nose Mesh 

 

Figure B.4 – Tail Mesh 
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Figure B.5 – Nose Contact Region 1 

 

Figure B.6 – Nose Contact Region 2 
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Figure B.7 – Nose Contact Region 3 

 

Figure B.8 – Tail Contact Region 1 
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Figure B.9 – Tail Contact Region 2 

 

Figure B.10 – Tail Contact Region 3 
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Figure B.11 – Nose Pitch Distributed Load 

 

Figure B.12 – Nose Yaw Distributed Load 
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Figure B.13 – Nose Fixed Support 

 

Figure B.14 – Tail Pitch and Yaw Distributed Loads 
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Figure B.15 – Tail Pitch Shear and Moment 

 

 

Figure B.16 – Tail Yaw Shear and Moment 
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Figure B.17 – Tail Fixed Support 

 

Figure B.18 – Nose Load Case: 4100 (Max Stress: 27.9ksi) 
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Figure B.19 – Nose Load Case: Separation (Max Stress: 26.8ksi) 

 

Figure B.20 – Nose Load Case: Jettison (Max Stress: 30.0ksi) 
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Figure B.21 – Tail Load Case: 4254 (Max stress: 36.8ksi) 

 

Figure B.22 – Tail Load Case: Separation (Max stress: 22.8ksi) 

58 



 

Figure B.23 – Tail Load Case: Jettison (Max stress: 43.1ksi)
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Appendix C – Thin Plate Model Figures 

 

Figure C.1 – Mesh for Thin Plate Model 

 

Figure C.2 – Loads and Constraints for Thin Plate Model 
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Figure C.3 – Baseline von Mises Stress Distribution 

 

Figure C.4 – Elements Thinned for Short End Case 
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Figure C.5 - Stress Distribution for Short End Case 

 

Figure C.6 – Thinned Elements for Long End Case 
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Figure C.7 – Stress Distribution for Long End Case 

 

Figure C.8 – Thinned Elements for Interior Thinning Case 
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Figure C.9 – Stress Distribution for Interior Thinning Case 

 

Figure C.10 – Thinned Elements for Combination Case 
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Figure C.11 – Stress Distribution for Combination Case 

 

Table C.1 – Summary of Thinning Options 

Method Weight Reduced Stress Increase 

Short End 22.50% 0.01% 

Long End 37.50% 89.52% 

Center Cut 22.50% 19.46% 

Combination 27.50% 0.42% 
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 Appendix D – Hexagonal Shell Model (HSM) Figures 

 

Figure D.1 Hexagonal Shell Model using LC 4100 loading. 

 

Figure D.2 HSM with thinned walls. 
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D.3 HSM with channels. 

  

Figure D.4 HSM with lightening holes 
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Appendix E - Genetic Algorithm 
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Appendix F – Manufacturing 
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Appendix G - Menu Items – Nose 

Figure G.1 Nose Menu of Weight Saving Features 

 

 

Figure G.2 Summary of Nose Weight Saving Features 
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Appendix H - Menu Items – Tail 

Figure H.1 Tail Menu of Weight Saving Features 

 

 

Figure G.2 Summary of Tail Weight Saving Features 
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Appendix I - Final Design Analysis 
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