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Abstract:

This paper systematically reviews the development course
of aircraft manufacturing, comprehensively covering four
core dimensions: material selection, component design,
manufacturing processes, and future trends. In terms of
materials, to achieve a balance between lightweighting,
strength, and corrosion resistance, the material system
has gradually evolved to composites and titanium alloys.
These materials not only effectively reduce the weight
of aircraft but also significantly improve fuel efficiency
while extending the service life of key structures such
as fuselages and wings. In terms of component design,
the industry has shifted from a traditional experience-
dependent model to digital modeling and simulation
technologies. With the help of precise digital tools,
aerodynamic optimization is achieved, which not only
reduces the weight of components but also significantly
enhances the reliability of core structures like wings
and fuselages, ensuring flight safety. In manufacturing
processes, the industry has advanced from traditional
processing modes to automated production and additive
manufacturing technologies, and continues to move
toward intelligent production, significantly improving
manufacturing precision and efficiency. Faced with the
increasing complexity of aircraft structures, process
control and full-life-cycle management have become more
crucial. Assisted by technologies such as real-time sensor
monitoring and blockchain traceability, they effectively
ensure manufacturing quality and operational safety.
The combination of non-destructive testing technology
and artificial intelligence further improves the accuracy
and efficiency of defect identification. Although the
industry still faces challenges such as high costs and
increasing environmental pressures, the core of future
development lies in the in-depth integration of materials,
structures, and process technologies, promoting the
coordinated development of intelligent manufacturing
and green aviation, and ultimately achieving the goals of
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high efficiency, precision, and sustainability in aircraft
manufacturing.
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1. Introduction

With the constant increase in air passengers, global air
passenger traffic exceeded 4.5 billion in 2024. The avia-
tion industry is vital in today’s globalized world, enabling
economic Growth and fostering social connections. It has
contributed significantly to trade, tourism, and employ-
ment. For instance, low-cost carriers such as Ryanair and
Air Asia have dramatically expanded their routes, enabling
affordable international mobility for millions of passen-
gers each year. This not only drives tourism but also fa-
cilitates business exchanges, and cultural integration. The
aircraft industry is now experiencing profound change.
For example statistics show that the global economic out-
put driven by the aviation industry exceeds 7 trillion US
dollars every year. The tendency of aircraft technology
is to use sustainable aviation fuel in the future. Reducing
carbon emissions increases sustainable development and
technological innovation has became mainstream indus-
tries. Materials, design and technology are the core of air-
plane. For instance, the European Union has set ambitious
targets, aiming to cut carbon aviation emissions by 55%
by 2030 compared to 1990 levels and achieve net-zero
emissions by 2050. Materials, design, and technology are
the core of an airplane. In aircraft manufacturing, material
selection has always been central to determining structural
performance, fuel efficiency, and maintainability. While
early aircraft relied on wood and aluminum alloys, mod-
ern designs extensively adopt composites and advanced
alloys to achieve lightweight and durability. At the same
time, aircraft component design has evolved from expe-
rience-based methods and wind tunnel testing to digital
modeling and simulation, enabling lightweight, aerody-
namically optimized, and highly reliable structures. In
terms of manufacturing processes, aircraft production has
shifted from traditional machining and riveting to automa-
tion, additive manufacturing, and intelligent production.
With increasing complexity, process standardization and
life cycle management, has become crucial to ensuring
quality and safety. The integration of embedded sensors,
structural health monitoring, and emerging technologies
such as blockchain have further enhanced efficiency and
transparency in manufacturing and maintenance. More-

over, the integration of nondestructive testing and artificial
intelligence has significantly improved the accuracy and
automation of defect detection, providing vital assurance
for flight safety. Nevertheless, despite continuous prog-
ress, the aviation industry still faces challenges in cost,
sustainability, and complexity. Future development lies in
the deep integration of materials, structures, and process-
es, along with the collaborative advancement of intelligent
manufacturing and green aviation, driving the industry to-
ward a new era of efficiency, precision, and sustainability.

2. Material Selection in Aircraft Manu-
facturing

In aircraft manufacturing, the selection of materials has
always been a core factor in determining structural per-
formance and flight efficiency. Suitable materials can
reduce weight, enhance fuel economy, and ensure struc-
tural strength, corrosion resistance, and maintainability.
In the early stage, wood and fabric were commonly used
because they were light, easy to work with, and had a high
strength-to-weight ratio. Common types of wood includ-
ed Sitka spruce, which was used in main structures such
as wing spars and fuselage frames, and ash, which was
impact-resistant and employed for landing gear and pro-
pellers. For example, the de Havilland Mosquito fighter
of World War II, known as the ‘“Wooden Wonder,” was al-
most entirely made from spruce and balsa wood, proving
that lightweight materials could achieve both agility and
durability in combat. Its advantages are that it is lighter
than steel, has relatively acceptable strength, and is easy
to repair; however, it is sensitive to moisture and pests [1].
The structure of the Wright brothers’ aircraft is composed
of lightweight woods such as Sitka spruce and ash, as well
as fabrics. Approximately after 1920, with the advance-
ment of alloys technology, aluminum alloy gradually re-
placed wood and steel and became the mainstream. There
are severe type of aluminum alloy, such as the 2000 series
(e.g., 2024-T3) which is high-strength duralumin. Besides
fuselages, it is also used for aircraft landing gear brackets
and missile casings. It has high strength and strong fa-
tigue resistance, capable of withstanding takeoff/landing
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impacts as well as flight stresses, however, it has poor
corrosion resistance, requiring surface protection such as
anodizing and painting. The 7000 series (e.g., 7075) have
outstanding specific strength. Apart from wing load-bear-
ing parts, it is suitable for helicopter rotor shafts and
aviation engine brackets, with excellent strength yet high
processing difficulty and cost. The 5000 series have good
corrosion resistance; in addition to fuel tanks, it is used
for ship decks and chemical acid storage tanks, boasting
strong corrosion resistance but easy softening at high
temperatures. The 6000 series is easy to process. Beyond
cabin interiors, it applies to automotive door frames and
new energy battery brackets, with good processability but
strength only meeting non-load-bearing scenario needs;
the 3003 series and others also have specific applications.
Lightweight, strong, corrosion-resistant, and easy to man-
ufacture, were the main materials for civil aviation fuse-
lages after the war (about 80% of aircraft structures are
composed of aluminum alloy) [2].

The 2000, 5000, 6000, and 7000 series aluminum alloys
are well-established in aviation: the 2024-T3 alloy is used
for the mid-fuselage skin of the Boeing 737, the 6061-T6
alloy for the luggage racks of the Airbus A320, the 5052
alloy for the wing fuel tanks of the Boeing 787, and the
7075 alloy is commonly applied to the wing load-bearing
beams of the F-16 fighter jet. Later, aluminum-lithium
alloys were developed to enhance performance [2]. Lever-
aging lithium’s low density, they can reduce component
weight by 5%-10%, increase fatigue life by 20%-30%,
extend fracture toughness by 10%-15%, and improve
stiffness by 5%-10%. For instance, the fuselage skin of
the Airbus A350 and the wing spars of the Boeing 787
both use aluminum-lithium alloys, significantly optimiz-
ing aircraft structural performance. Titanium alloys, with
high strength, corrosion resistance, and heat Resistance,
also play a crucial role: the Ti-6Al1-4V titanium alloy is
used for the high-pressure compressor blades of the Pratt
& Whitney PW1100G engine, the Ti-10V-2Fe-3Al alloy
for the landing gear struts of the Boeing 777, and the Ti-

6Al1-2Sn-4Zr-2Mo alloy for the fuselage frames of the
Airbus A380 [2]. However, their high cost and slightly
higher density limit large-scale application in non-core
components. Although steel has a high density, it has good
strength and is still used in positions that require high
rigidity and impact resistance, such as landing gear and
fasteners. At modern stages, fiber reinforced composite
materials and hybrid laminated materials are used [2].

In the 1960s, glass fiber composites (e.g., E-glass, S-glass)
were first used in the rotor blades of Bell UH-1 helicop-
ters and the wings of Boeing 707 aircraft. However, their
stiffness is 30%-40% lower than that of carbon fiber, lim-
iting their use to low-load components only. Later, Kevlar
29/49 aramid fibers were introduced, with a density of
only 1/5 that of steel, tensile strength 40%-50% higher,
and fracture toughness improved by 20%. They are ap-
plied in the fuselage protection layer of F-16 fighter jets
(to resist debris impact) and the fuel tank liners of Airbus
A320 (to prevent fuel penetration). In the late 1960s,
carbon fiber reinforced polymers (CFRP, e.g., T300,
T700 series) emerged, reducing weight by 20%-30% and
extending fatigue life by 3-5 years. They have become
mainstream structural materials—the fuselage skins and
wing main spars of Boeing 787 all use the T700 series, ac-
counting for over 50% of the fuselage weight. Fiber Metal
Laminates (e.g., GLARE), which combine aluminum
alloy with glass fiber laminates, have 20%-25% improved
fatigue resistance, 10%-15% higher impact resistance,
and 30% longer corrosion life. They are used in critical
areas such as the forward fuselage section of Airbus A380
and the wing leading edge of A400M. Currently, thermo-
plastic composites (e.g., PEEK, PEKK) can be reshaped
by heating and joined by welding. They increase produc-
tion speed by 30% and reduce component weight by an
additional 10%-15% and have been tested in the cabin
partitions of Boeing 777X, promising to further enhance
efficiency and sustainability. All different materials can be
found in Table 1.

Table 1. The comparison table of the commonly used materials in aircraft manufacturing

type weight strength Corrosion resistance | manufacturability

wood Very light |low poor Easy on-site repair
Mature manufacturing process, simple

Aluminum Alloy light medium good ) Y " urme p P
maintenance

. L . Better than aluminum | Worse than aluminum| . . .
Aluminum-lithium alloy | lighter Similar to aluminum alloy
alloy ally
titanium heavy high excellent Difficult to process, high cost
steel heavy Very high medium Mature processing, easy maintenance




Dean&Francis

YUNAN ZHAO

Specialized i t ired for i -
CFRP Very light | Very high excellent t.izma ized equipment required for inspec
i
. . Better than aluminum | Partial traditional methods required for
FML light high )
alloy maintenance
Th lasti -
e CHMOPTASHE COMPOST 1ioht high good weldable
R led alumi 1-
1 ceyeled aluminum a light medium good More environmentally friendly
oy

3. The Design and Development of Air-
craft Components

The evaluation of the aircraft components has provided a
huge progress for the aircraft industry. The fuselage and
wings serve as the main load-bearing and aerodynamic
components of an aircraft. From the traditional method
that relies on experience and wind tunnel testing, to to-
day’s integrated approaches emphasizing lightweighting,
aerodynamic optimization, and digital modeling and sim-
ulation, design has entered an era of high intelligence and
systematization.

For the concepts of traditional fuselage and wing design-
ing, aircraft design was mainly based on engineering ex-
perience and wind tunnel experiments before the mid-20th
century. Its physical foundation lies in acrodynamics, with
lift explained primarily by Bernoulli’s principle and the
momentum theorem which the formula is. The fuselage,
as a load-bearing structure, following basic mechanics of
materials principles. It often used aluminum alloy frames
and riveted skins. When under load, the aluminum alloy
fuselage needed to satisfy Hooke’s law. Although this
method was good in terms of manufacture, the structur-
al weight was relatively high. Wing design focused on
obtaining sufficient lift, often using rectangular or trape-
zoidal planforms, but lacked systematic optimization [3].
This approach ensured basic safety and manufacturability
but limited fuel efficiency and flight performance.

With increasing demands for fuel economy and environ-
mental protection in the aviation industry, lightweight
design became the core goal. Its physical basis lies in the
strength-to-stiffness ratio, as determined by the drag equa-
tion. Composite materials (such as CFRPs), due to their
high specific strength and corrosion resistance, can sig-
nificantly reduce weight while maintaining load-bearing
capacity, gradually replacing aluminum alloys in wings,
tail planes, and other parts. Meanwhile, titanium alloys
are widely used in engine supports and landing gear [4].
In terms of aerodynamic optimization, modern designs
widely adopt winglets, variable airfoils, and other mea-
sures to reduce induced drag and improve cruise efficien-

cy. For example, the wingtip design of the Airbus A350
can save about 5% of fuel consumption during long-haul
flights [5]. The design of aircraft components has gradual-
ly transitioned from the traditional experience and exper-
iment-driven approach to a stage that combines material
innovation, aerodynamic optimization, and digital simu-
lation. In the future, with the development of intelligent
algorithms and new materials, aircraft design will become
more refined and sustainable.

4. The Development of Aircraft Manu-
facturing Processes and Technologies

Aircraft manufacturing processes serve as the core link
between design and end products. From traditional ma-
chining and riveting to the current prevalence of automa-
tion and intelligent manufacturing, process technologies
have directly driven the upgrading of the aviation indus-
try. General Electric’s (GE) LEAP engine fuel nozzle in-
tegrates 20 originally separate parts into a single compo-
nent through metal 3D printing. This innovation not only
eliminates potential connection gaps that could cause fuel
leakage but also reduces overall weight by 25%. Beyond
engines, additive manufacturing has been applied in cab-
in interior structures, such as Airbus A350 seat brackets,
which are lighter and require fewer raw materials. These
applications directly translate to lower fuel consumption
and reduced CO- emissions, aligning with the aviation in-
dustry’s sustainability goals.

With the expansion of the aviation industry, automated
and robotic manufacturing has gradually become main-
stream. Automated drilling and riveting robots play a cru-
cial role in the assembly of large fuselages. When joining
the mid-fuselage skin and frames of the Airbus A350,
robots can complete integrated positioning, drilling, and
riveting operations according to preset programs, with
a drilling precision of £0.02 mm. Compared to manual
operations, errors are reduced by 40%, and the robots
can complete 3,000 riveting points per day, increasing
efficiency by 3 times. The joint between the wings and fu-
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selage of the Boeing 787 also relies on automated drilling
and riveting equipment to ensure connection strength and
avoid riveting deviations caused by manual operations.
Additive manufacturing (3D printing), as a cutting-edge
process in recent years, has been increasingly applied in
aviation component production due to its advantage of in-
tegrated forming of complex structures. General Electric’s
(GE) LEAP engine fuel nozzle integrates 20 originally
separate parts into one through metal 3D printing, which
not only reduces the connection gaps between parts (low-
ering the risk of fuel leakage) but also reduces weight by
25%. Currently, this nozzle is mass-produced for the Boe-
ing 737 MAX and Airbus A320neo models. In addition,
the cabin brackets of the Airbus A350 are produced using
resin-based 3D printing, integrating 5 traditional parts into
one, and increasing material utilization from 30% in tra-
ditional processing to 90%, significantly reducing waste.
However, additive manufacturing is still limited by pro-
duction efficiency—it takes more than 10 hours to print a
single titanium alloy engine blade, much slower than the
1 hour per blade in traditional casting. Moreover, the high
cost of equipment and materials means it has not yet been
used in whole-aircraft manufacturing, only in the produc-
tion of complex, small-batch components.

The choice of different processes directly affects manufac-

turing precision, efficiency, and costs. Traditional machin-
ing still has a cost advantage in the processing of landing
gear forgings for the Boeing 777. The yield rate of forg-
ings after milling reaches 95%, and the unit cost is 60%
lower than that of 3D printing. In contrast, additive man-
ufacturing has an advantage in the production of complex
pipelines for the Airbus A400M, as it can form pipelines
with a bending angle of up to 120° in one go, avoiding
the leakage risks of traditionally welded pipelines. In the
future, process integration will become a trend. For exam-
ple, in the wing manufacturing of the Boeing 777X, auto-
mated milling is first used to produce the wing main spar
blanks, and then 3D printing is employed to add complex
interfaces, controlling costs while improving precision.
Looking ahead, the integration of intelligent manufac-
turing and digital twins will become a key driver. Airbus
has established a digital twin system for the Airbus A320
fuselage at its Hamburg factory, which simulates the riv-
eting and welding processes in real time, predicts process
deviations in advance, increases the qualification rate of
fuselage assembly from 92% to 98%, and reduces energy
consumption by 30% at the same time, driving aviation
manufacturing toward greater efficiency, precision, and
sustainability as shown in FIG. 1.

FIG. 1 Different solutions for airplane manufacturers

5. Development and Outlook

With the increasing complexity of aircraft manufacturing,
process control and standardization have become core as-

pects of ensuring quality. International standards such as
AS9100 and NADCAP provide unified specifications for
material processing, assembly, and testing [6]. In practice,
process control covers parameters such as temperature,



pressure, and assembly accuracy, requiring real-time mon-
itoring through digital systems.

Modern aircraft design now goes beyond the manufactur-
ing stage and emphasize life cycle management (LCM).
Through embedded sensors and Structural Health Moni-
toring (SHM) systems, it is possible to track stresses, vi-
brations, and fatigue in critical components such as wings
and fuselages in real time, thereby reducing the risk of un-
planned maintenance [7]. Meanwhile, emerging technolo-
gies such as blockchain have been proposed to ensure full
life-cycle traceability of aircraft components, providing
verifiable records from production to retirement.
Nondestructive Testing (NDT) is a key safeguard for safe
aircraft operation. Ultrasonic testing can detect delamina-
tion defects in composites; radiographic testing can iden-
tify internal defects in wing and fuselage welds; and laser
and optical scanning can achieve high-precision measure-
ments of three-dimensional geometric deviations [8]. In
recent years, artificial intelligence and image recognition
algorithms have been applied to NDT, significantly im-
proving the accuracy and automation of defect detection.
Despite continuous progress in manufacturing technolo-
gies, the aviation industry still faces multiple challenges.
Cost pressures: While composites and 3D printing pro-
cesses offer superior performance, their manufacturing
and maintenance costs remain high. Environmental
requirements: Aviation accounts for about 2-3% of glob-
al carbon emissions, making green manufacturing and
sustainable development an urgent priority [9]. Increased
complexity: With the integration of intelligent systems
and digital twins, manufacturing processes have become
more complex, requiring stronger interdisciplinary skills
from engineers.

The future of aircraft manufacturing lies in the deep
integration of materials, structures, and processes. For
instance, combining additive manufacturing with compos-
ites can enable the integrated forming of complex light-
weight structures, while integrating structural optimiza-
tion with CFD/FEA simulations allows manufacturability
to be predicted early in the design stage [10]. This “design—
manufacture-maintenance” integration model helps short-
en R&D cycles and enhance overall reliability. Facing
cost and environmental challenges, the direction ahead
is the coordinated development of advanced materials,
optimized structures, intelligent manufacturing, and green
aviation.

6. Conclusion

This paper has systematically reviewed the development
of aircraft manufacturing, covering material selection,
component design, manufacturing processes, and future
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trends, providing a comprehensive picture of the evolution
and challenges of the aviation industry. First, in terms of
material selection, aircraft have transitioned from wood
and aluminum alloys to composites and titanium alloys,
achieving a balance between lightweighting, strength,
and corrosion resistance. The adoption of composites
and advanced alloys not only reduces weight but also
improves fuel efficiency and structural lifespan. Second,
in component design, aircraft have shifted from reliance
on experience and wind tunnel testing to digital model-
ing and simulation, achieving aerodynamic optimization,
lightweighting, and high reliability. Modern design meth-
ods have significantly improved the performance and
safety of critical structures such as wings and fuselages.
In manufacturing processes, the industry has progressed
from traditional machining and riveting to automation and
additive manufacturing, and is moving toward intelligent
production and digital twins. Automation and robotics
have improved precision and efficiency, while additive
manufacturing has enabled the integrated forming of
complex structures. With rising complexity, process con-
trol, and life cycle management have become essential to
ensuring aircraft quality and safety. Embedded sensors
and structural health monitoring systems allow real-time
monitoring during operation, while emerging technologies
such as blockchain enhance transparency in component
quality tracking. Moreover, the integration of nondestruc-
tive testing and artificial intelligence has greatly improved
the accuracy and automation of defect detection, provid-
ing more reliable assurance for flight safety.

Nevertheless, aircraft manufacturing still faces challenges
such as high costs, environmental pressures, and increas-
ing complexity. Addressing these issues will require not
only technological breakthroughs but also coordinated
policy support and cross-disciplinary collaboration. For
instance, the push for greener aviation will demand large-
scale adoption of sustainable aviation fuels, hybrid-elec-
tric propulsion, and recyclable materials. At the same
time, global supply chain resilience and standardization
will be critical to ensuring stable production in a highly
interconnected industry. The future of the industry there-
fore, lies in the deep integration of materials, structures,
and processes, alongside the collaborative advancement of
intelligent manufacturing and green aviation, ultimately
driving the aviation industry toward a new era of efficien-
cy, precision, and sustainability.
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