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I. INTRODUCTION 

 

The Wing: The Heart Of An Aircraft 

When people think about how an aircraft saves fuel, 

they usually think about its engines. Engines are 

certainly important, but the amount of work an engine 

has to do depends mostly on the wing. The wing 

decides how much lift the aircraft can produce, how 

much drag it creates while producing that lift, and how 

heavy the aircraft's structure must be. A well-designed 

wing can let an aircraft fly farther on the same fuel, carry 

more passengers, or use smaller and lighter engines. A 

poorly designed wing wastes fuel on every single flight 

for the entire life of the aircraft, which for an airliner is 

often twenty-five years or more. 

Over the past century, wings have changed enormously. 

The first powered aeroplane, the Wright Flyer of 1903, 

had wooden wings covered in cotton fabric. Modern 

airliners such as the Boeing 787 and Airbus A350 have 

wings made mostly of carbon-fibre composite, shaped 

by powerful computer simulations, with carefully 

designed curved tips. Engineers are now testing wings 

that fold, wings held up by struts, wings that change 

shape in flight, and aircraft in which the wing and body 
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merge into a single shape. Each of these ideas has the 

same goal: to move people and goods through the air 

using as little fuel as possible. 
 

 
 

Figure 1.1: Key numbers showing why fuel efficiency 

matters to airlines and to the climate. Airline figures are 

IATA forecasts for 2026. 
 

1. Why This Topic Matters 
Fuel efficiency matters for three main reasons. The first 

is cost. According to the International Air Transport 

Association (IATA), airlines are expected to spend about 

350 billion US dollars on fuel in 2026, up from about 

252 billion dollars in 2025, because jet fuel prices rose 

sharply during the year. Fuel is expected to make up 

about 31 percent of all airline operating costs in 2026. 

When fuel is this expensive, even a small improvement 

in efficiency can be worth billions of dollars across the 

industry and can make air travel more affordable. 

The second reason is the environment. Burning jet fuel 

releases carbon dioxide, the main gas responsible for 

climate change. Aviation produces roughly 2.5 percent 

of the world's carbon dioxide emissions, and its total 

effect on the climate is larger than this because of other 

effects such as contrails, the white trails of ice crystals 

that aircraft sometimes leave in the sky. Air travel is also 

growing quickly as more people around the world can 

afford to fly. Unless each flight becomes much more 

efficient, aviation's share of emissions will keep rising as 

other industries reduce theirs. 

The third reason is that aircraft are extremely difficult to 

change. Unlike cars, which can use batteries, large 

passenger aircraft cannot yet run on electricity for long 

journeys because batteries are far too heavy for the 

energy they store. Sustainable aviation fuels and 

hydrogen are being developed, but they are expensive 

and limited in supply. This means that using less fuel in 

the first place, through better wings, lighter structures 

and more efficient engines, is one of the most reliable 

ways to reduce aviation's impact now and in the coming 

decades. 
 

2. Research Questions 
This paper aims to answer five research questions: 
 

 How does a wing produce lift, and why does the 

wing have such a large effect on how much fuel an 

aircraft burns? 
 Which changes to the shape of a wing, such as its 

span, tips, airfoil, surface and overall layout, can 

reduce drag and fuel use, and by how much? 
 How have wing materials developed from wood to 

metal to composites, and how do lighter materials 

save fuel? 
 How do wing design and wing materials work 

together, and what are the main challenges and 

trade-offs? 
 What might the wings of future aircraft look like, 

and how much fuel might they save? 
 

3. Scope And Method 
This paper is a literature review. It gathers and explains 

information from textbooks on aerodynamics and 

aircraft design, research papers, reports from NASA and 

other research organisations, announcements and 

technical descriptions from aircraft manufacturers such 

as Airbus and Boeing, and industry data from IATA and 

airlines. Where possible, it uses official sources and 

peer-reviewed research. News about the newest 

projects, most of which are still being tested, comes 

from manufacturers' press releases and specialist 

aviation news reporting up to September 2026. 

The paper focuses on large passenger and cargo 

aircraft, because these burn the vast majority of aviation 

fuel. It concentrates on the wing, so it discusses engines, 

fuels and air traffic management only where they 

connect directly to wing design. Some calculations in 

the paper use simplified models that a high-school 

student can follow. These show general trends 

accurately but should not be treated as precise 

predictions for any real aircraft. 
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4. How This Paper Is Organised 
Chapter 2 explains the link between fuel, cost and the 

environment, and introduces the Breguet range 

equation, which shows exactly how aerodynamics and 

weight control fuel use. Chapters 3 and 4 explain how a 

wing produces lift and where drag comes from. Chapter 

5 gives a short history of wing design. Chapters 6 to 11 

examine design improvements: longer wings, wingtip 

devices, airfoils and sweep, laminar flow and surface 

technologies, morphing wings, and new aircraft layouts. 

Chapters 12 to 14 study wing materials, from metals to 

composites to future materials. Chapter 15 shows how 

design and materials work together, Chapter 16 

discusses challenges, Chapter 17 looks at the future, 

Chapter 18 gives recommendations, and Chapter 19 

presents the conclusions. Appendix A contains key 

equations and a worked example, followed by a 

glossary and a list of references. 
 

II. AVIATION, FUEL AND THE 

ENVIRONMENT 
 

1. How Much Fuel Do Aircraft Use? 
A large long-haul airliner can carry more than 100 

tonnes of fuel at take-off, and a single flight from 

Europe to Asia can burn more than 80 tonnes of it. A 

typical single-aisle aircraft such as an Airbus A320 or 

Boeing 737 burns roughly 2 to 3 tonnes of fuel per hour 

of flight. Multiplied across tens of thousands of flights 

every day, this adds up to the roughly 104 billion 

gallons of fuel that IATA expects airlines to burn in 2026. 

That is about 390 billion litres, enough to fill more than 

150,000 Olympic swimming pools. 

Because the quantities are so large, small percentages 

matter enormously. If the entire world fleet became just 

1 percent more efficient, it would save about 1 billion 

gallons of fuel every year, together with roughly 10 

million tonnes of carbon dioxide. This is why engineers 

and airlines take even tiny improvements seriously, such 

as a thin film on the aircraft's skin that saves 1 percent, 

or a wingtip device that saves 3 percent. 
 

2. Fuel and Carbon Dioxide 
Jet fuel, also called kerosene, is made mostly of 

hydrocarbons, molecules containing carbon and 

hydrogen. When it burns, the carbon combines with 

oxygen from the air to make carbon dioxide, and the 

hydrogen combines with oxygen to make water vapour. 

Because the oxygen comes from the air, the carbon 

dioxide produced weighs more than the fuel that was 

burned: every kilogram of jet fuel produces about 3.16 

kilograms of carbon dioxide. This fixed relationship 

means that saving fuel and saving carbon dioxide are 

the same thing. A wing that cuts fuel burn by 5 percent 

also cuts carbon dioxide emissions by 5 percent. 

Aircraft also affect the climate in other ways. They 

release nitrogen oxides, soot and water vapour at high 

altitude, and under certain conditions they create 

contrails that can spread into thin clouds which trap 

heat. A major 2021 study by David Lee and colleagues 

estimated that when these effects are included, aviation 

was responsible 

for about 3.5 percent of the human-caused warming 

effect on the climate in 2018. Wing design mainly 

affects fuel burn, and therefore carbon dioxide, but 

more efficient aircraft generally produce fewer of the 

other emissions too. 
 

1. Industry And Government Targets 
In 2022 the member countries of the International Civil 

Aviation Organization (ICAO), the United Nations 

agency for aviation, adopted a long-term goal of net-

zero carbon emissions from international aviation by 

2050. Airlines, through IATA, have made a similar 

commitment. ICAO also runs a scheme called CORSIA, 

which requires airlines to offset some of the growth in 

their international emissions, and it sets a carbon 

dioxide standard that new aircraft designs must meet. 

The European Union requires a growing share of 

sustainable aviation fuel to be used at its airports, rising 

from 2 percent in 2025 to 6 percent in 2030. 

Reaching net zero will require several approaches 

working together: more efficient aircraft, better air 

traffic management, sustainable fuels, possibly 

hydrogen, and carbon removal. More efficient wings 

matter in all of these scenarios, because sustainable 

fuels are expensive and scarce. The less fuel an aircraft 

needs, the further the limited supply of clean fuel will 

go. 
 

2. The Breguet Range Equation 
Engineers use a famous formula called the Breguet 

range equation, named after the French aviation 
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pioneer Louis Charles Breguet, to understand how far 

an aircraft can fly on its fuel. In a simplified form, it can 

be written as: 

Range = (V ÷ c) × (L ÷ D) × ln(W_start ÷ W_end) 

In this equation, V is the cruising speed, c is how much 

fuel the engines burn for each unit of thrust (a measure 

of engine efficiency), L ÷ D is the lift-to-drag ratio of the 

aircraft, and W_start and W_end are the aircraft's 

weights at the beginning and end of the cruise. The 

symbol ln means the natural logarithm, a mathematical 

function that grows slowly as the ratio of the weights 

grows. The difference between the two weights is the 

fuel burned. 

The equation shows that there are three levers for 

improving efficiency. The first is the engine, represented 

by c. The second is aerodynamics, represented by the 

lift-to-drag ratio, which tells us how much lift the 

aircraft makes for each unit of drag. The third is weight: 

a lighter aircraft has a lower W_end, so for the same 

range it needs less fuel. The wing affects two of these 

three levers directly. Its shape largely decides the lift-

to-drag ratio, and its structure is one of the heaviest 

parts of the aircraft. 
 

 
 

Figure 2.1: Fuel saved on a 6,000 km flight when the lift-

to-drag ratio is improved or the empty weight is reduced, 

calculated with a simple Breguet model (lift-to-drag ratio 

18, cruise speed 250 m/s). Each 1 percent improvement 

in lift-to-drag ratio saves roughly 1 percent of the fuel. 

Figure 2.1 shows a simple calculation based on the 

Breguet equation. Improving the lift-to-drag ratio by 10 

percent saves about 10 percent of the fuel on the same 

trip. Reducing the aircraft's empty weight by 10 percent 

saves about 6 percent. Both are large savings, and both 

can be achieved partly through the wing. The rest of this 

paper explains how. 

 

Table 2.1: The three levers for improving fuel efficiency 

and how the wing affects them 
Lever What it 

means 
How the wing affects 

it 
Aerodynamics 

(lift-to-drag 

ratio) 

How 

much lift 

the 

aircraft 

makes for 

each unit 

of drag 

Directly: wing span, 

shape, airfoil, tips and 

surface smoothness 

decide most of the 

drag 

Weight How 

heavy the 

aircraft is 

without 

fuel 

Directly: the wing is 

one of the heaviest 

parts of the structure; 

its materials and 

design decide its 

weight 

Engine 

efficiency 
How 

much fuel 

the 

engines 

burn for 

each unit 

of thrust 

Indirectly: wing layout 

decides where engines 

can fit and how large 

they can be 

 

 

III. HOW A WING WORKS 
 

1. The Four Forces Of Flight 
An aircraft in flight is acted on by four main forces, 

shown in Figure 3.1. Lift pushes the aircraft upward and 

is produced mainly by the wings. Weight pulls it 

downward and is caused by gravity acting on the 

aircraft, its passengers, cargo and fuel. Thrust pushes it 

forward and is produced by the engines. Drag pulls it 

backward and is caused by the air resisting the aircraft's 

motion. In steady, level flight at constant speed, lift 

balances weight and thrust balances drag. 
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Figure 3.1: The four forces acting on an aircraft in 

steady, level flight. 
This simple picture already explains how fuel efficiency 

works. The engines burn fuel to produce thrust, and in 

cruise the thrust needed is exactly equal to the drag. So 

any reduction in drag directly reduces the fuel needed. 

At the same time, the wing must produce lift equal to 

the weight, and producing lift creates some of the drag. 

So a lighter aircraft needs less lift, which also means less 

drag. This is why engineers work on both aerodynamics 

and weight. 
 

2. The Parts Of A Wing 
Figure 3.2 shows the main parts of a modern airliner 

wing seen from above, together with a cross-section. 

The front edge of the wing is the leading edge and the 

back edge is the trailing edge. The distance from one 

wingtip to the other is the wingspan, and the distance 

from the leading edge to the trailing edge is the chord. 

The chord is usually largest at the root, where the wing 

meets the fuselage, and smallest at the tip. Most airliner 

wings are also swept back at an angle, for reasons 

explained in Chapter 8. 
 

 
 

Figure 3.2: The main parts of a swept airliner wing (top 

view, left) and a cross-section of the wing, called an airfoil 

(right). 

Wings also carry movable surfaces. Slats on the leading 

edge and flaps on the trailing edge slide out during 

take-off and landing to increase the wing's curvature 

and area, allowing the aircraft to fly slowly without 

falling. Ailerons near the wingtips tilt up and down to 

roll the aircraft, and spoilers on the upper surface rise 

to reduce lift and increase drag when the aircraft needs 

to slow down or descend. Inside, the wing contains a 

strong structural box that carries the loads and also 

serves as the main fuel tank. 
 

3. The Airfoil And How Lift Is Made 
If a wing is sliced from front to back, the cross-section 

has a special streamlined shape called an airfoil. A 

typical airfoil is rounded at the front, thickest about a 

quarter to a third of the way back, and tapers to a thin, 

sharp trailing edge. It is usually cambered, which means 

curved, so that the upper surface bulges more than the 

lower surface. The wing also meets the oncoming air at 

a small upward tilt called the angle of attack. 

 

 
 

Figure 3.3: Airflow around a wing section, calculated 

using a simple mathematical flow model. Black lines 

show the paths of the air; blue shows low pressure and 

red shows high pressure. The pressure difference between 

the upper and lower surfaces produces lift. 

As the wing moves through the air, the airfoil shape and 

angle of attack cause the air flowing over the upper 

surface to speed up and the air under the lower surface 

to slow down. According to Bernoulli's principle, faster-

moving air has lower pressure. The result is lower 

pressure above the wing and higher pressure below it, 

and this pressure difference pushes the wing upward. 

At the same time, the wing deflects the air flowing past 

it downward, and by Newton's third law, pushing air 

down means the air pushes the wing up. These are not 
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two different explanations competing with each other; 

they are two ways of describing the same physics. 
 

Figure 3.3 shows this effect for a real airfoil shape, 

calculated using a classic mathematical method called 

the Joukowski transformation. The lines show the paths 
that particles of air follow. Above the wing the lines 

crowd together, showing that the air is moving faster, 

and the blue colour shows the low pressure this creates. 

Below the wing the air moves more slowly and the 

pressure is higher. Notice that the air flowing smoothly 

off the sharp trailing edge is angled slightly downward. 

 

4. The Lift Equation 
The amount of lift a wing produces is described by the 

lift equation: 

L = ½ × ρ × V² × S × C_L 

Here ρ (the Greek letter rho) is the density of the air, V 

is the speed of the aircraft, S is the area of the wing, and 

C_L is the lift coefficient, a number that depends on the 

airfoil shape and the angle of attack. The equation 

shows that lift grows with the square of speed: flying 

twice as fast produces four times as much lift. It also 

shows why aircraft cruise high up, at around 10 to 12 

kilometres, where the air is thin. The thin air means less 

drag, and the aircraft can still produce enough lift by 

flying fast. 

If the angle of attack becomes too large, the air can no 

longer follow the curved upper surface. It separates 

from the wing, lift drops suddenly and drag rises 

sharply. This is called a stall. Flaps and slats help prevent 

stalls at low speed, and wing designers must always 

make sure a wing that is efficient in cruise remains safe 

at the slow speeds used for take-off and landing. 
 

5. Wing Loading 
Wing loading is the weight of an aircraft divided by the 

area of its wing. A high wing loading means each square 

metre of wing carries a lot of weight, which suits fast 

cruising but requires higher take-off and landing 

speeds. A low wing loading gives good slow-speed 

performance but means a larger, heavier wing with 

more skin-friction drag. Every wing is therefore a 

compromise between the needs of cruise, take-off, 

landing and structural weight. As we will see, many of 

the newest wing technologies are ways of escaping this 

compromise, for example by allowing a wing to change 

its shape for different phases of flight. 
 

IV. UNDERSTANDING DRAG 
 

1. The Main Types Of Drag 
Drag is the force that resists an aircraft's motion 

through the air. It comes from several different physical 

effects, shown in Figure 4.1. Understanding each type is 

essential, because each is reduced in a different way. 
 

 
 

Figure 4.1: The four main kinds of drag on an aircraft 

wing and how each can be reduced. 
 

2. Skin-Friction Drag 
Air is slightly sticky, a property called viscosity. The layer 

of air touching the aircraft's surface is dragged along 

with it, and the air a little further away is slowed down 

by the layers beneath it. This creates a thin region called 

the boundary layer, in which the air speed changes from 

zero at the surface to the full flow speed a short 

distance away. The rubbing between these layers 

creates skin-friction drag. It depends on the total 

surface area of the aircraft, how smooth the surface is, 

and whether the boundary layer is smooth (laminar) or 
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chaotic (turbulent). Chapter 9 explains how engineers 

reduce it. 
3. Form Drag 
Form drag, also called pressure drag, depends on the 

shape of an object. A blunt object leaves a large, 

swirling wake behind it, where the pressure is low, and 

the pressure difference between front and back holds it 

back. A streamlined shape, like an airfoil or a fish, lets 

the air close smoothly behind it and has much less form 

drag. Form drag is kept small on modern aircraft by 

careful streamlining, and interference drag, which arises 

where parts such as the wing and fuselage meet, is 

reduced with smooth fairings. 
 

4. Induced Drag 
Induced drag is the drag caused by producing lift. 

Because the pressure below the wing is higher than 

above it, air tries to escape around the wingtips from 

the bottom to the top. This creates two powerful 

swirling tubes of air called wingtip vortices, shown in 

Figure 4.3. The vortices push air downward behind the 

wing, called downwash, which tilts the lift force slightly 

backward. The backward part of that tilted force is 

induced drag. It is greatest when the aircraft is heavy 

and flying slowly, and it can be reduced by making the 

wing longer and slimmer or by adding wingtip devices, 

as described in Chapters 6 and 7. 
 

5. Wave Drag 
Airliners cruise at around 80 to 85 percent of the speed 

of sound, a speed range called transonic. Although the 

aircraft itself is slower than sound, the air speeding up 

over the curved upper surface of the wing can exceed 

the speed of sound. When this happens, a shock wave 

forms, causing a sudden jump in pressure, extra drag 

and sometimes separation of the airflow. This is wave 

drag. It is reduced by sweeping the wings back, making 

them thinner and using specially shaped supercritical 

airfoils, as explained in Chapter 8. 
 

6. Where The Drag Comes From 
For a typical airliner in cruise, skin friction and induced 

drag together make up more than 80 percent of the 

total drag, as shown in Figure 4.2. The exact split 

depends on the aircraft and how heavily it is loaded, but 

the general picture is clear: to make a big 

difference, engineers must reduce friction and induced 

drag. Because the wing is responsible for most of the 

lift and a large share of the wetted surface area of the 

aircraft, it plays a central role in both. 
 

 
 

Figure 4.2: Approximate breakdown of the drag on an 

airliner in cruise. Values are rounded estimates and vary 

between aircraft. 
 

7. Wingtip Vortices 
Wingtip vortices are powerful. Behind a large airliner 

they can remain in the air for several minutes, which is 

why air traffic controllers must leave safe gaps between 

aircraft taking off and landing. The energy spinning in 

these vortices comes from the engines: the aircraft is 

continually paying fuel to create swirling air that is left 

behind. Reducing the strength of these vortices, or 

recovering some of their energy, is one of the most 

effective ways to save fuel. 
 

 
 

Figure 4.3: Wingtip vortices seen from behind an aircraft. 

Air spills around each tip from the high-pressure lower 

surface to the low-pressure upper surface. 

A simple formula shows what controls induced drag. 

The induced drag coefficient is: 

C_Di = C_L² ÷ (π × e × AR) 
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In this formula, C_L is the lift coefficient, π is the number 

pi (about 3.14), e is the span efficiency factor, a number 

a little below 1 that describes how evenly lift is spread 

along the span, and AR is the aspect ratio of the wing, 

defined as the wingspan squared divided by the wing 

area. The key point is that AR is on the bottom of the 

fraction. A wing with a higher aspect ratio, meaning a 

longer and slimmer wing, produces less induced drag 

for the same lift. This single formula explains why 

gliders and albatrosses have such long, narrow wings. 
 

8. The Lift-To-Drag Ratio 
The most important single measure of a wing's 

aerodynamic efficiency is its lift-to-drag ratio, often 

written L/D. It tells us how many units of lift the aircraft 

produces for each unit of drag. An aircraft with an L/D 

of 18 in cruise needs only one-eighteenth of its weight 

in thrust to stay in the air. The L/D is also equal to the 

glide ratio: an aircraft with an L/D of 18 could glide 18 

kilometres forward for every kilometre of height it loses 

if its engines stopped. Table 4.1 compares typical 

values. 

Table 4.1: Typical maximum lift-to-drag ratios 

(approximate) 
Flying object Typical L/D Notes 

Space Shuttle 

(landing glide) 
about 4 to 5 Wings designed 

mainly for re-entry 

heat, not 

efficiency 

Fighter jet about 8 to 

12 
Short wings for 

speed and agility 
Small propeller 

aircraft 
about 10 to 

13 
Simple, low-cost 

wings 
Modern airliner 

in cruise 
about 17 to 

20 
Long swept wings, 

carefully shaped 

airfoils 
Albatross about 20 Long, narrow 

wings for gliding 

over oceans 
High-

performance 

sailplane 

about 40 to 

60 or more 
Extremely long, 

slim, smooth 

wings 
The gap between an airliner at about 18 and a sailplane 

at 50 or more shows how much room for improvement 

exists in theory. Airliners cannot simply copy gliders, 

because they must fly much faster, carry heavy loads, fit 

into airports and be built at reasonable cost. But the 

comparison explains why so much research focuses on 

making airliner wings longer, slimmer and smoother. 
 

V. A SHORT HISTORY OF WING DESIGN 
 

1. Wood, Wire And Fabric 
The Wright brothers' Flyer of 1903 had two wings, one 

above the other, built from spruce wood and covered 

in muslin cotton fabric. The brothers controlled it by 

twisting the wingtips with cables, a method called wing 

warping. Most early aircraft were biplanes, because two 

wings braced together with struts and wires formed a 

strong, light box structure. However, the struts and 

wires created a great deal of drag. As engines became 

more powerful and aircraft flew faster, this drag became 

a serious problem. 
 

2. The Arrival Of Metal Wings 
In 1915 the German engineer Hugo Junkers built the J 

1, one of the first all-metal aircraft. Its thick wing was 

strong enough to stand without external bracing, a 

design called a cantilever wing. During the 1920s and 

1930s, aluminium alloys became the dominant material. 

The Douglas DC-3 of 1935 used a stressed-skin design, 

in which the smooth aluminium skin of the wing itself 

carries part of the load. This allowed clean, streamlined 

monoplane wings and made the DC-3 one of the most 

successful airliners in history. 
 

3. Swept Wings And The Jet Age 
As jet aircraft approached the speed of sound in the 

1940s, they ran into the problem of wave drag. German 

researchers had discovered in the 1930s that sweeping 

the wings backward delays the formation of shock 

waves. After the Second World War, the Boeing B-47 

bomber of 1947 used thin, swept wings, and this 

experience led directly to the Boeing 707, which entered 

service in 1958 and began the era of swept-wing jet 

airliners. Almost every airliner since has used swept 

wings. 
 

4. Richard Whitcomb And Nasa 
Some of the most important wing improvements came 

from one engineer, Richard Whitcomb of NASA's 

Langley Research Center. In the 1960s he developed 

thesupercritical airfoil, a shape that greatly weakens 
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shock waves at high speed. It was flight-tested on a 

modified NASA F-8 jet from 1971 and is now used on 

nearly every modern airliner. In the 1970s Whitcomb 

designed winglets, small upturned surfaces at the 

wingtips that reduce induced drag. NASA flight-tested 

them on a KC-135 tanker aircraft in 1979 and 1980. The 

Boeing 747-400, which entered service in 1989, was one 

of the first major airliners to use winglets. 

 

5. The Composite Revolution And Beyond 
From the 1980s onward, airliners gradually used more 

composite materials, first in small parts such as fairings 

and control surfaces, then in tails, and finally in the main 

wing structure. The Boeing 787 Dreamliner, which 

entered service in 2011, was the first large airliner with 

wings and fuselage made mainly of carbon-fibre 

composite. The Airbus A350 followed in 2015. At the 

same time, computer simulations called computational 

fluid dynamics allowed engineers to shape wings far 

more precisely than before. Figure 5.1 summarises the 

main milestones. 
 

 
 

Figure 5.1: A timeline of major developments in wing 

design and materials. Items marked for 2027 are planned 

and may change. 

Today, the history of wing design has reached another 

turning point. Manufacturers are testing folding 

wingtips, very long high-aspect-ratio wings, shark-skin 

surface films, morphing structures, and entirely new 

aircraft layouts. 
 

VI. LONGER, SLIMMER WINGS: SPAN AND 

ASPECT RATIO 
 

1. Why Longer Wings Save Fuel 
Chapter 4 showed that induced drag depends on the 

aspect ratio of the wing, the wingspan squared divided 

by the wing area. For the same lift, speed and wing area, 

doubling the aspect ratio halves the induced drag. 

Because induced drag makes up roughly a third or more 

of an airliner's cruise drag, increasing the aspect ratio is 

one of the most powerful tools a designer has. Figure 

6.1 shows four wings with exactly the same area but 

very different aspect ratios, together with a graph of 

how induced drag falls as aspect ratio rises. 
 

 
 

Figure 6.1: Four wings with the same area but different 

aspect ratios (top) and the effect of aspect ratio on 

induced drag (bottom), calculated from the induced drag 

formula. 

A physical way to understand this is to think about how 

much air the wing affects. A long wing pushes a wide 

band of air gently downward, while a short wing must 

push a 

narrow band of air down much harder to produce the 

same lift. Pushing a small amount of air hard wastes 

more energy than pushing a large amount of air gently, 

in the same way that it takes less effort to walk on firm 

sand than to run on it. Birds that spend long periods 
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gliding, such as albatrosses, have evolved long, narrow 

wings for exactly this reason. 

Today's airliners typically have aspect ratios of about 9 

to 11. The Airbus A320, for example, has a wingspan of 

about 35.8 metres and a wing area of about 122.6 

square metres, giving an aspect ratio of about 10.5. 

Research aircraft and future designs aim for much 

higher values. Airbus's eXtra Performance Wing 

demonstrator, described below, has an aspect ratio of 

17, and truss-braced wing designs aim for around 19 or 

more. According to the formula, going from an aspect 

ratio of 10 to 17 could cut induced drag by around 40 

percent. 
 

2. Why Not Make Wings Even Longer? 
If longer wings are so much better, why do airliners not 

have wings like gliders? There are several reasons, and 

understanding them explains much of the modern 

research on wings. 
 

3. Weight And Bending 
A wing works like a diving board with a heavy person 

standing on it, except that the load is the lift pushing 

upward along its whole length. The longer the wing, the 

greater the bending force at the root, where it joins the 

fuselage. A wing that is twice as long must be much 

stronger, and therefore heavier, at the root. At some 

point the extra weight cancels out the aerodynamic 

gain. This is why lighter and stronger materials, 

discussed in Chapters 12 to 14, are so important: they 

push this limit further out. 
 

4. Flexibility And Flutter 
Long, thin wings bend and twist more in flight. The 

wings of a Boeing 787 can flex upward by several 

metres at the tips during turbulence. Too much 

flexibility can cause a dangerous vibration called flutter, 

in which the wing's bending and twisting feed energy 

into each other until the structure fails. Engineers must 

prove through calculations, wind tunnel tests and flight 

tests that flutter cannot happen anywhere ein the 

aircraft's flight envelope. This becomes harder as wings 

become longer and more flexible. 

5. Fitting Into Airports 
Airports are designed around aircraft sizes. ICAO sorts 

aircraft into categories called aerodrome reference 

codes based on wingspan. A single-aisle airliner such as 

the A320 or 737 fits into Code C, which covers 

wingspans up to 36 metres, and most airport gates, 

taxiways and stands used by these aircraft are built for 

that size. Large twin-aisle aircraft such as the Boeing 

777 fit into Code E, which covers wingspans up to 65 

metres. Giving an aircraft a longer wing than its 

category allows would mean it could not use many 

existing gates, which airlines are very unwilling to 

accept. 
 

6. Folding Wingtips 
One clever solution to the airport problem is to make 

part of the wing fold. Boeing's newest large twin-engine 

aircraft, the 777X, has a wingspan of about 72 metres in 

flight, too wide for Code E gates. The outer part of each 

wing, about 3.5 metres long, folds upward after landing, 

reducing the span to about 64.8 metres so the aircraft 

can use the same gates as earlier 777s. The tips fold 

back down before take-off and are locked in place. 

Figure 6.2 shows the aircraft drawn to scale in both 

positions. 
 

 
 

Figure 6.2: The Boeing 777-9 with its wingtips extended 

for flight (left) and folded at the gate (right), drawn to 

scale. The folded span fits within the 65-metre limit of an 

ICAO Code E gate. 

The 777X is the first passenger airliner to use folding 

wingtips, although folding wings have long been used 

on aircraft-carrier planes to save deck space. Its long 

composite wing is a major reason Boeing expects the 

aircraft to be about 10 percent more fuel efficient than 

competing aircraft. However, the 777X shows that new 

technology takes time. Its first flight was in January 

2020, but certification has been delayed repeatedly, and 
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as of September 2026, first deliveries were expected in 

2027. 

Airbus is also studying folding wingtips for the 

successor to its A320 family, which is expected to enter 

service in the second half of the 2030s. In July 2026 

Airbus announced a new flight test campaign under its 

Wing of Tomorrow research programme. Over three 

years, it will design, build and fly full-size wing 

extensions, each several metres long, on an A321neo 

test aircraft. The extensions represent a folding wingtip 

locked in its extended position, so engineers can 

measure how a much longer wing behaves in real flight. 
 

7. The Extra Performance Wing 
Airbus's innovation unit, Airbus UpNext, is testing an 

even more ambitious idea called the eXtra Performance 

Wing. Engineers removed the original wings from a 

Cessna Citation VII business jet and replaced them with 

a new wing about 20 metres long, a scaled-down 

version of a design that would span about 50 metres on 

a full-size single-aisle airliner. The wing has an aspect 

ratio of 17 and folding tips that make up about a third 

of each wing's length. It also carries sensors that detect 

gusts of wind before they hit, together with fast-moving 

control surfaces that reduce the loads on the wing. The 

aircraft is flown remotely so that engineers can push it 

to its limits safely, and flight tests were planned to begin 

by the end of 2026. 

The idea behind the load-reducing technologies is 

important. If a wing can sense a gust and adjust itself so 

that the gust does not bend it as much, the wing does 

not need to be as strong or as heavy. A lighter structure 

then allows an even longer wing. This combination of 

aerodynamics, sensors and structure, working together, 

is a theme that runs through much of the latest wing 

research. 
 

VII. WINGTIP DEVICES 
 

1. How Wingtip Devices Work 
A wingtip device is a surface added to the end of a wing 

to reduce induced drag. The most common kind is a 

winglet, a small wing that curves upward at the tip. 

Winglets work in two ways. First, they act as a barrier 

that makes it harder for high-pressure air below the 

wing to spill around the tip, which weakens the tip 

vortex. Second, a well-designed winglet is angled so 

that the swirling airflow near the tip creates a small 

force on it that points slightly forward, recovering some 

of the energy that would otherwise be wasted. The 

effect is similar to adding extra wingspan, but without 

increasing the width of the aircraft as much. 

Richard Whitcomb's research at NASA in the 1970s 

showed that winglets could reduce induced drag 

substantially. His 1976 report showed wind tunnel 

results for an airliner wing, and flight tests on a KC-135 

tanker aircraft in 1979 and 1980 confirmed the benefits. 

Since then, many different designs have been 

developed, shown in Figure 7.1. 
 

 
 

Figure 7.1: Common wingtip devices (shown in orange) 

and examples of aircraft that use them. 
 

2. Types Of Wingtip Device 
1. Wingtip fences are small vertical plates that extend 

both above and below the tip. They were used on the 

original Airbus A320 and are used on the A380. They 

are small and light but give a relatively modest benefit. 

2. Blended winglets curve smoothly upward from the 

wing without a sharp corner. The smooth join reduces 

interference drag. They were developed by the 

company Aviation Partners and fitted to the Boeing 737 

Next Generation, 757 and 767, as well as many business 

jets. 

3. Sharklets are Airbus's large upturned wingtips, about 

2.4 metres tall on the A320 family. They were 

introduced in 2012 and are now standard on the 

A320neo family. Airbus has reported fuel savings of up 

to about 4 percent on longer flights. 

4. Split scimitar winglets add a downward-pointing fin 

and a reshaped tip to an existing blended winglet. They 
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are fitted to many 737 Next Generation aircraft as a 

retrofit, giving extra savings on top of the blended 

winglet. 

5. Raked wingtips do not point upward at all. Instead, 

the tip of the wing is extended with extra sweep, giving 

a longer, more pointed wing. They are used on the 

Boeing 777-300ER, 787 and 747-8, where extra span is 

possible without breaking airport limits. 
 

3. How Much Fuel Do They Save? 
The fuel saved by a wingtip device depends on the 

aircraft and how it is flown. Savings are greatest on long 

flights, where the aircraft spends most of its time in 

cruise, and smallest on very short flights. Typical figures 

quoted by manufacturers are shown in Table 7.1. These 

figures come from the companies that sell the devices 

and should be seen as best-case estimates, but 

independent airline experience has generally confirmed 

savings of a few percent. 

Across the whole world fleet, these savings add up. 

Aviation Partners announced that its blended and split 

scimitar winglets had saved operators more than 10 

billion gallons of jet fuel, and more than 100 million 

tonnes of carbon dioxide, by around 2019, and the 

company states that split scimitar winglets can save up 

to about 60,000 gallons of fuel per aircraft per year. 

Winglets are one of the clearest success stories in fuel 

efficiency. 

Table 7.1: Reported fuel savings of wingtip devices 

(manufacturer figures, approximate) 
Device Example aircraft Reported fuel 

saving 
Wingtip fence A320 (original), 

A380 
about 1% 

Blended 

winglet 
737 Next 

Generation, 757, 

767 

about 3 to 5%, 

most on long 

routes 

Split scimitar 

winglet 
737 Next 

Generation 
about 1 to 2% 

more than a 

blended 

winglet 

Sharklet A320 family up to about 

4% 

Raked wingtip 777-300ER, 787, 

747-8 
a few percent 

 

4. Limits And Trade-Offs 
Wingtip devices are not free. They add weight, and 

because they increase the lift near the tip, they also 

increase the bending load on the wing, so the wing 

structure may need to be strengthened. On a short 

flight, the extra weight can cancel out much of the 

aerodynamic benefit. Winglets also create some extra 

skin-friction drag because they add surface area. For 

these reasons, the best wingtip device for one aircraft is 

not always the best for another, and on new designs 

engineers often find that simply making the wing 

longer is more efficient, if airport limits allow it. The 

787's raked tips and the 777X's folding tips both reflect 

this thinking. 

Retrofitting is one of the great advantages of wingtip 

devices. Airlines keep aircraft for twenty years or more, 

and many thousands of older aircraft will stay in service 

for years to come. A device that can be added during 

maintenance allows these aircraft to become more 

efficient without being replaced. This is especially 

important today: IATA reported in 2026 that aircraft 

delivery delays had pushed the backlog of orders to 

about 18,100 aircraft, forcing airlines to keep older 

aircraft flying for longer. 
 

VIII. AIRFOILS, SWEEP AND HIGH-SPEED 

FLIGHT 
 

1. The Problem Of Wave Drag 
Airliners cruise at around Mach 0.78 to 0.85, meaning 

78 to 85 percent of the speed of sound. Flying fast is 

valuable because it lets each aircraft make more flights 

and gets passengers to their destination sooner. But at 

these speeds, the air accelerating over the top of the 

wing can reach supersonic speed in a region called the 

supersonic pocket. The pocket ends in a shock wave, 

where the air suddenly slows and its pressure jumps. 

The shock creates wave drag, and if it is strong enough 

it can cause the boundary layer to separate from the 

wing, adding even more drag and causing buffeting. As 

an aircraft flies faster, there is a speed at which drag 

begins to rise very steeply, called the drag-divergence 

Mach number. Wing designers work hard to push this 

speed as high as possible. 
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2. Wing Sweep 
The first solution was to sweep the wings back. When 

the wing is swept at an angle, the airflow can be split 

into two parts: one flowing straight across the wing, 

from leading edge to trailing edge, and one flowing 

along the wing towards the tip, as shown in Figure 8.1. 

To a good approximation, shock waves depend only on 

the part flowing across the wing. For a wing swept at 30 

degrees, an aircraft flying at Mach 0.85 behaves roughly 

as if the wing were meeting air at about Mach 0.74. This 

delays shock waves and wave drag. 
 

 
 

Figure 8.1: Why airliner wings are swept back. Only the 

part of the airflow crossing the wing, which is slower than 

the total airflow, causes shock waves. 

Sweep has costs, however. A swept wing produces less 

lift for its size, it is heavier because it is effectively longer 

for the same span, and it has poorer handling at low 

speeds. Air also tends to flow sideways along a swept 

wing towards the tip, which can cause the tips to stall 

first, a dangerous situation. Modern airliners typically 

use sweep angles of about 25 to 35 degrees as a 

balance between these effects. 
 

3. The Supercritical Airfoil 
Richard Whitcomb's supercritical airfoil, developed in 

the 1960s, attacked wave drag in a different way. 

Conventional airfoils have a strongly curved upper 

surface, which accelerates the air to high supersonic 

speeds and creates a strong shock. The supercritical 

airfoil has a flatter upper surface, so the supersonic 

pocket is larger but much weaker, ending in only a 

gentle shock. To make up for the lift lost by flattening 

the top, the rear part of the lower surface is curved 

upward, adding what engineers call aft camber. Figure 

8.2 compares the two shapes. 

 

 
 

Figure 8.2: A conventional airfoil and a supercritical 

airfoil at the same high speed (top), and an illustration of 

how the supercritical shape delays the steep rise in drag 

(bottom). 

The supercritical airfoil gave designers a valuable 

choice. They could use it to fly faster with the same 

wing, or, more often, to fly at the same speed with a 

thicker wing or less sweep. A thicker wing is lighter for 

the same strength, because the structural box inside is 

deeper, and it can hold more fuel. Less sweep improves 

low-speed handling and reduces weight. Today almost 

every jet airliner uses airfoils descended from 

Whitcomb's work, each carefully tailored by computer 

to its aircraft. 
 

4. Thinner Wings For The Future 
The newest research aims for wings that are both very 

long and very thin. A thin wing has less wave drag, 

which allows less sweep, and less sweep makes it easier 

to keep the airflow smooth and laminar, as discussed in 

Chapter 9. The problem is that a thin wing is harder to 

make strong and stiff, and a long wing makes this even 

harder. This is exactly the challenge that NASA and 

Boeing were studying with the X-66 truss-braced wing 

project described in Chapter 11. In 2025 Boeing decided 

to focus on what it called the single most promising 

feature of that design, the thin wing itself, and to study 

it through ground-based tests that could apply to many 

different types of future aircraft. 
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Another route to less wave drag is simply to fly a little 

slower. Studies have shown that airliners designed to 

cruise at around Mach 0.75 instead of Mach 0.85 could 

use less swept, longer, thinner wings and more efficient 

propeller-like open-fan engines. The trade-off is slightly 

longer flight times. For short and medium routes, where 

the time difference is only a few minutes, some 

designers believe this trade-off is well worth it. 
 

IX. SMOOTHER AIRFLOW: LAMINAR FLOW 

AND SURFACE TECHNOLOGIES 
 

1. Laminar And Turbulent Boundary Layers 
Skin friction is the largest single source of drag on an 

airliner in cruise, and it depends strongly on the state of 

the boundary layer. Near the leading edge of a wing, 

the boundary layer is usually laminar: the air moves in 

smooth, orderly layers sliding over one another. A little 

further back, small disturbances grow until the flow 

becomes turbulent, full of chaotic swirling eddies. 

Figure 9.1 shows this transition and compares the speed 

of the air at different heights within each type of 

boundary layer. 
 

 
 

Figure 9.1: Laminar and turbulent boundary layers on a 

wing surface (top, height greatly exaggerated) and 

typical speed profiles inside each (bottom left). 

In a turbulent boundary layer, the eddies constantly 

carry fast-moving air down towards the surface. As a 

result, the air speed changes very steeply just above the 

skin, and the friction is much higher. On a typical wing 

surface, turbulent friction can be several times greater 

than laminar friction. On today's airliners, the boundary 

layer on the wing becomes turbulent very close to the 

leading edge, so almost the entire wing experiences 

turbulent friction. Keeping it laminar for longer offers a 

large prize. 

 

2. Natural Laminar Flow 
One approach is natural laminar flow, in which the 

wing's shape itself keeps the boundary layer laminar. 

This is done by designing the airfoil so that the air keeps 

speeding up over a large part of the wing, because 

accelerating flow tends to stay laminar. Natural laminar 

flow is already used on some smaller aircraft. The 

HondaJet business jet, for example, has a wing and nose 

designed for natural laminar flow. On airliners, parts of 

the engine nacelles on the Boeing 787 are designed to 

keep laminar flow. 

Achieving natural laminar flow on a large, swept airliner 

wing is much harder. Sweep causes a sideways flow 

along the wing that disturbs the boundary layer, and 

the surface must be extraordinarily smooth. Steps, gaps, 

rivet heads and waviness smaller than a fraction of a 

millimetre can trigger turbulence, and so can the 

remains of insects that hit the leading edge during take-

off, or ice crystals in clouds. Laminar wings therefore 

need very precise manufacturing, and they tend to use 

less sweep, which suits slightly slower cruise speeds. 
 

3. The Blade Flight Tests 
Airbus tested natural laminar flow on a large wing with 

its BLADE demonstrator, which stands for Breakthrough 

Laminar Aircraft Demonstrator in Europe. Engineers 

replaced the outer parts of both wings of an A340 test 

aircraft with new laminar-flow wing sections, and the 

aircraft first flew in September 2017. The project's goal 

was to cut the friction on the wing by up to 50 percent, 

which would reduce fuel use and carbon dioxide 

emissions by up to 5 percent. An important part of the 

tests was measuring exactly how smooth and accurate 

the surface had to be to keep laminar flow, information 

that is essential for building such wings in large 

numbers. The test wing sections used carbon-fibre 

composite panels without joints or rivets on the outer 

surface. 
 
4. Hybrid Laminar Flow Control 
A second approach, hybrid laminar flow control, adds 

active help. The leading edge is covered with a skin 

containing millions of tiny holes, often drilled by laser, 
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and a gentle suction pulls away the air closest to the 

surface before disturbances can grow. Behind the 

leading edge, the airfoil shape keeps the flow laminar 

naturally. This method can work on swept wings where 

natural laminar flow alone would fail. The Boeing 787-9 

has been reported to use hybrid laminar flow control on 

the leading edges of parts of its tail. Applying it to a 

whole wing remains a research goal, because the 

suction system adds weight, complexity and 

maintenance needs, and the tiny holes must be kept 

clear. 
 

5. Riblets: Learning From Sharks 
Where the boundary layer is turbulent, friction can still 

be reduced. Sharks' skin is covered in tiny tooth-like 

scales with ridges running along the direction of 

swimming. Scientists discovered that these ridges 

reduce friction by keeping small turbulent swirls from 

moving sideways and by holding them slightly away 

from most of the surface. Engineers call such ridges 

riblets. NASA and others studied them from the late 

1970s and 1980s, and early riblet films were tested on 

airliners, but durable and affordable products for 

everyday airline use took decades to develop. 
 

 
 

Figure 9.2: Riblets (left) and figures for the AeroSHARK 

riblet film in airline service (right). 
In 2022 the European Union Aviation Safety Agency 

certified AeroSHARK, a riblet film developed by 

Lufthansa Technik and the chemical company BASF, for 

the Boeing 777-300ER and 777F. The film is covered 

with millions of tiny prism-shaped ridges about 50 

micrometres high, which is about half the thickness of a 

human hair. About 950 square metres of film are 

applied to the fuselage and engine nacelles of a 777, 

aligned precisely with the airflow. Lufthansa Technik 

reports fuel savings of around 1 percent, which for a 

single SWISS 777-300ER amounts to about 400 tonnes 

of fuel and more than 1,200 tonnes of carbon dioxide 

each year. Several airlines, including SWISS, Lufthansa 

Cargo, Austrian Airlines, LATAM, EVA Air and ANA, have 

applied the film to their aircraft. 

Riblets are an excellent example of a technology that 

can be added to existing aircraft. So far, the film has 

mostly been applied to the fuselage and nacelles rather 

than the wings, because wing surfaces are exposed to 

more wear, fuel, de-icing fluid and inspection access. 

Lufthansa Technik has said the film could improve lift if 

applied to wings, and extending riblets to wing surfaces 

is an area of ongoing work. 
 

6. Other Surface Technologies 

 Smoother manufacturing: composite wing skins 

made in large single pieces have fewer joints, 

fasteners and steps than metal skins made from 

many riveted panels, which helps both laminar flow 

and friction. 
 Anti-contamination coatings: special coatings 

that stop insect remains from sticking to the 

leading edge have been tested by NASA and 

others, because insect debris can destroy laminar 

flow. 
 Keeping aircraft clean: even ordinary dirt and 

damaged paint increase friction. Airlines that wash 

their aircraft regularly and repair surface damage 

can save small but real amounts of fuel. 
 

X. ADAPTIVE AND MORPHING WINGS 
 

1. One Wing, Many Jobs 
A wing must perform well in very different conditions. 

At take-off it must produce large amounts of lift at low 

speed. In cruise it must be as efficient as possible at 

high speed, while the aircraft steadily becomes lighter 

as fuel burns away. In turbulence it must survive sudden 

gusts. At landing it must again fly slowly and safely. A 

fixed wing shape can only be ideal for one of these 

conditions, so every conventional wing is a 

compromise. Birds solve this problem by constantly 

changing the shape of their wings, spreading, folding, 

twisting and adjusting their feathers. Engineers have 

long dreamed of doing the same. 
 

2. From Flaps To Variable Camber 
Flaps and slats are the simplest form of wing morphing: 

they change the wing's shape for take-off and landing. 
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Modern airliners go further. The Boeing 787 and Airbus 

A350 can make small, automatic adjustments to their 

trailing-edge flaps during cruise to change the wing's 

camber slightly as the aircraft's weight and speed 

change. This keeps the wing closer to its best shape 

throughout the flight and saves fuel. Many airliners also 

use their ailerons and spoilers for load alleviation, 

moving them to shift lift towards the wing root during 

turns and gusts. This reduces the bending load on the 

wing, which lets engineers design a lighter structure. 
 

3. Seamless Morphing Surfaces 
Traditional flaps are separate hinged pieces, and the 

gaps and sharp corners between them and the wing 

create drag and noise. Researchers are developing 

wings whose surfaces bend smoothly without gaps, as 

shown in Figure 10.1. A well-known example is NASA's 

Adaptive Compliant Trailing Edge project, carried out 

with the US Air Force Research Laboratory and the 

company FlexSys. Engineers replaced the conventional 

flaps of a Gulfstream III business jet with flexible trailing 

edges that could bend smoothly between about minus 

2 and plus 30 degrees, and flight-tested them 

beginning in 2014. The flexible sections also covered 

the gaps at the ends of the flaps with a smooth, twisting 

surface. 

 

 
 

Figure 10.1: A conventional hinged flap (left) compared 

with a seamless morphing trailing edge that bends 

smoothly (right). 
 

4. Smart Materials 
Some morphing wings use smart materials, which 

change shape when heated, cooled or given an electric 

voltage. Shape memory alloys, such as nickel-titanium, 

can be bent into a shape at one temperature and will 

spring back to their original shape when heated. NASA's 

Spanwise Adaptive Wing project used shape memory 

alloy actuators to fold the outer parts of a small test 

aircraft's wings up and down in flight around 2017 and 

2018. Piezoelectric materials, which change size very 

slightly when a voltage is applied, can make tiny, fast 

adjustments and are being studied for controlling 

vibration and airflow. 
 

5. Wingtips That Flap Freely 
Airbus has explored a bird-inspired idea called the 

semi-aeroelastic hinge. Its small remote-controlled 

demonstrator AlbatrossONE, first flown in 2019, had 

wingtips that were free to flap up and down in flight. 

When a gust hits, the free tips flick upward and let the 

gust pass without passing the full load to the rest of the 

wing, much as an albatross relaxes the tips of its wings 

in rough air. The eXtra Performance Wing described in 

Chapter 6 carries this idea further, combining a semi-

aeroelastic hinge with gust sensors, pop-up spoilers 

and fast-moving control surfaces. 
 

6. The Challenges Of Morphing 
Morphing wings face serious challenges. The flexible 

skin must bend easily yet hold its shape against air 

pressure, and survive tens of thousands of flights in all 

weather. The actuators add weight, and any shape-

changing system must be proven safe to aviation 

authorities, including if it fails. For these reasons, 

morphing technology is likely to arrive gradually, 

starting with small parts of the wing such as the trailing 

edge or tips. 
 

XI. NEW AIRCRAFT SHAPES 
 

1. Beyond The Tube And Wing 
Almost every airliner since the 1950s has used the same 

basic layout: a tube-shaped fuselage, two swept wings 

attached near the middle, engines hanging under the 

wings, and a tail at the back. This layout is so successful 

that it has barely changed in seventy years. But many 

engineers believe that the biggest future gains will 

require new shapes. Figure 11.1 compares the 

conventional layout with three alternatives. 
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Figure 11.1: The conventional tube-and-wing layout and 

three alternative aircraft layouts seen from above. 

Estimated fuel savings are approximate and debated. 
 

2. The Truss-Braced Wing 
The truss-braced wing returns to an old idea, the braced 

wing of early aircraft, but uses it in a new way. A very 

long, thin wing is mounted on top of the fuselage and 

supported partway along its span by a diagonal strut, 

called a truss, running up from the lower fuselage. The 

strut carries much of the bending load, so the wing can 

be much longer and thinner than an unbraced wing 

without becoming too heavy. The result is a very high 

aspect ratio and low wave drag. NASA and Boeing 

studied this concept for more than a decade in a 

programme called SUGAR, for Subsonic Ultra Green 

Aircraft Research. In 2023 NASA chose Boeing's 

Transonic Truss-Braced Wing design for its Sustainable 

Flight Demonstrator project, and the US Air Force gave 

the aircraft the experimental designation X-66A. The 

plan was to heavily modify an MD-90 airliner, giving it 

a new wing about 44 metres long, roughly 50 percent 

longer than a conventional aircraft of its size. The wing 

design alone was expected to cut fuel use by about 10 

percent, and up to 30 percent when combined with new 

engines and other improvements. 

In April 2025, however, NASA and Boeing announced 

that work on the X-66 flight demonstrator would be 

paused. Instead, Boeing proposed focusing on a 

ground-based testbed for its long, thin wing 

technology, which it described as the single most 

promising feature of the X-66 design and one that 

could be used on aircraft with or without trusses. A full-

span model had been tested in a NASA transonic wind 

tunnel between January and March 2025. Reports 

suggested cost was one factor in the decision. The 

pause shows how difficult and expensive it is to bring a 

radical wing design to flight, even when the 

aerodynamic benefits are clear. 
 

3. The Blended Wing Body 
In a blended wing body aircraft, the fuselage is itself 

shaped like a wide, flat airfoil that merges smoothly into 

the wings. The whole aircraft produces lift, not just the 

wings, and there is much less wetted area, the total 

surface touching the air, for the amount of space inside. 

The shape can also shield engine noise if the engines 

are mounted on top. NASA and Boeing flew small, 

remotely piloted blended wing bodymodels called the 

X-48B and X-48C between 2007 and 2013, gathering 

valuable data on how such aircraft handle. The 

Californian start-up JetZero is now building a full-scale 

blended wing body demonstrator called Jet1. The US 

Air Force awarded the company 235 million dollars in 

2023 to build and fly it, and the aircraft is being 

assembled by Scaled Composites in Mojave, California, 

mostly from carbon-fibre composite. First flight was 

planned for late 2027. JetZero says its future Z4 airliner, 

carrying around 200 to 250 passengers, could use up to 

50 percent less fuel than today's aircraft, a figure that 

includes the benefit of new engines. United Airlines and 

Alaska Airlines have invested in the company, and in 

June 2026 JetZero broke ground on a large factory in 

Greensboro, North Carolina. 

Not everyone accepts the most optimistic estimates. A 

2026 presentation from the Hamburg University of 

Applied Sciences in Germany questioned whether a 50 

percent saving is credible, arguing from its own 

research that the fuel reduction for passenger aircraft 

may be much smaller than claimed. Blended wing 

bodies also face practical problems: the flat cabin is 

harder to pressurise than a tube, passengers far from 

the centre feel more motion when the aircraft rolls, 

there are fewer windows, emergency evacuation is 

more complicated, and the aircraft may not fit existing 

airport gates. Another start-up, Outbound Aerospace, 

shut down in December 2025 after running out of 

funding. The blended wing body is promising, but its 

real benefit will only be known once full-scale aircraft 

fly. 
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4. The Box Wing 
A box wing, or joined wing, connects a front wing and 

a rear wing at their tips, forming a closed loop when 

seen from the front. In 1924 the German scientist 

Ludwig Prandtl showed mathematically that such a 

closed arrangement produces the least induced drag 

possible for a given span and lift, which is why he called 

it the best wing system.  
 

Layout Main 

advantage 
Main 

challenges 
Status in 

2026 

Tube 

and 

wing 

with 

long 

folding 

wings 

Uses 

familiar 

technolog

y; fits 

airports 

Folding 

mechanism 

weight and 

safety 

Boeing 777X 

awaiting 

certification; 

Airbus 

testing on 

A321neo 

Truss-

braced 

wing 

Very high 

aspect 

ratio with 

a light, 

thin wing 

Strut drag 

and 

interference; 

flutter; cost 

X-66 flight 

demonstrat

or paused in 

2025; thin-

wing 

research 

continues 

Blende

d wing 

body 

Whole 

aircraft 

makes lift; 

low 

wetted 

area 

Pressurisatio

n, 

evacuation, 

passenger 

comfort, 

certification 

Full-scale 

JetZero 

demonstrat

or under 

construction 

Box 

wing 
Lowest 

induced 

drag for a 

given span 

Structural 

complexity, 

stability 

Research 

concepts 

and small 

models 

 

Table 11.1: Comparison of alternative aircraft layouts 

Researchers at the University of Pisa in Italy have 

developed a passenger aircraft concept based on this 

idea called the PrandtlPlane. Box wings could reduce 

induced drag without increasing span, which would 

help them fit into airports, but they are structurally 

complex and difficult to design for stability and flutter. 
 

XII. WING MATERIALS: FROM WOOD TO 

METAL 
 

1. What A Wing Structure Must Do 
Before comparing materials, it helps to understand 

what the inside of a wing looks like. Most of a modern 

wing's strength comes from a structure called the wing 

box, shown in Figure 12.1. Two long beams called spars 

run along the length of the wing, one near the front and 

one near the rear. Between them, ribs run from front to 

back like the rungs of a ladder, holding the wing's airfoil 

shape. The upper and lower skins close the box, and 

long stiffeners called stringers run along the inside of 

the skins to stop them from buckling. Because the box 

is sealed, the space inside is used as the fuel tank. 
 

 
 

Figure 12.1: A 3D model of a wing box, showing the spars, 

ribs, stringers and skins. The thickness has been 

exaggerated for clarity. 

In flight, the lift bends the wing upward. This squeezes 

the upper skin in compression and stretches the lower 

skin in tension. The wing is also twisted by the 

aerodynamic forces and must resist the repeated loads 

of tens of thousands of flights, each 

involving take-off, climb, turbulence, descent and 

landing. A good wing material must therefore be 

strong, stiff, light, resistant to fatigue from repeated 

loading, resistant to corrosion, tough enough to 

tolerate damage, and practical and affordable to 

manufacture and repair. 
 

2. Wood And Fabric 
The earliest aircraft used wood, especially spruce, which 

is strong and stiff for its weight, together with fabric 
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coverings. Wood worked well for slow, light aircraft, but 

it absorbs moisture, rots, varies in quality from tree to 

tree, and cannot easily be shaped into smooth, strong, 

streamlined wings for fast aircraft. Some famous aircraft 

still used wood successfully, such as the British de 

Havilland Mosquito of the Second World War, but by 

the 1930s metal had become the standard material for 

most aircraft. 
 

3. Aluminium Alloys 
Pure aluminium is light, with a density of about 2.7 

grams per cubic centimetre, roughly one third that of 

steel, but it is too soft for aircraft structures.  
Table 12.1: Common aluminium alloys used in aircraft 

wings 

Alloy Main added 

elements 
Key 

property 
Typical wing 

use 
2024 Copper, 

magnesium 
Good 

resistance 

to fatigue 

and crack 

growth 

Lower wing 

skins, which 

are stretched 

in tension 

7075 

and 

newer 

7000-

series 

alloys 

Zinc, 

magnesium, 

copper 

Very high 

strength 
Upper wing 

skins and 

stringers, 

which are 

squeezed in 

compression 
 

Alloy Main 

added 

elements 

Key 

property 
Typical 

wing use 

Aluminium–

lithium (third 

generation) 

Lithium, 

copper 

and 

others 

Lower 

density, 

higher 

stiffness, 

good 

fatigue 

resistance 

Skins and 

internal 

structure 

on newer 

aircraft 

 

In 1906 the German metallurgist Alfred Wilm 

discovered that adding small amounts of copper and 

magnesium to aluminium and heat-treating it 

produced an alloy that slowly became much harder 

over a few days. This material, called Duralumin, made 

metal aircraft practical. Today, aluminium alloys are 

identified by four-digit numbers, and two families 

dominate aircraft wings. 
 

The history of metal aircraft also taught engineers a 

hard lesson about fatigue. In 1954, two de Havilland 

Comet jet airliners broke up in flight. Investigations 

showed that repeated pressurisation had caused small 

cracks to grow from the corners of openings in the 

fuselage until the structure failed. Since then, aircraft 

have been designed using a damage-tolerant 

approach: engineers assume that small cracks may exist, 

calculate how fast they could grow, and set inspection 

intervals to find them long before they become 

dangerous. The same thinking applies to every modern 

wing, whatever its material. 
 

4. Aluminium–Lithium Alloys 
Lithium is the lightest of all metals. Adding it to 

aluminium reduces the alloy's density and increases its 

stiffness: every 1 percent of lithium added reduces 

density by roughly 3 percent. Early aluminium–lithium 

alloys from the 1980s had problems with toughness and 

cracking, but a third generation of alloys developed 

since the 2000s solved many of these issues. These 

alloys are several percent lighter and stiffer than 

traditional alloys and resist fatigue and corrosion well. 

They are used in parts of newer aircraft such as the 

Airbus A350 and A220. For aircraft makers that prefer 

metal for some parts, aluminium–lithium offers a way to 

reduce weight while using familiar manufacturing 

methods. 
 

5. Titanium And Steel 
Titanium alloys, especially one containing 6 percent 

aluminium and 4 percent vanadium, are about 60 

percent heavier than aluminium but much stronger, 

keep their strength at high temperatures, and resist 

corrosion extremely well. In wings, titanium is used for 

highly loaded parts such as the fittings that attach the 

wing to the fuselage and 

the engine pylons. Titanium has a special advantage in 

composite aircraft: aluminium corrodes when it touches 

carbon fibre in the presence of moisture, a process 

called galvanic corrosion, but titanium does not. High-

strength steel is used where extreme strength is needed 

in a small space, such as in landing gear and some flap 

tracks, but it is too heavy for most of the wing. 
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6. Comparing Materials 
Figure 12.2 compares common wing materials. When 

choosing a material for an aircraft, engineers care less 

about raw strength than about strength and stiffness 

for each kilogram, called specific strength and specific 

stiffness. A material that is twice as strong but three 

times as heavy is worse for an aircraft. 
 

 
 

Figure 12.2: Density, specific strength and specific 

stiffness of common wing materials (approximate 

typical values). 
 

The chart reveals something surprising. Steel, titanium 

and ordinary aluminium alloys all have almost exactly 

the same stiffness for their weight, about 25 units in the 

chart. This is why simply switching between these 

metals does not make a wing much stiffer for its weight. 

Aluminium–lithium does a little better. Carbon-fibre 

composites are different: along the direction of their 

fibres they are several times stiffer and stronger for their 

weight than any of the metals. Even when the fibres are 

arranged in  many directions to carry loads from all 

sides, carbon-fibre composite still outperforms the 

metals. This is the main reason composites have 

transformed wing design. 

XIII. COMPOSITE WINGS 
 

1. What Is A Composite? 
A composite material combines two or more different 

materials to create something better than either alone. 

Nature is full of composites: wood consists of strong 

cellulose fibres held together by a natural glue called 

lignin, and bone combines hard mineral crystals with 

flexible protein fibres. In aircraft, the most important 

composite is carbon-fibre reinforced polymer, often 

shortened to CFRP or simply carbon fibre. It consists of 

extremely thin carbon fibres, each about 5 to 7 

micrometres across, roughly a tenth of the width of a 

human hair, embedded in a hard plastic resin, usually 

an epoxy. 

The fibres provide strength and stiffness, but only along 

their length. The resin holds the fibres in place, protects 

them and passes loads between them. To make a strong 

part, thin sheets of fibres called plies are stacked on top 

of each other with their fibres pointing in different 

directions, usually 0, plus 45, minus 45 and 90 degrees, 

as shown in Figure 13.1. By choosing how many plies 

point in each direction, engineers can make the material 

strong exactly where it needs to be, something that is 

impossible with a metal, which has the same properties 

in every direction. 
 

 
 

Figure 13.1: How a carbon-fibre composite laminate is 

built from layers of fibres at different angles (layers 

pulled apart for clarity). 
 



Jayansh Kannam , International Journal of Science, Engineering and Technology, 

2026, 14:5 

21 

2. How Composite Wings Are Made 
Most composite wing parts for airliners are made from 

prepreg, which is carbon fibre that has already been 

impregnated with resin and is kept frozen until use. 

Large automated machines lay narrow strips of prepreg 

onto a mould, following computer-controlled paths, a 

process called automated fibre placement or 

automated tape laying. The finished stack of plies is 

sealed in a vacuum bag and cured in an autoclave, a 

giant pressurised oven, where heat and pressure harden 

the resin. Airbus's upper wing skins for the A350 are 

single carbon-fibre pieces more than 30 metres long, 

and Boeing built a dedicated factory near Seattle 

costing about a billion dollars to make the enormous 

composite wings of the 777X. 

Because autoclaves are expensive and limit the size of 

parts, manufacturers are also developing out-of-

autoclave methods. In resin transfer infusion, dry 

carbon fabric is placed in a mould and liquid resin is 

drawn through it under vacuum. The wings of the 

Airbus A220, originally designed by Bombardier and 

built in Belfast, Northern Ireland, are made this way. The 

JetZero demonstrator, whose wingspan is too large for 
existing ovens, is being built with low-temperature-cure 

composites, and its builders planned to construct an 

oven around the wing structure itself. 

 

3. Advantages Of Composite Wings 
 Lower weight: composite structures are typically 

lighter than equivalent aluminium structures, often 

by around 10 to 20 percent, which saves fuel on 

every flight. 
 Fatigue resistance: carbon-fibre composites are 

far less prone to fatigue cracking than aluminium, 

so they can endure more flight cycles and need 

fewer fatigue inspections. 
 No corrosion: carbon fibre does not rust or 

corrode, which reduces maintenance costs, 

especially in humid climates. 
 Tailored stiffness: by arranging fibre directions, 

engineers can make a wing twist in helpful ways 

when it bends, a technique called aeroelastic 

tailoring, which can reduce loads and improve 

efficiency. 
 Long, thin, flexible wings: the high strength and 

stiffness for their weight allow longer, thinner wings 

with higher aspect ratios. In a 2010 ultimate-load 

ground test, the Boeing 787's wings were bent 

upward by roughly 7.6 metres at the tips without 

breaking. 
 Smooth surfaces: large single-piece skins with few 

joints and fasteners help reduce friction drag and 

make laminar flow easier to achieve. 
 

4. The Growth Of Composites In Airliners 
Figure 13.2 shows how the share of composites in 

airliners has grown. Early jets used almost none. By the 

1990s, the Boeing 777 used composites for its tail and 

control surfaces. The Airbus A380 of 2007 had about a 

quarter of its structure in composites, including the 

central wing box that joins the two wings. The Boeing 

787 and Airbus A350 then made the decisive step: 

about half of their structural weight is composite, 

including the main wings and most of the fuselage. 
 

 
Figure 13.2: The approximate share of composite 

materials in the structure of selected airliners, by year of 

entry into service. 

The benefits show up in fuel use, although it is difficult 

to separate the contribution of the materials from that 

of new engines and aerodynamics. Boeing states that 

the 787 uses about 20 percent less fuel than the aircraft 

it replaces, and Airbus states that the A350 burns about 

25 percent less fuel than previous-generation aircraft. 

Composite structures are a major part of both 

improvements, both through their lower weight and 

because they made longer, more efficient wings 

possible. 
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5. Challenges Of Composite Wings 

Table 13.1: Advantages and challenges of carbon-fibre composite wings 
 

Area Advantage Challenge 

Weight Lighter than aluminium for the 

same job 
Savings are reduced by extra material 

needed around joints and holes 
Damage Does not dent or crack like metal 

from fatigue 
Impact damage, for example from a dropped 

tool or hail, can hide inside the layers with 

little visible sign on the surface 

 

Area Advantage Challenge 

Lightning No corrosion from moisture Carbon fibre conducts electricity poorly, so a 

fine copper mesh must be built into the skin 

to carry lightning currents safely 
Repair Fewer routine repairs needed Repairs need special skills, clean conditions 

and curing equipment 

Cost Lower lifetime maintenance Materials, autoclaves and inspection are 

expensive; production rates are hard to 

increase 

End of life Long service life Recycling hardened epoxy composites is 

difficult; most recycling methods shorten the 

fibres 

One of the most important challenges is damage 

detection. When a metal wing is hit, it usually dents, 

which mechanics can see. When a composite is hit, the 

outer surface may spring back and look almost 

undamaged, while the layers inside have separated, a 

type of damage called delamination. Engineers deal 

with this by designing structures that remain safe even 

with barely visible damage and by using ultrasound 

scanning and other inspection methods. Recycling is 

another growing concern. As the first generation of 

composite airliners approaches retirement in the 2030s 

and 2040s, industry is developing methods to recover 

carbon fibres by heating the composite to burn off the 

resin, a process called pyrolysis, or by dissolving the 

resin chemically. 
 

XIV. ADVANCED AND FUTURE MATERIALS 
 

1. Thermoplastic Composites 
The resins used in most of today's composites are 

thermosets: once they are cured, their molecules are 

permanently linked and they cannot be melted again, 

rather like a boiled egg that cannot be un-boiled. A 

different family of plastics, thermoplastics, softens when 

heated and hardens when cooled, and can be reshaped 

many times, like chocolate. High-performance 

thermoplastics used in aerospace include materials 

called PEEK and PEKK, which are extremely tough and 

resistant to heat and chemicals.  Thermoplastic 

composites offer several advantages for future wings. 

Parts can be joined by welding, melting the plastic at 

the joint so the parts fuse together, instead of drilling 

thousands of holes for bolts and rivets. This saves 

weight and assembly time. Parts can be formed quickly 

by heating and pressing, which suits the high 

production rates needed for single-aisle aircraft, which 

are built at rates of dozens per month. Thermoplastics 

are also tougher against impact damage and, because 

they can be melted, are easier to recycle. A large 

European research project called the Multifunctional 

Fuselage Demonstrator produced an eight-metre-long 

thermoplastic fuselage section, and thermoplastic parts 

are increasingly being studied for wing structures. 
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2. Nanomaterials 
Nanomaterials have structures on the scale of billionths 

of a metre. Carbon nanotubes, rolled-up sheets of 

carbon atoms, and graphene, a single flat layer of 

carbon atoms, are among the strongest materials ever 

measured. In laboratory research, adding small 

amounts of these materials to composite resins has 

improved toughness, resistance to delamination and 

electrical conductivity, which could help protect 

composite wings against lightning without heavy 

copper mesh. However, making nanomaterials cheaply 

and consistently in large quantities, and spreading them 

evenly through a resin, remain major challenges. 

Nanomaterial-enhanced wings are likely to be a long-

term rather than a near-term development. 
 

3. Self-Healing And Self-Sensing Materials 
Researchers are developing materials that can repair 

small amounts of damage themselves. In a famous 2001 

experiment published in the journal Nature, Scott White 

and colleagues at the University of Illinois filled tiny 

capsules with a liquid healing agent and mixed them 

into a polymer. When a crack formed, it broke the 

capsules, releasing the liquid, which flowed into the 

crack and hardened. Later versions used networks of 

tiny channels, similar to blood vessels, to deliver healing 

agents. Such materials could one day make composite 

wings more tolerant of hidden damage. 

Self-sensing structures are closer to practical use. 

Optical fibres with tiny patterns written into them, 

called fibre Bragg gratings, can be embedded in a 

composite during manufacturing. Changes in the light 

passing through them reveal strain, temperature and 

damage. This approach, called structural health 

monitoring, could allow a wing to report its own 

condition, reducing inspection time and letting 

engineers design structures with smaller safety margins, 

and therefore less weight, because damage would be 

found sooner. 
 

4. Additive Manufacturing 
Additive manufacturing, commonly called 3D printing, 

builds parts layer by layer from powder or wire. For 

metal parts such as titanium brackets and fittings, it 

allows complex, organic-looking shapes that use 

material only where it is needed, often making parts 

significantly lighter than traditional machined versions. 

Airbus and Boeing already use 3D-printed parts on their 

aircraft. Computer methods called topology 

optimisation, which work out the lightest possible 

shape for a given load, combine naturally with 3D 

printing and could reduce the weight of many small 

parts inside the wing. 
 

5. Sustainable Materials 
As the aviation industry tries to reduce its total 

environmental impact, attention is turning to the 

carbon emitted when materials are made and disposed 

of. Producing carbon fibre uses a great deal of energy. 

Researchers are studying bio-based resins made from 

plants, natural fibres such as flax for less critical parts 

such as interior panels, and better recycling of both 

composites and aluminium.  

Table 14.1: Future wing materials and their expected 

readiness 

Material or 

technology 
Main benefit Expected 

readiness 
Third-

generation 

aluminium–

lithium 

Lighter, stiffer 

metal using 

familiar 

methods 

In use today 

Out-of-

autoclave 

composites 

Lower cost, 

larger parts 
In use (A220 

wing); 

expanding 

Thermoplastic 

composites 
Welding instead 

of fasteners; fast 

production; 

recyclable 

Growing use in 

parts; wing 

structures in 

development 

Structural 

health 

monitoring 

Wings that 

report damage; 

lighter designs 

Testing and 

early use 

3D-printed 

metal parts 
Lighter, 

optimised 

fittings 

In use for 

selected parts 

Nanomaterial-

enhanced 

composites 

Tougher, 

conductive 

composites 

Research stage 

Self-healing 

materials 
Automatic repair 

of small damage 
Research stage 

 

Aluminium is already highly recyclable, which is one 

reason it remains competitive for some parts. In the 

future, engineers are likely to judge wing materials not  
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only by their weight and strength but by their full life-

cycle impact. 

XV. HOW DESIGN AND MATERIALS WORK 

TOGETHER 
 

1. The Weight Snowball 
Aircraft designers often talk about a snowball effect, 

shown in Figure 15.1. If a wing structure becomes 

lighter, the aircraft needs less lift. Less lift means less 

induced drag. Less drag means the engines can be 

smaller and lighter and burn less fuel. Less fuel burned 

means less fuel needs to be carried, which makes the 

aircraft lighter still. Each saving makes the next one 

larger. The same effect works in reverse, which is why 

every kilogram matters: a small increase in wing weight 

grows through the design into a larger increase in total 

weight and fuel. 
 

 
Figure 15.1: The weight snowball. A saving in structural 

weight grows as it passes through the aircraft design. 
 

2. Why Efficient Shapes Need Advanced Materials 
The most effective aerodynamic improvement, a longer 

and slimmer wing, is also the most demanding 

structurally. A long, thin wing has a shallow wing box, 

which must carry a larger bending load, and it is more 

flexible, raising the risk of flutter. With aluminium, the 

extra structure needed can cancel much of the 

aerodynamic gain. Carbon-fibre composites, with their 

high stiffness and strength for their weight, move this 

balance point. This is one of the main reasons why the 

787, A350 and 777X all have wings with higher aspect 

ratios than the aluminium aircraft they replaced. 

The relationship also works the other way. Better 

aerodynamics can make a wing structure lighter. Load 

alleviation systems, which use control surfaces to 

reduce the bending load during gusts and manoeuvres, 

allow a lighter wing box. Folding and freely flapping 

wingtips can shed loads in gusts. Aeroelastic tailoring, 

in which composite fibres are arranged so that the wing 

twists to unload itself when it bends, combines the 

material and the shape into a single design problem. In 

the most advanced wings, it is no longer possible to 

separate aerodynamic design from structural and 

material design: they are optimised together by 

computer from the very beginning. 
 

3. Case Studies 

Table 15.1: How recent aircraft combine wing design 

and materials 

Aircraft Wing 

design 

features 

Wing 

materials 
Reported 

efficiency gain 

Airbus 

A320neo 

family 

Sharklet 

wingtips 

(up to 

about 4% 

saving) 

Mainly 

aluminium 
About 20% 

less fuel than 

earlier A320s, 

mostly from 

new engines 

Boeing 

787 
High 

aspect 

ratio, 

raked 

tips, very 

flexible 

wing 

Carbon-

fibre 

composite 

wing and 

fuselage 

About 20% 

less fuel than 

the aircraft it 

replaces 

Airbus 

A350 
Adaptive 

flap 

settings 

in cruise, 

curved 

wingtips 

About 

53% 

composite, 

including 

wings 

About 25% 

less fuel than 

previous-

generation 

aircraft 

Boeing 

777X 
About 72 

m span 

with 

folding 

wingtips 

Composite 

wing 
About 10% 

less fuel than 

competing 

aircraft (Boeing 

claim) 
Aircraft Wing 

design 

features 

Wing 

materials 
Reported 

efficiency gain 

JetZero 

Jet1 and 

Z4 

(future) 

Blended 

wing 

body 

Mostly 

carbon-

fibre 

composite 

Up to 50% less 

fuel including 

new engines 

(company 

claim, 

debated) 
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These examples show a clear pattern. In each case, the 

fuel saving comes from a combination of better 

aerodynamics, lighter materials and new engines, and 

the manufacturers' figures usually describe the whole 

package. It is rarely possible to say exactly how much of 

the saving comes from the wing alone. What is clear is 

that every major efficiency leap of the past fifteen years 

has involved a new wing, usually made with more 

advanced materials than the one before. 
 

4. Comparing The Technologies 
Figure 15.2 brings together published estimates for the 

wing technologies discussed in this paper. The 

technologies already in service, shown in blue, offer 

savings of about 1 to 5 percent each. Technologies 

being tested, shown in green, offer around 3 to 10 

percent. Future designs, shown in orange, promise the 

largest savings, but with the greatest uncertainty. 
 

 
 

Figure 15.2: Approximate fuel savings of different wing 

technologies, based on published estimates from 

manufacturers, airlines and research organisations. The 

ranges are indicative only. 

Savings from different technologies cannot simply be 

added together. For example, a longer wing already 

reduces induced drag, so a winglet added to it saves 

less than it would on a shorter wing. Some technologies 

also conflict: laminar flow works best with little sweep, 

which may require a slower cruise speed. Nevertheless, 

the overall picture is encouraging. Combining a long, 

thin, composite wing with folding tips, better airfoils, 

some laminar flow, load alleviation and smooth surfaces 

could plausibly reduce fuel burn by 10 to 20 percent 

compared with today's best aircraft, even before 

counting improvements in engines. 
 

XVI. CHALLENGES AND TRADE-OFFS 
 

1. Cost And Time 
Developing a new airliner costs many billions of dollars 

and takes around a decade. A new wing is the most 

expensive and risky part of that effort. Manufacturers 

must be confident that a new technology will work 

reliably for decades before they commit to it, which is 

why new ideas are tested first on demonstrators such 

as BLADE, the eXtra Performance Wing and the X-66. 

Even then, programmes can be delayed or paused, as 

the 777X's repeated certification delays and the pause 

of the X-66 flight demonstrator in 2025 have shown. 
 

2. Safety And Certification 
Aviation is extremely safe because every design must be 

proven to meet strict requirements set by authorities 

such as the US Federal Aviation Administration and the 

European Union Aviation Safety Agency. New 

technologies raise new safety questions. A folding 

wingtip must never fold in flight, so it needs locks, 

sensors and warnings. A morphing surface must fail 

safely. A blended wing body must allow passengers to 

evacuate in 90 seconds, as current rules require for 

demonstrations, even though its cabin is shaped very 

differently. Proving these things takes time and careful 

testing, and the rules themselves sometimes need to be 

updated. 
 

3. Airports And Operations 
Aircraft must fit into the world's existing airports, with 

their gates, taxiways, runways and terminals. This 

explains why wingspan is so tightly limited and why 

folding wingtips are attractive. Radical designs such as 

blended wing bodies may need new airport 

arrangements, for example for boarding and cargo 

loading. Airlines also want new aircraft to be easy to 

maintain and to have similar cockpits to their existing 

fleets, so that pilots can switch between them with little 

retraining. 
 

4. Manufacturing At Scale 
Single-aisle aircraft such as the A320 and 737 families 

are built at rates of dozens of aircraft per month. A new 

wing design must not only work but be manufacturable 

at that rate. Carbon-fibre composites made in 

autoclaves have so far been used mainly on large twin-
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aisle aircraft built at lower rates, partly because of 

production speed and cost. Faster methods, such as 

out-of-autoclave curing and thermoplastic welding, are 

therefore key to bringing composite wings to the high-

volume single-aisle market, where most of aviation's 

fuel is burned. 
 

5. Slow Fleet Renewal And The Rebound Effect 
Even the best new wing only saves fuel on new aircraft, 

and airlines replace their fleets slowly. IATA reported 

that supply chain problems had pushed the average 

age of the world's aircraft above 15 years, and the order 

backlog reached about 18,100 aircraft by May 2026. 

This makes retrofit technologies such as winglets and 

riblet films especially valuable in the short term. 

Table 16.1: Summary of the main trade-offs in wing 

design 
Improvement Benefit Trade-off 

Longer 

wingspan 
Less induced 

drag 
Heavier structure, 

flutter risk, airport 

limits 
Winglets Less induced 

drag; can be 

retrofitted 

Extra weight and 

wing bending 

load 
 

Improvement Benefit Trade-off 
Wing sweep Less wave 

drag at high 

speed 

Heavier wing; 

poorer low-speed 

handling; harder 

to keep laminar 

flow 
Laminar flow Large cut in 

friction drag 
Very precise 

manufacturing; 

sensitive to 

insects, ice and 

damage 
Morphing 

surfaces 
Efficient 

shape in 

every phase 

of flight 

Complexity, 

weight of 

actuators, 

certification 

Composite 

materials 
Lighter, 

fatigue-free, 

allows longer 

wings 

Cost, hidden 

damage, lightning 

protection, 

recycling 
 

There is also a risk known as the rebound effect. When 

flying becomes cheaper because aircraft are more 

efficient, more people fly, which can offset some of the 

fuel saved. According to a 2015 study by the 

International Council on Clean Transportation, the fuel 

burn of new jet aircraft fell by about 45 percent between 

1968 and 2014, yet total aviation fuel use grew because 

air travel grew much faster. More efficient wings are 

essential, but they must be combined with other 

measures, such as sustainable fuels and carbon pricing, 

to reduce aviation's total emissions. 
 

XVII. THE FUTURE OF WINGS: 2026 TO 

2050 
 

1. A Possible Roadmap 
Figure 17.1 outlines one possible path for wing 

technology over the coming decades, based on the 

plans and research programmes described in this paper. 

The near-term future is fairly clear, because the aircraft 

involved are already built or being tested. The longer-

term future is much less certain. 
 

 
 

Figure 17.1: A possible roadmap for wing technology. 

Later dates are estimates and may change. 
 

2. The Next Few Years 
In the next few years, the Boeing 777X is expected to 

enter service, bringing folding wingtips to airline 

operations for the first time. Airbus's eXtra Performance 

Wing demonstrator and its A321neo high-span wing 

tests will produce real flight data on long, flexible, load-

alleviating wings. JetZero plans to fly its full-scale 

blended wing body demonstrator, and NASA and 

Boeing will continue ground research on thin wings. 
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Riblet films are likely to spread to more aircraft types 

and possibly to wing surfaces. 
 

3. The 2030s 
The most important event of the 2030s for wing 

technology will probably be the arrival of new single-

aisle airliners to replace the A320 and 737 families, 

which together make up most of the world's fleet. 

Airbus has said its next-generation single-aisle aircraft 

could enter service in the second half of the 2030s, and 

its research points towards long, thin wings with folding 

tips, combined with new open-fan or advanced 

turbofan engines. Thermoplastic composites and faster 

manufacturing methods will be important for building 

these aircraft at high rates. Wider use of laminar flow 

and active load control is also likely. 

 

2040 And Beyond 
Beyond 2040, more radical changes may become 

possible. If blended wing body or truss-braced designs 

prove themselves, they could enter service. Morphing 

structures, self-sensing wings and advanced 

nanomaterials may mature. Wing design will also be 

shaped by new fuels. Hydrogen stores much more 

energy per kilogram than kerosene but takes up about 

four times the volume, even as a very cold liquid, and it 

cannot easily be stored in a thin wing. This would favour 

designs with large internal volumes, such as the 

blended wing body, where tanks could fit inside the 

wide central body. Whatever the future brings, the basic 

physics of lift, drag and weight described in this paper 

will continue to guide the design of every wing. 
 

5. Recommendations 
Based on this review, the following recommendations 

are made for the groups that can improve aircraft fuel 

efficiency through wing design and materials. 
 

1 For Aircraft Manufacturers 
 Design The Next Generation Of Single-Aisle Aircraft 

Around High-Aspect-Ratio Wings, Using Folding 

Wingtips To Keep Airport Compatibility. Develop 

Fast, Affordable Composite Manufacturing 

Methods, Such As 
 

 Out-Of-Autoclave And Thermoplastic Processes, So 

That Composite Wings Can Be Built At The High 

Rates Needed For Single-Aisle Aircraft. 
 

 Integrate Load Alleviation, Gust Sensing And 

Adaptive Trailing Edges From The Start Of The 

Design, So That The Structure Can Be Made Lighter. 

Continue Flight Demonstrations Of Laminar Flow 

And Radical Configurations, And Publish 

Independent Data So That Claims Can Be Checked. 

Plan For Recycling From The Start Of Each New 

Design, Choosing Materials And Joining Methods 

That Make End-Of-Life Recovery Easier. 
 

9. For Airlines 
 Retrofit proven technologies such as winglets and 

riblet films to aircraft that will remain in service for 

several more years. 
 Keep aircraft surfaces clean and well maintained, 

since dirt and damage increase drag. 
 Share operational fuel-saving data to help others 

make good investment decisions. 
 

10. For Governments And Research Organisations 
 

 Maintain long-term funding for aeronautics 

research, including wind tunnels and flight 

demonstrators, because new wing technologies 

take many years to mature. 
 Update certification rules in good time for new 

technologies such as folding wings, morphing 

surfaces and blended wing bodies, without 

reducing safety. 
 Support recycling infrastructure for composite 

materials and research into lower-carbon material 

production. 
 Combine support for efficient aircraft with policies 

for sustainable fuels, so that efficiency gains lead to 

real reductions in total emissions. 
 

11. For Students 
For students interested in this field, the most useful 

subjects are physics, mathematics, chemistry and 

computer science. Simple experiments can show many 

of the ideas in this paper: paper aeroplanes with 

different wingspans and wingtip shapes, or model 
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wings tested in front of a fan, can demonstrate how 

aspect ratio and winglets affect gliding distance. Free 

computer programs can simulate airflow around 

airfoils. Careers in aerospace engineering, materials 

science and aviation sustainability are likely to be in 

high demand as the industry works towards its 2050 

goals. 
 

XVIII. CONCLUSION 
 

This paper set out to answer five research questions 

about how wing design and wing materials can improve 

aircraft fuel efficiency. 

 First, a wing produces lift by speeding up the air 

over its upper surface and slowing it underneath, 

creating a pressure difference and turning the 

airflow downward. The wing matters so much for 

fuel efficiency because it controls two of the three 

main levers in the Breguet range equation: the lift-

to-drag ratio and the structural weight. Every 1 

percent improvement in lift-to-drag ratio saves 

roughly 1 percent of fuel. 
 Second, many changes to wing shape can reduce 

drag. Longer, slimmer wings with higher aspect 

ratios reduce induced drag, and folding wingtips 

allow them to fit into airports. Wingtip devices save 

about 1 to 5 percent. Sweep and supercritical 

airfoils control wave drag. Laminar-flow wings 

could cut wing friction by up to half, and riblet films 

already save about 1 percent. Morphing and 

adaptive wings keep the wing's shape efficient in 

every phase of flight, and radical layouts such as 

truss-braced wings and blended wing bodies 

promise savings of 10 percent or more, though 

these estimates remain uncertain. 
 Third, wing materials have evolved from wood and 

fabric to aluminium, aluminium–lithium and 

carbon-fibre composites. Lighter materials save fuel 

directly through lower weight and indirectly 

through the weight snowball effect. Future 

materials, including thermoplastic composites, self-

sensing and self-healing structures, and 

nanomaterials, could bring further gains. 
 Fourth, design and materials are deeply connected. 

The most efficient wing shapes are long and thin, 

and these are only practical with light, stiff 

materials. At the same time, aerodynamic 

technologies such as load alleviation allow lighter 

structures. The main challenges are cost, safety 

certification, airport compatibility, high-rate 

manufacturing, recycling, and the slow pace of fleet 

renewal. 

Fifth, the wings of the future are likely to be longer, 

thinner, more flexible, more adaptive and made from 

more advanced composite materials. In the 2030s, new 

single-aisle aircraft with high-span folding wings could 

enter service, and beyond 2040 entirely new shapes 

may appear. Combined with more efficient engines and 

sustainable fuels, these developments could make 

aviation far cleaner than it is today. 

Since the Wright brothers first flew with wooden wings 

in 1903, every generation of engineers has found ways 

to make wings more efficient. The challenge today is 

greater than ever, because the world needs aviation to 

cut its climate impact while still connecting people 

around the globe. The evidence reviewed in this paper 

suggests that the wing, the oldest and most essential 

part of the aeroplane, will remain at the centre of that 

effort. 
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