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Abstract

The structural integrity of an aircraft wing is critical for ensuring safety, efficiency, and economic viability.
This study presents a comparative analysis of different beam designs for the spars of a Boeing 747-100
wing, focusing on weight reduction, stress distribution, and fatigue life. The key design choices evaluated
include I-beams, box-beams, truss beams, and honeycomb I-beams, considering their structural efficiency
and manufacturability. Computational simulations, including Finite Element Analysis (FEA) and
Computational Fluid Dynamics (CFD), were conducted to assess load distribution, aerodynamic
performance, and structural durability. The results indicate that the 75 mm traditional spar, 150 mm box-
beam/I-beam spar, 156 mm box-beam/I-beam spar, and 305 mm honeycomb I-beam spar offer the best
balance between strength, manufacturability, and fatigue life. Implementing these optimized designs results
in a 16% weight reduction per wing, enhancing payload capacity, fuel efficiency, and economic returns.
The economic feasibility analysis highlights increased passenger capacity and reduced operational costs,
leading to multimillion-dollar savings annually per aircraft. Future work includes material optimization,
harmonic response testing, stress concentration reduction, and further structural component analysis.
Although airplanes have evolved significantly since the Wright brothers’ era, continuous advancements in
structural design and material engineering can further enhance aviation safety, efficiency, and
sustainability.

Keywords: Aircraft wing spars, Structural optimization, Finite Element Analysis (FEA),
Computational Fluid Dynamics (CFD), Fatigue life, Weight reduction, Aerodynamic performance,
Economic feasibility, Boeing 747-100, Beam design



Introduction

The structural design of aircraft wings is crucial for achieving optimal performance, safety, and
efficiency in aviation. Among the key components, the wing spar plays a critical role in distributing
aerodynamic loads across the wing structure while withstanding forces encountered during flight. This
report focuses on optimizing the design of the wing spar to achieve significant weight reduction and
enhanced structural strength, specifically tailored for the Boeing 747-100 aircraft.

Aircraft wings are attached to the fuselage, which serves as the skeleton of the main body. The
wing structure consists of two primary components: ribs and spars. The spar acts as the main load-bearing
element, providing rigidity and support, while the ribs maintain the aerodynamic shape and aid in load
distribution. The structural efficiency of these components directly impacts the aircraft's weight, fuel
efficiency, and overall performance.

Currently, conventional spar designs are widely used. However, these configurations often lead to
higher weight, which can affect the aircraft’s fuel efficiency. By analysing different spar configurations—
including I-beam, honeycomb structures, truss beams, and box beams—this study aims to identify the most
efficient design for the Boeing 747-100 wing spar, balancing weight reduction, structural integrity, and
manufacturability. Many such studies are being conducted to optimize the structure and material of different
airplane wings (Maheswaran, et al., 2015) (Manjari, Raj, Rayudu, Vyshnavi, & others, 2023).

Understanding the loads acting on the aircraft wing is essential for designing an optimized spar
configuration. This study considers aerodynamic forces, wing weight, fuel weight, and engine weight
attached to the wings. Since spars can be treated as cantilever beams for analysis, different structural
configurations are evaluated to determine the most effective design. The proposed research aims to bridge
the existing gap by offering an optimized wing spar design that enhances durability while maintaining cost-
effectiveness and ease of manufacturing. The findings from this study could contribute to advancements in
aircraft design, improving sustainability and economic viability in the aviation industry.



Methodology

Following an extensive literature review, the author utilized college-licensed CAD software,
SolidWorks and Fusion 360, to develop 3D models of the wing structure, including spars, ribs, and skin,
based on the available blueprints and dimensions of the Boeing 747-100 commercial airplane. The wing’s
skin was incorporated into the Computational Fluid Dynamics (CFD) analysis in licensed Ansys to
determine the lift force acting on a single wing, with results verified and validated against existing literature.

Using the computed lift force, along with the weight of the wing (including fuel) and the weight of
the two engines mounted on a single wing, a static structural analysis was performed on the wing skeleton.
Before analysing spars independently, the fatigue life of the entire wing structure was first verified and
validated to ensure accuracy in assessing cyclic loading effects. Fatigue tests were then conducted,
considering cyclic loading conditions where only the lift force was periodically removed to simulate real-
world operational stresses.

The study analysed various spar configurations, including traditional spars, 1-shaped spars, Box-
beam spars, Truss-shaped spars, and hybrid designs. The hybrid configurations were applied selectively in
areas with lower stress concentrations to optimize structural performance. The final optimized designs were
evaluated based on weight reduction, cost efficiency, manufacturability, structural safety, stress
distribution, maximum stress, and fatigue life, ensuring an optimal balance between strength and efficiency.



Analysis and Design

Once the CAD models were developed, structural and functional characteristics were analyzed to
optimize the wing’s performance (Maheswaran, et al., 2015). The analysis covered various design
iterations, Computational Fluid Dynamics (CFD) simulations, and Finite Element Analysis (FEA) for both
static structural and fatigue evaluations.

1) CAD Modeling and Design Iterations

The wing, spars, and ribs were designed based on the Boeing family blueprints (Figure 1),
specifically selecting the Boeing 747-100 due to the availability of comprehensive data and literature.
Known as the "Queen of the Sky," the Boeing 747-100 has a seating capacity of 568 passengers and a
range of 7,670 nautical miles, powered by four jet engines (Boeing, n.d.; Flight Radars 24, n.d.).

The CAD designs analyzed included traditional beam, I-beam, box-beam, honeycomb compound
with I-beam, and truss beam configurations. Different design iterations were performed on the four
spars of the Boeing 747-100, specifically the 150 mm spar (Figure 8, Figure 10, Figure 11, Figure 12),
156 mm spar, 305 mm spar (Figure 9), 75 mm redundant spar (Figure 5, Figure 6, Figure 7), and the
complete wing structure (Figure 2, Figure 3, Figure 4). An important thing to note here for further
analysis is that the 75 mm spar is a redundant spar.

2) Key Design Choices

The key design choices considered were I-beam, box-beam, truss-beam, and honeycomb beam,
selected due to their widespread use, extensive literature availability (Dewi, Soehardjono, & others,
2014; Feng, Sun, Chen, & Ni, 2022; Hibbeler, 2005), and proven success in various aerospace
applications. The primary factors guiding the design process included weight reduction, cost efficiency,
and stress concentration management. Material was strategically removed from non-critical areas to
reduce the section modulus of the beam while maintaining structural integrity.

3) CFD Simulation

Aerodynamic performance analysis was conducted using CFD simulations to determine the loads
acting on the aircraft wing. Various angles of attack and flight conditions were considered, with
simulations performed at different speeds corresponding to key flight phases, including cruising (900—
940 km/h), takeoff (460 km/h and 550-650 km/h), descent (460 km/h and 535-590 km/h), and landing
(250-280 km/h) (Airliners.net, n.d.). To accurately model turbulence effects, the Spalart-Allmaras and
k- SST turbulence models can be considered, with the Spalart-Allmaras viscous model being selected
for the analysis (EI Maani, Elouardi, Radi, & ElI Hami, 2018). The maximum lift force was calculated
as 1,850,000 N, providing critical input for structural analysis. The results were verified and validated
using available literature to ensure accuracy and reliability before proceeding with further structural
evaluations. A scaling factor of 0.057458987 was applied in the simulation.

4) FEA Static Structural and Fatigue Analysis

To evaluate the structural integrity of the aircraft wing under real-world conditions, Finite Element
Analysis (FEA) was performed, incorporating static structural and fatigue life assessments. The
simulations accounted for the various forces acting on the wing, including aerodynamic lift, the weight
of the wing itself, the fuel load, and the engines mounted on the wing structure.
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The structural simulations were conducted using an engine weight of 4,000 kg per engine (GE
Aerospace, n.d.), considering the Boeing 747-100 configuration, which has two engines per wing. The
material selected for the wing structure was AA6061-T6, an aluminum alloy known for its high
strength-to-weight ratio, corrosion resistance, and good fatigue properties (Manjari, Raj, Rayudu,
Vyshnavi, & others, 2023; Zakuan, Aabid, & Khan, 2019). The weight of a single wing was 43,090 kg,
increasing to 120,000 kg when fully loaded with fuel (Boeing-747.com, n.d.).

To assess fatigue life, the S-N fatigue curve for AA6061-T6 was sourced from available literature
(YYahr, 1997). The fatigue analysis was initially conducted on the entire wing structure to validate the
methodology before proceeding with independent analyses of different spar designs. For the fatigue
analysis, the ratio of weight to the lift force is 0.065 for considering only the lift fatigue (Figure 14).
Additionally, modal analysis was performed to study the wing's natural frequencies which can be used
to study the response to aerodynamic turbulence and operational vibrations, as such factors can
significantly affect fatigue performance and structural integrity. The frequency range of air turbulence-
induced vibrations is between 0.04 Hz and 10 Hz, based on existing studies (Pastel, Caruthers, & Frost,
1981).

5) Comparative Study

To determine the most efficient spar design for structural integrity and weight reduction, a
comparative study was conducted. Various spar configurations, including traditional beam, I-beam,
box-beam, honeycomb compound with I-beam, and truss beam, were analyzed based on their structural
performance under the applied loads. The comparison focused on key parameters such as maximum
stress, deformation, weight, stress concentration, manufacturability, and fatigue life.

Table 1 presents a detailed comparison of the results obtained from different analyses performed
on these spar designs. The table provides insights into how each design responded to static and fatigue
loads, the stress distributions observed in each configuration, and how material optimization strategies
contributed to weight reduction while maintaining structural integrity. By analyzing these results, an
optimized spar design was identified that offered the best balance between strength, durability, and
weight efficiency for the Boeing 747-100 wing.

This comparative study was crucial in selecting the final optimized spar design, ensuring it met all
safety and operational requirements while achieving significant weight and cost reductions.
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Figure 1: Blueprints of the Boeing 747-100 Commercial Airplane
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Figure 2: Wing Skin of Boeing 747-100 for CFD Analysis



Figure 3: Structure of the Wing with Spars and Ribs

Figure 4: Spars of the Boeing 747-100 wing, 3 spars with one redundant spar



Figure 5: Modified 75 mm Spar as I-Beam

Figure 6: Modified 75 mm Spar “thick" I-beam
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Figure 7: Modified 75 mm Spar “thicker” I-beam

Figure 8: Modified 150 mm Spar as I-beam (can be treated approximately like the 156 mm beam)

11



12

Figure 9: Modified 305 mm Spar with honeycomb structure (The traditional one was I-beam with
supports)

Figure 10: Modified 150 mm Spar with honeycomb structure in I-beam



Figure 11: Modified 150 mm Spar as Box-Beam

Figure 12: Modified 150 mm Spar as Truss-Beam
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Figure 13: CFD Analysis of the Scaled model of Boeing 747-100 Wing

The CFD Analysis provided the maximum Lift Force = 1.85 MN that will be used for the structural
analysis of the spars. The viscous model used was Spalart Allmaras, and the velocities were taken
according to the different stages of the flight which are ascent, cruise, and landing.

Figure 14: Fatigue Loading in the beam

For the fatigue loadings of all the structure, the theory followed was just the endurance limit theory
according to the material of the beam, and the fatigue loading only considered Lift Force as the cyclic
load with a ratio of other loads to the lift force = 0.065.
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Analysis on traditional wing structure and spars:-

B: Complete Structure Traditional
)

0.00 1500.00 3000.00 (mm)

Figure 15: Factor of Safety of the structure of the wing

For a static structural simulation of the complete traditional structure of the wing, the minimum factor of
safety was found to be 1.28 and average factor of safety was above 5. These traditional simulations were
conducted for the comparison of modified designs and to setup a benchmark for the further studies.

= 201.8 Max

79.38

1500.00 3000.00 (mm)

Figure 16: Equivalent Stress of the structure of the wing

The maximum equivalent stress was 201.8 MPa, near the joining region of the wing structure to the
fuselage. These results indicate that the joining of these parts is really crucial for the safety of the wing.
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B: Complete Structure Traditional
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Figure 17: Fatigue Life of Wing Structure

For Validation and Verification, the fatigue life of Boeing 747-100 is 60,000 hours, 20-year usage goal
(Spencer, 1972). An airplane goes through 40,000-60,000 cycles through 20 years before being
decommissioned (Buddha Air, 2024).
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Figure 18: Modal Analysis of the Structure of the Wing

The frequency range of air turbulence-induced vibrations is between 0.04 Hz and 10 Hz, based on
existing studies (Pastel, Caruthers, & Frost, 1981). The modal analysis provides the natural frequencies of
the wing structure so that we can add dampening systems to avoid crack propagation through the structure
and material. The first 5 modes of the modal analysis match the frequency range of the air turbulence.
Accordingly, the dampening systems need to be added to the structure of the wing.

C: Traditional Middle Spar 150
Li

= 1e9 Max

— 3.6076e5 Min

0.00 1000.00 (mm)
I 4209092

Figure 19: Stresses in Traditional 150 mm Spar

The traditional spars have a minimum fatigue life of 3.61e5 cycles which provides a factor of safety of
6.01 for a lifetime of 20 years with 60,000 cycles.
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Analysis on Modified 75 mm redundant I-beam Spar:

D: | Spar rear 75

= 462.87 Max

— 0.0011687 Min

= 1e9 Max

Figure 21: Fatigue Life of 75 mm I-beam Spar

The modified I-beam redundant Spar shows a minimum fatigue life of only 472.68 cycles which is not a
good number compared to our benchmark of 60,000 cycles for a commercial airplane. So, this design is
disregarded for further analysis.
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Analysis on Modified 75 mm “Thick” redundant I-beam Spar:

F: | Spar rear 75 thick

J

Figure 22: Stresses in 75 mm "Thick™ I-beam Spar

F: | Spar rear 75 thick
Lif

= T1e9 Max

— 2628.8 Min

500.00 (mm)

Figure 23: Fatigue Life of 75 mm "Thick™ I-beam Spar

The modified “Thick” I-beam redundant Spar shows a minimum fatigue life of only 2628.8 cycles. Even
though it is an improvisation on the previous design, it does not meet the benchmark of 60,000 cycles for
a commercial airplane. So, this design is disregarded for further analysis.
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Analysis on Modified 75 mm “Thicker” redundant I-beam Spar:

G: | Spar rear 75 thicker

= 203.83 Max

Figure 24: Stresses in 75 mm "Thicker" 1-beam Spar

G: | Spar rear 75 thicker

Life

= 1e9 Max

51
— 14863 Min

Figure 25: Fatigue Life of 75 mm "Thicker" I-beam Spar

The modified “Thicker” I-beam redundant Spar shows a minimum fatigue life of only 14863 cycles. Even
though it is an improvisation on the previous design, it does not meet the benchmark of 60,000 cycles for
a commercial airplane. So, this design is disregarded for further analysis.
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Analysis on Modified 150 mm I-beam Spar:

E: | Spar middle 150

= 128.4 Max

— 0.00043844 Min

500.00 1000.00 (mm)
S e — ]

Figure 26: Stresses in 150 mm I-beam Spar

E:‘l Spar middle 150 I\nsys
Lie 2024 R2

STUDENT

— 1.3328e5 Min

Figure 27: Fatigue life of 150 mm I-beam Spar

The modified 150 mm I-beam Spar shows good results giving us a factor of safety = 2.22 compared to the
industry requirement of 60,000 cycles. This design can be accepted.
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Analysis on Modified 150 mm Honeycomb I-beam Spar:

I: Honeycomb-| Spar 150 I\nsys
ent 20RRE
STUDENT

— 0.0011629 Min

Figure 28: Stresses in 150 mm Honeycomb I-beam Spar

I: Honeycomb-| Spar 150
Life

= 1e9 Max

— 11239 Min

Figure 29: Fatigue Life of 150 mm Honeycomb I-beam Spar

As the previous design of I-beam is accepted, we can further modify the design by removing material
from less stress concentrated areas strategically in a honeycomb shape. The fatigue life of the new design
is reduced significantly to 11,239 which does not meet our standards. This design thus has to be
disregarded and for this spar, no modifications can be made on the I-beam design.
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Analysis on Modified 150 mm Truss Spar:

L: Truss Beam 150

— 0.044505 Min

2000.00 (mm)

Figure 30: Stresses in 150 mm Truss-beam Spar

L: Truss Beam 150
Life

= 1e9 Max

2000.00 (mm)

Figure 31: Fatigue Life of 150 mm Truss-beam Spar

The truss beam spar is having really low fatigue life and cannot be used in the airplane wing. This shows
that a truss beam is not suitable for fatigue applications like these.
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Analysis on Modified 150 mm Box-beam Spar:

= 50.003 Max

— 0.0016143 Min

= 1e9 Max

— 1.7618e7 Min

Figure 33: Fatigue Life of Box beam Spar

The box-beam spar provides the best results with proper weight reduction and equivalent stresses. It has a
minimum fatigue life of 1.76e7 cycles which gives a factor of safety = 293 which is incredible. This
design can be accepted as the final design for the 150 mm spar.
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Analysis on Modified 305 mm Honeycomb I-beam Spar:

Ansys

2024 R2
STUDENT

— 0.001021 Min

K: Static Structural
Life

= 1e9 Max

' 1e9 Min

500.00 1000.00 (mm)
)

Figure 35: Fatigue Life of 305 mm I-beam with supports and honeycomb structure Spar

The honeycomb box-beam spar shows an incredible fatigue life of 1e9 cycles which gives us the factor of
safety of 16,667 in terms of fatigue loading. This is the best design for 305 mm spar with optimal weight
reduction, stresses and fatigue life.
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Table 1: Comparison of the critical design values for traditional and modified spars of the Boeing 747-

100 Airplane Wing

Spar type Maximum Stress Minimum Fatigue Life Weight
(MPa) (cycles) (Kg)

75 mm Redundant Spar

Traditional Design - 86.35

I-beam 462.87 472.68 40.85

Thick I-beam 302.31 2628.8 68.39

Thicker I-beam 203.83 14863 112.24

150/156 mm Spar

Traditional Design 113.84 1.00E+09 228.25

Box-beam 50.003 1.00E+09 171.61

I-beam 128.4 1.33E+05 163.03

Honeycomb I-beam 117.09 11239 154.81

Truss beam 635.88 1.00E+04 81.93

305 mm Spar

Traditional Design (I-beam - 304.58

with supports)

Honeycomb I-beam 8.9404 1.00E+09 282.93

NOTE: The underlined spars indicate the accepted designs for a particular spar.

The table presents a comparative analysis of different spar designs for the Boeing 747-100 wing,
evaluating maximum stress, minimum fatigue life, and weight. The fatigue life is measured in cycles, with
industry standards requiring a minimum of 60,000 cycles for safety compliance. The weight of each spar
configuration is also considered, as weight reduction directly impacts fuel efficiency and payload capacity.
The traditional designs serve as a baseline, while the modified designs aim to enhance structural
performance and reduce weight. The results highlight the advantages and limitations of each spar type,
guiding the selection of the most optimal design based on safety, manufacturability, and economic

feasibility.
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Results and Discussion

The selection of spar designs was based on a priority to safety was the foremost concern, followed
by cost-effectiveness and ease of manufacturing. The results of static structural and fatigue analysis
provided key insights into the feasibility of different spar configurations for the Boeing 747-100 wing.

1) 75 mm Redundant Spar

The modified spar designs exhibited high stress concentrations and significantly lower fatigue life
compared to the traditional design. Given that this spar serves as a redundant load-bearing structure, no
modifications were pursued, and the traditional beam was retained to ensure safety and reliability.

2) 150/156 mm Spar

To enhance safety, the analysis was conducted on the 150 mm spar rather than the 156 mm version.
The box-beam spar demonstrated lower equivalent stresses and an extended fatigue life, making it
structurally superior. However, manufacturability concerns arise due to the welded joints required for the
box-beam, which can introduce heat-affected zones (HAZ) and potential structural inconsistencies.

The I-beam, although exhibiting a lower fatigue life than the box-beam, still exceeds the industry
standard of 60,000 cycles and maintains a safety factor of 2.22. The truss beam and honeycomb I-beam
were deemed unsuitable due to high-stress concentrations and low fatigue life, suggesting that truss beams
may be inefficient under fatigue loading, likely due to their multiple connections, welds, and stress
concentration points that facilitate crack initiation.

If manufacturability is a primary concern, the I-beam should be chosen due to its simpler production
process via rolling operations. However, if optimized performance is the priority, the box-beam remains
the best candidate, provided additional studies on HAZ effects are conducted to ensure uniformity and
isotropy.

3) 305 mm Spar

The traditional design for this spar already incorporates an I-beam with supports. Modifying it to a
honeycomb I-beam resulted in an ideal case scenario, achieving high fatigue life while reducing weight.
This modification ensures structural integrity while optimizing material usage.

4) Overall Weight Reduction

The implementation of optimized spar designs led to a total weight reduction from 847.44 kg to
712.5 kg, marking a 16% decrease (134.93 kg per wing). This weight reduction translates into increased
fuel capacity and greater passenger capacity, contributing to higher operational efficiency and economic
benefits for the aircraft.

5) Strength-to-Weight Ratio

The vyield strength of the Aluminum alloy AAG6061-T6 is 259.2 MPa. Through the proposed
modifications, the strength-to-weight ratio of the spars has increased from 0.3059 MPa/Kg to 0.3638
MPa/Kg, representing an 18.94% improvement. This enhancement ensures a more efficient structure,
allowing for weight reduction without compromising structural integrity.
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Economic Feasibility

The proposed modifications in the aircraft wing structure lead to a significant reduction in weight,

improving overall efficiency and economic benefits. Below is an analysis of the profitability, cost-
effectiveness, and manufacturability of the design:
1. Increased Passenger Capacity and Profitability

The weight reduction of 134.93 kg per wing (approx. 270 kg per aircraft) allows for an increase in
payload capacity.

This additional payload can be used to accommodate more passengers or extra cargo, increasing
airline revenue.

Assuming an aircraft configuration with 5-6 additional seats, and an average ticket cost of $500 per
passenger, the added revenue per flight would be $2,500 per flight,
Annual profit (considering 5 flights per day and 300 operational days per year) of $3.75 million
per year per aircraft.

2. Increased Fuel Efficiency and Cost Savings

The weight reduction directly translates into lower fuel consumption.

Assuming a fuel burn reduction of 0.5% per flight and an average fuel cost of $3 per gallon, the
airline can save thousands of dollars annually.

A Boeing 747-100 typically consumes 10-12 tons of fuel per hour, so even a small percentage
reduction can lead to significant cost savings.

3. Manufacturability Costs and Feasibility

I-beams and Box-beams: I-beams are simple to manufacture using rolling and extrusion technigues,
whereas box-beams require additional welding and quality control, increasing manufacturing
complexity.

Honeycomb I-beams: While slightly more expensive in fabrication due to CNC, composite layers
and bonding requirements, they offer a better weight-to-strength ratio, justifying their use in critical
load-bearing areas.

Overall Manufacturing Cost Impact: The cost of implementation will depend on the chosen material
and the production scale. However, given the long-term operational savings and increased revenue,
the investment is justified within a few years of service.
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Conclusion and Future Scope

Based on the analysis and comparative study, the finalized spar design includes:

e 75 mm Traditional Spar

e 150 mm Box-Beam/I-Beam Spar (Figure 8, Figure 11)

e 156 mm Box-Beam/I-Beam Spar

e 305 mm Honeycomb-I-Beam Spar (Figure 9)
These configurations ensure a balance between safety, weight reduction, manufacturability, and cost-
effectiveness. The modifications result in a total weight reduction of approximately 16% per wing, leading
to higher fuel efficiency and increased payload capacity.

Future Scope:

The study has successfully optimized the wing spar design, but several areas can be explored further for
enhanced structural performance, weight efficiency, and durability. Future work can focus on the following
aspects:

o Exploring Different Materials and Composites: Currently, the spars have been analyzed using
AAB061-T6. However, future studies can explore advanced composites such as carbon fiber-
reinforced polymers (CFRP), titanium alloys, and hybrid materials. These materials can
significantly reduce weight while maintaining or improving strength and fatigue life. Additionally,
incorporating composites may enhance corrosion resistance and reduce maintenance costs.

e Analysis and Optimization of Wing Ribs and Other Structural Components: While this study
primarily focused on the spar design, the wing ribs and skin panels also play a crucial role in overall
wing strength and load distribution. Future work should include optimizing the rib structure to
further reduce weight while maintaining rigidity, evaluating different rib configurations such as
honeycomb or truss structures for enhanced performance, and assessing the interaction between
spars, ribs, and skin panels to ensure holistic structural integrity.

e Harmonic Response Test for Modal Analysis Validation: Vibration analysis is critical to ensure
that the structure can withstand operational dynamic loads. Future research should include
harmonic response analysis to understand how the spars respond to air turbulence and operational
vibrations in real flight conditions, validation of modal analysis by comparing simulated results
with real-world vibration tests, and Refining damping techniques to mitigate structural resonance
effects that could lead to fatigue failure.

e Stress Concentration Reduction through Fillet Additions: Stress concentrations, especially at joints
and connections, can lead to premature failure. Future optimizations can include adding fillets to |-
beam junctions to smooth out stress distribution and reduce peak stress points, investigating
alternative beam cross-sections to further minimize stress concentration, and conducting fatigue
life improvements by refining local geometries to delay crack initiation. Although,
manufacturability would become difficult, this can significantly decrease the stress concentrations.

e Future studies can consider the impact of microstructural changes on mechanical properties due to
rolling or other manufacturing processes. Additionally, the effects of the Heat Affected Zone
(HAZ) during the welding of beams post-manufacturing can be analyzed to assess potential
variations in strength and durability.
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e Inclusion of Additional Forces in Future Simulations: The current analysis considers static loads
and aerodynamic forces. However, a more comprehensive approach would involve simulating
dynamic loading conditions, such as gust loads, bird strike impact, loads during an emergency
landing, and ground handling stresses. Including torsional and shear forces for better understanding
of wing deformation under real-world scenarios. Considering landing and taxiing loads, which can
impose significant structural stresses over time.

e Experimental approach can be taken for the validation of simulations which would give accurate
results and make the model more accurate.

Although airplanes have evolved right from the Wright brothers in 1903 to modern-day high-
performance aircraft, there is still a lot to improve in terms of structural efficiency, weight optimization,
and durability. The advancements in material science, computational simulations, and manufacturing
technologies open up new possibilities for enhancing aircraft design. By implementing optimized spar
structures, exploring advanced materials, and refining analytical techniques, we can achieve significant
improvements in aircraft performance, fuel efficiency, and safety. Future research in areas like harmonic
response analysis, rib optimization, and stress concentration reduction will further push the boundaries of
aerospace engineering, ensuring that the next generation of aircraft continues to evolve towards greater
efficiency and sustainability.
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