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”Once you have tasted flight, you will forever walk the earth with your eyes

turned skyward, for there you have been, and there you will always long to

return.”

Leonardo da Vinci
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SUMMARY

Time has an ever-increasing value in today's society, as an economist might express the

value of time in opportunity costs. This is especially relevant in the aviation sector where

current civil aircraft �y at Mach 0.80-0.85, while supersonic aircraft can cruise at more than

twice that Mach number and thus offer a substantial decrease in travel time. This could lead

to a global transportation paradigm shift, as an aircraft cruising at Mach 1.8 would make it

possible to reach almost any destination from New York in under 10 hours.

Challenges arise however as the Mach number is increased past Mach 1 (e.g. transonic

�ight modeling, aerodynamic center shift, sonic boom). Increased complexity is directly

correlated to a higher Mach number and higher certi�cation standards. Additionally, su-

personic aircraft often exhibit poor subsonic performance, leading to inef�ciencies during

takeoff, landing, and lower-speed �ight segments. Overcoming these obstacles is essen-

tial for realizing the full potential of supersonic air travel. Furthermore, all previous civil

supersonic aircraft iterations have demonstrated that a new design approach is mandatory.

In this paper, the primary goal is to initiate a more tangible discussion on morphing, a

promising technology that could pave the way for future generations of supersonic aircraft.

A morphing aircraft can be de�ned as a vehicle that can adapt to different �ight conditions

by changing its con�guration, respectively it can continuously modify its geometry in order

”to enhance �ight performance, control authority and multi-mission capability” [1]. The

unconventional transformation of morphing provides adaptability for multiple �ight phases

when compared to conventional airplanes that are typically optimized with a bias towards

a single mission segment (e.g. cruise for transport aircraft). This feature is especially

bene�cial for supersonic aircraft who have to �y subsonically over land as supersonic �ight

is currently banned in that region by regulatory agencies.

The main purpose of this research is to explore the usefulness and applicability of mor-

phing concepts for supersonic aircraft by developing a novel methodology focused on in-
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troducing this technology as early as possible in the design cycle. Most current research

focuses on applying morphing technology onto existing aircraft which have been already

designed as �xed-wing aircraft. This retrospective approach limits the potential bene�ts of

morphing, as many design decisions would likely differ if the technology were considered

from the outset. It also means that conceptual design is the ideal step where one should

start considering this technology as morphing substantially affects all the three major air-

craft disciplines (aerodynamics/structures/propulsion).

The expected outcome is the initial formulation of a conceptual design methodology

for supersonic transports incorporating morphing technology. This will help in establishing

the path forward by gaining better insights into the supersonic design space and morphing

technology. In this new modern process, morphing is considered right from the get go in

order to maximize the bene�ts it provides and minimize the potential drawbacks.

There are two main approaches to conceptual design: : forward design and inverse

design. During forward design, a set of input parameters (e.g. geometric variables) are

de�ned and the resulting system response is then computed by using a physical model. The

inputs are varied systematically in order to minimize or maximize a certain objective. In-

verse design formulates the design process as an optimization problem, where the desired

output is speci�ed by using an expert's knowledge of the problem. The objective of in-

verse design is to �nd the set of input variables that produce the initially prescribed output.

The advantages of inverse design over forward design are that it is less computationally

intensive, allows for novel solutions to be obtained and can reduce dimensionality which

is essential for the morphing combinatorial problem. There are drawbacks as well how-

ever, with the inverse design strategy requiring a strong understanding of the problem and

offering no guarantees that the design solution found at the end is physically feasible.

A hybrid design methodology that incorporates the bene�ts of forward design and in-

verse design through the use of Invertible Neural Networks (INN) is proposed to deal with

the design challenges of morphing technology. An INN is a deep network trained on a large
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aerodynamic database consisting of tens of thousands of low �delity aerodynamic cases.

The forward design strategy is used to determine an initial baseline aircraft optimized for

supersonic cruise while the inverse design strategy is used to determine variable geometry

con�gurations that have an improved aerodynamic performance (i.e. higher L/D) during

other �ight phases like subsonic climb and descent. A trajectory optimization-based mis-

sion analysis routine is then used to determine the optimum vehicle geometry at each point

in the sky for a target objective (e.g. minimum fuel or �ight time). The morphing schedule

for the sizing mission can thus be determined, with designers now being able to know ex-

actly how the morphing aircraft has to �y the mission in order to have the best performance

possible based on the actuator weight requirements and the initial selection of morphing

degrees of freedom and morphing bounds.

With the addition of multiple morphing degrees of freedom as control variables in this

trajectory optimization design approach, the trade-off between subsonic and supersonic

cruise ef�ciency is found to be be less severe and off-design performance is enhanced due

to the �exibility that morphing technology provides. In fact, it was discovered that apply-

ing morphing technology generated a substantial improvement in the subsonic speci�c air

range, which caused the morphing aircraft to cruise at subsonic speeds instead of super-

sonic speeds. This unwanted behavior was prevented by applying a time constraint on the

total mission time. Nonetheless, with morphing technology present, the supersonic aircraft

is now optimized for all �ight segments simultaneously which led to signi�cant weight and

cost savings. Furthermore, during the mission analysis routine, by using the improved con-

�gurations determined by the INN at the beginning of each phase instead of simply using

the baseline �xed wing vehicle geometry, there are substantial reductions in the computa-

tion time and the total number of iterations until convergence. Additionally, the optimizer

is now more likely to escape local minima due to the improved initialization provided by

the INN, which offers a starting point to the optimizer that is closer to the global minimum.

Different morphing degrees of freedom, namely sweep, twist and thickness-to-chord
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ratio, were studied for the sizing mission as well as for three different off-design missions.

Three distinct objectives were considered: minimizing fuel consumption, minimizing �ight

time, and minimizing a hybrid objective that combines both fuel and time. It was found that

the performance bene�ts of morphing over �xed wing aircraft were more pronounced for

off-design missions than for the sizing mission, particularly in cases where the off-design

missions included one or more subsonic cruise segments. These subsonic segments were

incorporated into the off-design routes to comply with the overland supersonic �ight ban

enforced by regulatory authorities. In fact, if the off-design mission range is similar in

magnitude to the sizing mission range, and includes one or more subsonic cruise segments,

then the original �xed-wing supersonic aircraft would be unable to complete the mission

due to insuf�cient fuel capacity. This happens because of the �xed wing aircraft's poor

subsonic cruise performance. In contrast to this, the morphing aircraft managed to complete

all off-design missions due to it being able to adapt its con�guration for subsonic speeds.

The proposed hybrid approach facilitates rapid design space exploration for SSTs equipped

with morphing technology. The methodology is able to handle different morphing de-

grees of freedom, different objectives and different on-design/off-design mission pro�les.

Trade-offs between various morphing degrees of freedom can easily be performed by ei-

ther including them in the �ight model as control variables if they are active or as constant

parameters if they are �xed throughout the mission. The maximum allowable weight of the

morphing actuation system, beyond which the morphing vehicle no longer outperforms the

�xed-wing con�guration, is also computed.

Overall, the novel design methodology proposed in this research proves both practical

and effective for morphing aircraft, solving the combinatorial problem that comes with

variable geometry. The results also indicate that morphing technology is a viable approach

to deal with the challenges that the new generation of supersonic aircraft have to face.
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CHAPTER 1

INTRODUCTION

This chapter is meant to give the reader an introduction to the thesis topic. A few key terms

that are used throughout the proposal document are given in Section 1.1. In Section 1.2,

the motivation behind the thesis topic is given along with some background information.

Sections 1.3 and 1.4 introduce the overall research problem that needs to be tackled and

the objective of the research is formulated. Finally, Section 1.5 gives a layout of what to

expect for the rest of this thesis document.

1.1 De�nition of Key Terms

Before diving into the thesis topic, it is imperative to have a thorough understanding of

certain terminology. This section is an attempt to clarify the meaning of various terms that

are used repeatedly throughout the proposal document, as well as to de�ne the relationships

between them.

Design

In ”The philosophy of design” [2], aircraft design is de�ned as ”the intellectual pro-

cess of creating on paper a �ying machine to meet certain speci�cations and requirements

established by potential users and/or pioneer innovative, new ideas, and technology”. By

this de�nition, any design needs to have something new incorporated within it and it can

not simply be a straight derivative of an already existing design. In this paper, the term

off-design will often be encountered. Off-design can be de�ned as any design that deviates

from the standard. This usually refers to the case when an aircraft will �y a mission other

than the one it was sized for during the design process.

Morphing

Morphing technology has been identi�ed within the EU ACARE2020 [3] and Flight-
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Path2050 [4] documents as a potential option to help with various aircraft objectives such as

reducing fuel burn, noise, and emissions. Morphing can be de�ned as ”an aircraft that can

continuously modify its geometry in order to enhance �ight performance, control author-

ity, and multi-mission capability”[5]. By that de�nition, morphing is not a new concept,

as “morphing” aspects are already present onboard existing aircraft (e.g. landing/take-off

�aps, landing gear). More substantial shape changes than ever before are now possible due

to new developments in adaptive structures and smart materials, like changing the airfoil

thickness or the wing span. For example, NASA (Glenn) is testing the potential of folding

the wing tips downward to `ride the wave' in supersonic �ight using shape memory alloys

[6].

Performance

There are several main objectives in aircraft design that could be considered as perfor-

mance metrics [7]:

• Range

• Sonic boom shock pressure rise

• Jet velocity at takeoff

• Approach speed

• Sonic boom perceived-loudness level

• Cruise Mach number

• Gross weight

• Stability penalty

• Aircraft length

• Fuselage diameter
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Other important aspects that need to be considered but are more dif�cult to quantify are

aesthetics and aeroelasticity.

Furthermore, all aircraft are unique in the way they have to deal with multiple �ight

regimes. To illustrate this, consider the case of a hypersonic vehicle that needs to �y sub-

sonically �rst then transonically then supersonically until it can �nally reach the hypersonic

cruise phase. Each of these �ight regimes come with their own individual set of distinct

challenges, both from a modeling and design perspective.

With all that being said, in this paper the aircraft performance usually refers to a re-

duction in aircraft fuel weight unless another metric is explicitly mentioned. The is an

important design goal for a high-speed commercial transport (HSCT) as an aggressive re-

duction in fuel weight can directly translate into cost savings for an airline.

1.2 Motivation

Time has an ever-increasing value in today's society. This is especially relevant in the

aviation sector, where a civilian supersonic aircraft can offer a substantial reduction in

�ight hours. Supersonic travel could cause a shift in the global transportation paradigm, as

a supersonic aircraft can get you from New York to anywhere in the world in less than 10

hours.

However, challenges arise when the Mach number is increased over Mach 1, as shown

in Figure 1.1. The increased complexity that comes with a higher Mach number and higher

standards of certi�cation compared to past supersonic transports means that a new design

approach is needed.

In order for supersonic aircraft to be successful, the following conditions, which are all

interlinked, need to be ful�lled:

• Ensure that there is signi�cant market potential

• Customer requirements are met for the speci�c market
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Figure 1.1: Supersonic Speed Challenges [8]

• Validation and cost-bene�t analysis are achieved through focused research and de-

velopment that take into consideration acceptable technical, environmental, and eco-

nomic risks

Morphing is a technology which can help rede�ne the future of supersonic �ight. A

morphing aircraft is a vehicle that can continuously modify its geometry in order to ”en-

hance �ight performance, control authority, and multi-mission capability” [1]. The uncon-

ventional transformation of morphing provides adaptability for multiple �ight phases when

compared to conventional airplanes that are typically optimized with a bias towards a single

mission segment (e.g. cruise for transport aircraft). This feature is especially bene�cial for

supersonic aircraft, who have to �y subsonically over land, as supersonic �ight is currently

banned in that region.

However, morphing is not a new concept, as the “morphing” aspects are already present

onboard existing aircraft. Subsystems such �aps, landing gear, variable incidence nose, and

variable sweep wings are all examples that could be considered morphing when using the

classical de�nition. Recent work in smart materials and adaptive structures has led to a

resurgence of interest in more substantial shape changes, particularly changes in the wing
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surface area and controlled airfoil camber [9]. For example, NASA (Glenn) is currently

using shape memory alloys to test the ability of folding the wing tips downward to `ride

the wave' in supersonic �ight [10]. These technological advances offer an opportunity to

rede�ne traditional supersonic aircraft design, which will be discussed in the subsequent

sections.

1.3 Problem Statement

The previous section has identi�ed a couple of challenges that future supersonic vehicles

need to address together with the potential morphing technology has to solve some of these

issues. Although it is clear that changing the geometry while �ying has its bene�ts, there

are very few methods currently available for the design of an aircraft using morphing tech-

nology in general. Most papers do not take this technology into consideration from a design

point of view, rather they are focused on analyzing the impact of morphing technology on

an already existing aircraft, which has already undergone a rigorous design process in the

past. As it will be seen in the following chapter, there are also many missing factors in

the analysis, namely the actuation weight, in the absence of which morphing would always

make sense.

The fact that supersonic vehicles encounter multiple �ight regimes (i.e. subsonic, tran-

sonic, supersonic) should bolster the interest of including morphing technology onboard

a vehicle. Thus, it is important to explore the additional design space offered by morph-

ing concepts and create a trade-off environment between fuel savings and extra actuator

weight. If the fuel savings offset the increase in structural weight, then it can be said that

morphing would buy itself onboard the vehicle. Other �gures of merit might also need to

be introduced as morphing can affect both aircraft performance and control simultaneously,

which makes it a multi-functional system.

There are also many morphing degrees of freedom being considered in the literature

from the 2D morphing of the airfoil in terms of camber and thickness-to-chord ratio to
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full 3D wing morphing of the span and sweep. Each morphing degree of freedom brings

its own bene�ts, and a preselection needs to be made based on some sort of hierarchical

approach before starting the conceptual design process. Furthermore, polymorphing, or the

use of multiple morphing degrees of freedom, is also something that is being considered in

the literature. This does not come without any complications however, as with morphing

technology, the aerodynamic analysis is not solely a function of Mach number and altitude

anymore, but also a function of each morphing degree of freedom.

While everything explained in this section is only a fraction of the problem, it also

shows how much this technology complicates the aircraft design process. It is clear that

changes should be made to the traditional conceptual design process in order to incorporate

morphing technology as early as possible and to evaluate and conduct a trade-off between

the bene�ts and drawbacks of morphing.

1.4 Research Objective

Despite the high interest of scholars in morphing technology, current research shows that

mechanisms and actuators are analyzed as retro�tted onboard systems of existing aircraft

and are compared to the initial �xed-wing design rather than being considered as standalone

systems, in an original design [11],[12].

O
This research's objective proposes a hybrid approach in investigating the usefulness

and applicability of morphing concepts for supersonic aircraft. The proposed ap-

proach comprises in developing a novel methodology focused on introducing this

technology as early as possible in the design cycle.

In light of this research objective several aspirational goals for this research can be

de�ned:

• Develop a methodology suitable for conceptual parametric studies for supersonic
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morphing wing aircraft in order to improve design space exploration.

• Introduce morphing parameters/constraints in the general conceptual design formu-

lation.

• Identify morphing strategies for various �ight regimes (e.g, 2D airfoil morphing vs

3D wing morphing or combinations of the two for supersonic/subsonic climb, super-

sonic/subsonic cruise and supersonic/subsonic descent).

• Investigate the usefulness of various morphing degrees of freedom.

• Add to the literature by applying this conceptual design methodology to various use

cases, most notably supersonic aircraft. Compare a morphed aircraft design to a

conventional design with retro�tted/without morphing using the same mission.

1.5 Document Road Map

The remaining chapters of this thesis document will focus on the relevant literature, the

proposed approach and methodology of the SST morphing-enhanced conceptual design,

the experimental plan and �nally the results and conclusions of the experiments. Chapter 2

will provide a brief summary of the latest publications related to supersonic aircraft design

and morphing technology. Section 2.1 focuses on the history of supersonic transport and the

problems this category of vehicles needs to overcome to be relevant in the current market. A

brief overview of morphing technology is also presented here together with the traditional

design approach. Section 2.2 introduces a few of the currently available approaches for

aircraft conceptual design together with their pros and cons. To conclude this chapter,

Section 2.3 highlights the shortcomings of the traditional conceptual design methodology

in relation to morphing aircraft. Chapter 3 starts with Section 3.1 in which the proposed

methodology is described in detail together with all the steps that need to be followed.

Subsequent sections introduce the research questions that need to be answered as well as

7



the hypotheses that follows them. Chapter 4 details in Section 4.1 the experiments that need

to be conducted to answer the research questions. Section 4.2 offers a canonical example

problem that can be used to test the entirety of the methodology described in Chapter 3.

Furthermore, Section 4.3 presents a summary of the proposed methodology. Chapter 5

introduces in Section 5.1 the analysis framework that is used to conduct the experiment

together with all the necessary changes required by the methodology. Section 5.2 presents

the results and conclusions of the �rst experiment while Section 5.3 introduces the results

and conclusions of the second experiment. Finally, Chapter 6 presents the conclusion of the

thesis project, with a particular focus on the valuable contributions of this research together

with recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

This chapter presents the latest research for both supersonic transport design and morphing

technology. Section 2.1 gives an overview of the history of SSTs, morphing technology,

and the conceptual design process. In Section 2.2, some of the most popular conceptual

design frameworks are brie�y analyzed. Finally, Section 2.3 identi�es the research gaps

that need to be focused on which, if addressed, would allow supersonic morphing vehicles

to become a reality.

2.1 SST Vehicle Design Process

2.1.1 History

Supersonic research was initially limited to military aircraft. However, during the 1960s,

there was a push to bring supersonics to the civil aviation sector and three different super-

sonic aircraft programs were set up:

• The US SST program was stopped before the �rst supersonic aircraft was even built.

Other US programs such as SCAR and HSCT also failed. The designs were deemed

unsatisfactory from a technical, economical, and environmental point of view. Ul-

timately, the main driving force in design is the cost. A recent Boeing study [13]

re�ected on the challenges of the former HSCT program and found that aeroelastic

effects are a key factor in determining the viability and longevity of an SST. The

original SST program economic objectives thus could not be met, even with the ad-

dition of a canard due to the fact that the aeroelastic bene�ts it provided could not

overcome the complexity and increase in weight that was generated.

• Russian Tu-144 was the �rst ever civil supersonic aircraft to �y in 1968. However, a
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Tu-144 crashed during the 1973 Paris Air-Show, due to reliability issues. Eventually,

the aircraft was withdrawn 3 years later after another crash and was used as a cargo

aircraft until 1983. The last Tu-144 �ew in 1999.

• British/French Concorde, the most famous civil supersonic aircraft, entered service in

1976, but had a series of crashes including the Air France Flight 4590 crash in 2000.

It was eventually retired in 2003 due to Airbus concluding maintenance support and

the general downturn of industry.

The lessons that can be taken from these three past programs is that aeronautical prowess

is not suf�cient because supersonic �ight must be done in a safe, economic, and environ-

mentally friendly way, which comes with its own set of challenges. These challenges can

be subdivided into three categories as follows [14] [15]:

• Con�gurational

– The delta wings that supersonic con�gurations typically go for have short wingspans

as a means of lowering the impact of sonic booms. The are also bene�cial from

a wave drag reduction perspective. However, this means that their low-speed

performance is reduced due to very high stall speeds and poor L/D characteris-

tics.

– Thin, low-aspect ratio wings, which are usually attached onto a long, slender

fuselage along a large root chord, cause a strong dynamic coupling between the

wing and the fuselage while also increasing interference drag.

– Most supersonic concepts are equipped with �aps, trim systems, and computer-

ized �ight controls, which allow for lower stall speeds, while they themselves

are being 'sources of tremendous drag' and still leading to 'hot' landings. [15]

– The outer wing is usually very thin and requires additional stiffening otherwise

the aileron/elevon's effectiveness is reduced due to the low torsional stiffness.
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– Forward visibility issues, which is a noticeable trait in the Concord

• Environmental

– LTO (Landing and Take-Off) noise

– Sonic boom

– Exhaust emissions

– Climate effects are different at the high altitudes supersonic aircraft �y at and

are yet to be fully understood (e.g. ozone layer impacts).

– Subsonic certi�cation requirements need to be met; supersonic �ight is cur-

rently banned over land.

• Modeling & Simulation

– Adapting lift distribution to improve off-design performance is becoming in-

creasingly important so that the low-speed �ight is now a part of the optimiza-

tion of loop together with the associated constraints.

– Little to no historical data

– More �gures of merit (FOMs) (e.g. sonic boom shock pressure rise, sonic boom

perceived –loudness level)

– Typical multidisciplinary design challenges (e.g. execution times, structural

design freedom, model generation effort)

When it comes to the design of SSTs, it seems that redesigning an existing con�guration

either through iteration or experience is the most common approach. A simple example of

a matrix of con�guration alternatives for a supersonic aircraft is shown in Table 2.1. It

can be seen from just this example that there are a total of 432 possible combinations.

This further complicates the supersonic aircraft design process, as there is no universally

accepted ”best” con�guration, like there is for subsonic aircraft. The little historical data
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available also makes it dif�cult to decide on the best option available and increases the

importance of having accurate analytical and numerical analysis. Furthermore, throughout

the duration of a single �ight, the supersonic aircraft has to deal with subsonic, transonic,

and supersonic �ight regimes, all of which come with their own set of challenges.

Matrix of con�guration alternatives
Planform type Double-delta Ogee Swing Blended
Wing location Low Mid High
Pitch Control Horizontal tail Canard T-tail Tailless
Engine cycle Mixed-�ow turbofan CDFS VCE FLADE VCE
Power plant installation Under wing Fuselage-mountedTail-mounted

Table 2.1: Example of a matrix of con�guration alternatives for a supersonic aircraft [7]

2.1.2 MorphingReview

Some of the previously listed supersonic challenges can be alleviated with morphing tech-

nology by changing a few key design parameters. Currently, morphing can affect the pa-

rameters listed in Figure 2.1. With the exception of the dihedral angle and the ability to

fold the wing, all of these are key conceptual design variables.

Figure 2.1: Morphing Degrees of Freedom [16]

While current smart morphing/actuation (e.g. SMAs) are still in the experimental/test-

ing phase, the main advantage they bring is that they are designed to be used for all �ight
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phases as opposed to conventional systems, like �aps, that are designed for a particular

�ight phase while providing no bene�t and sometimes even being a detriment in other mis-

sions segments. This in turn allows for an ef�cient and versatile means of transport. Fur-

thermore, morphing technology allows for numerous geometry changes that are only lim-

ited by actuation requirements and are usually multi-functional. This multi-functionality

aspect of morphing is usually under-looked when it comes to doing trade-offs. For ex-

ample, asymmetric span morphing might be considered worse than conventional ailerons

which are simpler, lighter and more power ef�cient. However, asymmetric span morph-

ing provides pitch-roll coupling, offering a larger range of maneuverability in many �ight

conditions. Slats and �aps are only used in two �ight phases, namely landing and take-off,

as a means of reducing the stall speed by increasing the maximum lift coef�cient. Span

morphing can be used to achieve a similar effect while also potentially being used in other

�ight-phases to enhance aerodynamic ef�ciency and for control purposes. Finally, an inter-

esting observation can be derived from the evolution of the �ap system shown in Figure 2.2.

The �ap initially was a very complex mechanical device with several moving parts but, as

time went on, the focus shifted on more simplistic �ap modi�cations. Morphing seems to

be a natural evolution of the �ap system with the added bene�t of it being a multi-functional

system.

Each individual morphing degree of freedom provides several bene�ts to enhancing

aircraft performance, as summarized in Table 2.2. It can be observed that the complexity

level and the power requirements rise as you go from airfoil morphing (i.e. 2D morphing)

to the optimal planform morphing (i.e. 3D morphing). This is because reshaping with

small surface area/planform/volume changes is much easier than have to deal with large

scale surface area/planform/volume changes. [18]

All the morphing degrees of freedom can be visualized in Figure 2.3. In order to achieve

these changes, different types of surface deformations are required as showcased in Ta-

ble 2.3. For example, span morphing can either be achieved by the expansion/contraction
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Figure 2.2: Evolution of the �ap system [17]

Morphing Strategy Function Morphing Level
Camber Optimize L/D

Reduce noise
Flight control (roll, pitch yaw)

Low

Thickness Optimize L/D
Low-speed performance

Low

Twist Flight control (roll, pitch) Medium
Span Optimize L/D

Flight control (roll)
Maneuverable/agile vs Range/Endurance

High

Sweep Optimize L/D
Flight control (turn radius)
Flight control (turn radius)

High

Folding Wing Optimize L/D High

Table 2.2: Morphing DOF Bene�ts [16]

of a structure built with �exible materials via mono-in-plane motion surfaces or by a trans-

lation of rigid elements via bi-translational motion surfaces. Bi-motion surfaces are usually

preferred because they are simpler to apply, since there comes a point where mono-motion

surfaces struggle with achieving the necessary geometry changes due to higher surface

loadings. Thus, there needs to be a trade-off between adaptability and high structural rigid-

ity, which is an important example of sometimes con�icting mechanical requirements.

Some trends can be observed in the history of the morphing aircraft presented in Fig-
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Figure 2.3: All potential morphing degrees of freedom [19]

Surface Deformation Sweep Taper Span Chord Thickness Camber Twist Dihedral
Bi-translational # # ! ! ! # # #
Bi-rotational ! ! # # # ! ! !
Mono-in-plane expansion & contraction # # ! ! # # # #
Mono-in-plane shearing ! ! # ! # # # #
Mono-out-of-plane bending # # # # ! ! # !
Mono-out-of-plane twisting # # # # # # ! #

Table 2.3: Relationship between morphing degrees of freedom and required surface defor-
mations [16]

ure 2.4. The concept of morphing started with the Wright Flyer itself, where control lines

were used to change the twist distribution along the wing, in order to control the aircraft.

After the early age of �ying, sweep started being the principal morphing degree of free-

dom, with many American and Russian military aircraft like the F-14 and the MiG-14

having variable sweep technology onboard. In recent times, it seems that morphing re-

search is limited to small UAVs with various morphing parameters including cases with

more than one morphing degree of freedom onboard (e.g. MFX 1 with both sweep and

span morphing). This focus on UAVs is expected due to their lower respective risks, costs,

certi�cation requirements and multi-mission capabilities. There is limited transonic appli-

cations nowadays due to complexity of modeling shockwaves and even fewer supersonic

or hypersonic applications. The focus is mainly on camber morphing due to the greater

effect it has on aerodynamic forces and moments and low morphing complexity. Addi-

tionally, only few studies have ever considered applying morphing technology to anything
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other than the wing and also have not considered the impact this technology has on the full

aircraft. [1]

Figure 2.4: History of Morphing Aircraft [20]

When it comes to morphing actuation, there are generally two types: morphing by

mechanical actuation and morphing by smart actuation. Mechanical actuation typically

includes motors or gearboxes and hydraulic systems, robot servos for winglet adaptation,

and servo-actuation for trailing edge morphing. Smart actuation includes a wide array

of material options, such as piezoelectrics, micro-�ber composites (MFC), electro-active

polymers, and shape memory alloys. Examples of mechanical and smart actuation for

changing the camber of airfoil, can be seen in Figure 2.5.
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(a) Mechanical actuation (b) Smart actuation

Figure 2.5: Examples of morphing actuation [21]

Morphing wings come with their own set of problems, that directly affect their behavior:

• Changes in in the aircraft loads

• Changes in the structural or elastic properties

• Changes in inertial properties

Since the loading is directly affected, other aspects, such as stability, control, and �ight

dynamics, need to be more thoroughly investigated. Morphing also comes with added risks,

such as electrical system failure, �exible skin cracking, and actuation jamming, which

would completely impede morphing and could prove catastrophic in certain �ight condi-

tions. New aspects need to be considered such as those related to the wing con�guration

(e.g. location of morphing, required force/heat output, structural element placement) and

to the wing morphing transition (e.g. active vs passive morphing, correct time to do the

transition, order of transition if multiple morphing degrees of freedom are present).

2.1.3 DesignProcess

The typical aircraft design process is summarized in Figure 2.6. Starting from a set of re-

quirements, factors such as the overall shape, weight, size, and performance of the aircraft
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are primarily decided during the conceptual design step. The three main disciplines are

aerodynamics, propulsion, and structures, exactly in that order. There are still some con-

siderations given to other aspects, like cost, stability, and control, but not at a detailed level.

The �delity level of the analysis done during conceptual design is low, while the design

freedom is high, which may allow designers to use a more analytical approach.

Figure 2.6: Aircraft Design Process [22]

The usual steps one has to follow during conceptual design are summarized by An-

derson's Seven pivot points [22] (shown in Figure 2.7a). The �rst order weight estimate

is made, based on the anticipated class of vehicle that will satisfy customer requirements.

After that, certain aerodynamic performance metrics are computed. The aspect ratio of the

vehicle can then be determined and based on that a new weight estimate can be obtained.

Next, the resulting con�guration is analyzed again and its performance is checked against

the customer requirements. If these are not satis�ed, a new con�guration is tried and tested.

If they are satis�ed, an optimization can take place in order to �nd the best derivative of

that con�guration possible. An alternative way to represent the steps of conceptual design

is presented in Figure 2.7b.

After the conceptual design phase is �nished, the preliminary design phase begins.

More advanced numerical analysis tools such as CFD and FEM can be employed as well

as the �rst rounds of wind tunnel testing. Discipline specialists are involved and the MDO
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(a) Anderson's Seven pivot points [22] (b) First order Design Method [23]

Figure 2.7: Conceptual Design steps

becomes increasingly important. At the end of this phase, decision makers need to choose

whether the aircraft program should be continued to completion or if it should be scrapped

entirely.

The last design phase is the detailed design, where the most important design decisions

related to the major aircraft disciplines have already been �nalized and can no longer be

changed. The focus is shifted towards manufacturing considerations that estimate the �nal

weight and performance. This phase is mainly used to �nally turn the ideas into a physi-

cal prototype aircraft. The aircraft is ready for production once the detailed design phase

reaches its conclusion.

When considering the application of new technologies such as morphing, it is important

to minimize both risk and uncertainty. Most research focuses on applying morphing tech-

nology to an existing aircraft, which has already been designed as �xed-wing aircraft. This

way of thinking instantly reduces some of the potential bene�ts of this technology, as many

decisions would be different if morphing was considered right from the very beginning.

This means that conceptual design is the ideal step where one should start considering this

technology as morphing substantially affects all three major disciplines. As a result, con-
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ceptual design should be considered as the most critical phase in implementing morphing

in the engineering design process.

There are three phases within conceptual design, namely constraint analysis, mission

analysis and sizing and synthesis. They are all shown in Figure 2.8 and Figure 2.9. Start-

ing from a notional concept, which is representative of the type of mission the aircraft is

designed to �y, the aerodynamics, propulsion, and structures are analyzed at a very rudi-

mentary level. Important aerodynamic results are obtained, such as theCL -� relationship

and theCL =CD ratio. Engine parameters such as fuel �ow are calculated for the given

mission. When it comes to structures, the main interest is getting an initial weight estimate

which can be obtained from historical data and regressions.

Constraint analysis follows, which is a step where performance constraints and require-

ments can be set as functions of thrust loading (T/W) and wing loading (W/S). These in-

clude restrictions to stall speed, take-off and landing runway lengths, climb rate, climb

ceiling, etc. Based on these constraints, a solution space can be identi�ed and a design

point can be picked.

Mission analysis focuses on the obtaining the fuel consumption throughout various

�ight stages. It uses the thrust and wing loading from the constraint analysis to identify

a relationship betweenWF andWT O . While there is not much information needed at this

stage, the process is highly iterative as new weight estimates are obtained at the end of

mission analysis which need to be incorporated into the constraint analysis and update the

design space. This loop continues until convergence between the two steps is achieved and

the �nal values for thrust and wing loading can be obtained.

Sizing and synthesis is the �nal stage of the conceptual design, where the main aircraft

components, weights (e.g. wing, fuselage, tail) are calculated. The main goal is to obtain

the �nal wing area and the thrust required, as well as key performance parameters, like the

lift to drag ratio or the range.

A special mention should be made for the gross weight. As typically the structural
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Figure 2.8: Mission & Constraint Analysis [24]

Figure 2.9: Sizing & Synthesis [25]

weight of an aircraft increases with morphing capability, the weight saved in terms of fuel

can offset this and the overall gross weight can go down. The usual formulation for the

gross weight is given in Equation 2.1.

WT O = Wempty + Wpayload + Wfuel (2.1)
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Short-range subsonic aircraft have an empty weight fraction of around 0.65 while for

long-range aircraft that value is lower at only a 0.45 empty weight fraction. During the

conceptual design phase, weight estimates tend to be very inaccurate with errors of up to

10%. The Concorde featured an empty weight fraction of 0.44 and a fuel weight fraction

of around 0.50 [26]. The formulation of the weight in Equation 2.1, can be further broken

down as shown in Equation 2.2 for a morphing aircraft:

WT O = Wwing + Wfuse + Wtail + Wprop + Welec + Whydr + Wmorph;actuation (2.2)

Every term in Equation 2.2 is the same as for a conventional �xed-wing aircraft with

the exception ofWmorph;actuation . A way to estimateWmorph;actuation , needs to be found.

Most morphing analysis papers either use an empty weight penalty factor (e.g. 5lbs=f t2

of area change [27]) or ignore it all together. Other papers [28] try to use an Energy-based

approach, based around the structural loads and wing box structure; however, this is more

of an approach suitable for the preliminary design phase. This added weight factor is the

greatest downside of implementing morphing technology, therefore a good weight estimate

is needed. Two ways of estimating the morphing actuation weight will be explored in this

section: one around the different types of actuation devices and one based on statistics.

Morphing actuation, especially 2D morphing, is comparable to hinge devices like �aps

and slats. Camber/thickness morphing serves a similar function as �aps and slats as well.

In order to size actuators for hinged devices, hinge moments/forces need to be computed

so that the actuator effects on the overall aircraft design can be quanti�ed.

In the early stage of the design process, it is dif�cult to estimate hinge moments/forces

since the required inputs (e.g. airfoil selection, types of actuators, wing/control surfaces)

are unknown. Hinge force and moment estimation is important for subsystem design when

it comes to actuator sizing, hydraulic/electric system sizing, �ight control system mass and
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power sizing and for estimating engine performance in off-design conditions. [29] [30]

Depending on the level of �delity required, hinge moments can be calculated as follows:

• High-�delity models can be computed using CFD

• Lower �delity models can be computed using 2D numerical aerodynamic models

• For conceptual and preliminary design, the method proposed by Roskam is the best

when considering the required �delity and computational time.

After the hinge moment is determined, the actuator can be sized. The two most popular

forms of actuators used on aircraft are electro-hydrostatic actuators (EHA) and electro-

mechanical actuators (EMA), each coming with their own sizing methodology [31].

EHAs are self-contained hydraulic systems moved by electric motors. The �rst compo-

nent that needs to be sized is the actuator rod, determined by the using Equation 2.3, where

pm is the maximum allowable stress in the materials and F is the actuator force.

A rod = kr
F
pm

d2
rod =

4
�

A rod (2.3)

The actuator piston size can then be determined using Equation 2.4, where M is the

hinge moment for the �ight control surface,pmaxsys is the maximum system pressure, r is

the actuator hinge arm and is a swept angle.

dpiston =

s

d2
rod +

4M

�mp maxsys rcos 
2

Apiston =
�
4

d2
rod (2.4)

Finally, it is possible to calculate various �ow parameters such as the maximum re-

quired �ow rateQnorm and maximum volumetric pump displacementVg and motor torque

� using a preselected nominal speednnom in Equation 2.5:

Qnom = VnApiston Vg =
Qnom

nnom
� =

Pmotor

nnom
(2.5)
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EMAs are similars to EHAs with the exception that the hydraulic system is now subti-

tuted with a motor that moves a screw mechanism. EMAs are usually sized, using scaling

laws for each component instead of general equations [32].

For the main mechanical components of an EMA, namely the ball and roller screws and

bearings, the scaling methods from Table 2.4 are used.

Parameter Unit
Rolling bearings

(incl. end-bearing)
Spherical bearing

Ball end roller screws
(nut and screw)

De�nition Parameter(s)
Dynamic load capacity

Cnom (N)
Nominal static load

C0 (N)
Nominal output force

Fnom (N)

Integration Parameter(s)
Length, diameter,
with and depth

Inner diameter

Mass

Mass per unit length

m

m

kg

kg/m

l � = C � 1=2
nom

din = dext - (F � )1=2�d ref

M � = C � 3=2
nom

l � = C � 1=2
0

din = dext - (F � )1=2�d ref

M � = C � 3=2
nom

l � = F � 1=2
nom (diameter)

M � = F � 3=2
nom (nut)

M �
l = F � 3=2

nom (screw)

Table 2.4: Electro-mechanical actuators scaling laws for mechanical components [32]

For the other mechanical components of an EMA, such as speed reducers and elec-

tromechanical motors, the scaling methods from Table 2.5 and Table 2.6 are used.

Parameter Unit
Speed reducer - 1 stage

Cycloid, Harmonic Drive
Speed reducer - n stages

Planetary gearboxes

De�nition Parameter(s)

Nominal Output Torque
Tnom (Nm)

Transmission ratio
k

Cycloid, Harmonic Drive
T �

i;nom = T �
n;nom

k(1� 1
p )( 1� i

n x ) � n x � i
; i < n x

Total reduction ratio k

Integration Parameter(s)
Length (l) and diameter (d)

Mass

m

kg

d� = T � 1=3
nom

l � = T � 1=3
nom

M � = T �
nom

d�
i = T � 1=3

i;nom

l �
i = T � 1=3

i;nom ; l i � l i;min

M �
i = T �

i;nom

or M �
i = T � 2=3

i;nom l �
i

Table 2.5: Electro-mechanical actuators scaling laws for speed reducers[32]

The procedure above is based on the analogy that morphing actuators and �ap/slat actu-

ators can follow a similar sizing process. Another approach for actuator weight estimation
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Parameter Unit Cylindrical motor Annular motor
De�nition Parameter(s)

Nominal continuous torque

Operating Voltage

Nm

V

T �
em;nom = l � 3:5

U� = n� l �

T �
em;nom = l � 3

U� = n� l � ! �
elec;max

Integration Parameter(s)
Length and diameter

Mass

m

kg

l � = T � 1=3:5
em;nom

M � = T � 3=3:5
em;nom

l � = T � 1=3
em;nom

M � = T � 2=3
em;nom

Table 2.6: Electro-mechanical actuators scaling laws for motors[32]

is based on statistical methods. While many studies rely on simple weight penalty fac-

tors (e.g. 10% empty weight increase for morphing [33]), there are a few studies where a

database of con�gurations is created and statistical analysis is performed or even where a

design of experiments in conjunction with FEM is utilized. In [34], different �nite-element

based approaches are utilized in order to create a conventional wing weight equation (Equa-

tion 2.6) and a response surface based full quadratic polynomial wing weight equation

(Equation 2.7), from a wide range of wing con�gurations.

Wwing = (0 :0352� WG)
S0:4516 � (AR)1:3520 � (1 + � )0:7850 �

�
1 + ��

90

� 0:4524
� (1 + � cmax )0:0252

(1 + cos� )4:8970 � (100� t=c)0:8870
�

W=S
10

� 0:0045

(2.6)

Wwing = a0 +
nX

i =1

ai X i +
nX

i =1

nX

j = i

aij X i X j (2.7)

Equation 2.6 and Equation 2.7 both utilize standard geometrical parameters used in

wing weight equations such as sweep and aspect ratio and morphing parameters such as

� cmax and�� which represent chord and sweep morphing respectively. Theai factors in

the response surface equation are the equation �tting coef�cients, while theX i factors are
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the same variables as the ones used in conventional wing weight equations. Both of these

equations have been shown to offer reasonable weight predictions. This is probably the best

weight prediction one can obtain for the conceptual design level, however, the equations

are only valuable within the range of con�gurations that were used to create them.

The use of FEM and the fact that the equations are only valid for a limited range of

con�gurations can be an inef�cient process in terms of time and labor. Scaling of a mor-

phing aircraft can be a good way to get a quick estimate of the actuation weight during the

conceptual design phase. For example, in [35] a 2-D cellular truss structure that is designed

to replace the internal con�guration of a wing is scaled for different gross weight aircraft.

This truss structure would allow for span morphing. Figure 2.10 and Figure 2.11 illustrate

the impact of this span morphing technology on gross weight and performance.

Figure 2.10: Morphing weight penalty [35]

In Figure 2.10, it can be seen that the structural weight increases with gross weight,

as expected for both a �xed-wing and a morphing aircraft. However, the structural per-

centage increases of a morphing aircraft is much larger and exponentially increases with
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Figure 2.11: Span morphing performance decrease [35]

gross weight. It can thus be said that the morphing penalty is more prevalent for heavier

aircraft. This means that heavier aircraft must be able to save a larger percentage of fuel

than lighter ones in order for morphing technology to be worth employing onboard the

aircraft. Furthermore, in Figure 2.11, it is shown that the morphing capability decreases

with gross weight, meaning that less pronounced geometrical changes are possible with a

heavier aircraft. For example, a 1 kg gross weight aircraft can change its wing span length

by 80% while a 10000 kg aircraft can only increase its span by 27%. It is important to

remember that this scaling is simply done for this particular technology and for just one

degree of freedom. Other morphing technologies might yield better scaling results than the

ones presented here.

2.2 Industry Standards and Guidelines

There are several conceptual design and analysis codes present in the literature. Some of

the more popular ones are discussed brie�y below:
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• SYNAC [36] - A FORTRAN sizing and synthesis code, made by General Dynam-

ics for subsonic and supersonic aircraft. It has the capability of determining forces

(intermediate variables) and aircraft performance (dependent variables) as well as

controlling the con�guration. Variable sweep wings can be analyzed using SYNAC.

The code relies on historical data and the Breguet Range equation (very traditional

conceptual design). There are also no noise prediction capabilities and the code is

not very suitable for new, advanced aircraft concepts.

• ACSYNT [37] - A sizing and synthesis FORTRAN code, developed by NASA for

�ghter, bomber and transport aircraft. It includes traditional conceptual design ca-

pabilities and is most suitable for military aircraft. ACSYNT also includes initial

estimates on cost and manufacturing. However, the code is not publicly available

and has no morphing capabilities.

• FLOPS [38] - This is one of the most well known conceptual design codes developed

by NASA. It is mainly written in FORTRAN and follows a bottoms up approach

for estimating the maximum take-off weight and has extensive modules for detailed

take-off and noise prediction. It is becoming a little outdated nowadays and it is

unable to analyze novel aircraft concepts such as electrical or morphing aircraft.

• LEAPS [39] - It is the spiritual successor of FLOPS written in Python and it can han-

dle the design of more modern aircraft, especially the ones featuring electric/hybrid-

electric propulsion. LEAPS is also more modular than FLOPS, allowing for users to

input data at any stage in the design process and do only the analysis that they see �t.

It is a much more customizable code than FLOPS, allowing users to introduce their

own custom models (e.g. energy model, atmospheric model). However, the code is

not yet publicly available.

None of the codes above can handle multiple morphing degrees of freedom without

major workarounds and/or tedious manipulations.
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2.3 Gap Identi�cation

There are several gaps in the current state of literature described in [40] that need to be

investigated. They are subdivided into the following list of categories:

• Morphing skin and �exible structures/materials

• Impact of actuation system/rates/forces

• Types of studies

• Effect of nonlinearities

• 2D airfoils, 3D wings or full aircraft

• Types of aircraft

• Flight speeds

• Types of actuation systems

• Aerodynamics and Structural solvers

• Degrees of freedom

Each of these will be brie�y discussed in the following subsections.

2.3.1 Morphingskinand�exible structures/materials

Most morphing concepts in literature make use of �exible/compliant skins without consid-

ering the structural effects they could have on the wing. The issue lies with the absence of

aeroelastic methods/software that is able to deal with morphing skins that are �exible and

have non-linear properties.

In [41], a methodology is proposed to investigate the static aeroelastic effects that a

�exible skin has on a camber-morphing wing. The skin itself was found to have an im-

portant effect on the aerodynamic properties of the airfoil. At low angles of attack,CD
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increases whileCL decreases substantially as a result of the �exible skin around the trail-

ing edge bubbling under pressure. This effect is less pronounced at higher angles of attack.

Furthermore, at high speeds, a similar effect as the one mentioned previously for low angles

of attack can be observed. The impact of the �exible skin required for morphing concepts

must thus be incorporated when design studies are performed, as it can reduce the expected

aerodynamic bene�ts of this technology.

2.3.2 Impactof actuationsystem/rates/forces

The aeroelastic behavior of the wing can be heavily in�uenced by the required morphing

actuation forces and rates as well as the type of actuation used. Most studies analyze the

potential bene�ts of morphing from a quasi-steady standpoint (i.e. before and after mor-

phing). Few studies thus consider time-dependent geometry changes as the complexity in-

creases tenfold. In [42], the potential of using variable span as a form of �utter suppression

at supersonic speeds is considered. The study concludes that a variable span could handle

tasks such as a task and increase the stability of the aircraft as long as there is an upper

bound on the morphing rate and if the amplitude of the periodically varying span length

is within a certain threshold. A similar study on the morphing rate for a wing equipped

with morphing twist is conducted in [43]. It is found that the aeroelastic/mechanical wing

behavior is impacted by the actuating torque used to twist the wing and it should thus be

included in any design optimization routine.

Even fewer studies focus on the actuation type. For example, in [44], there is an in-

vestigation of the aeroelastic impact of a SAW on a small UAV. The actuation is done via

a torque tube actuation mechanism (active rib used to maintain wing shape) and a sliding

trailing edge. It was found that this solution is lightweight, has a higher �utter speed and

a higher wing torsional stiffness compared to a conventional hinged control surface wing

due to the presence of a sliding trailing edge.
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2.3.3 Typesof studies

Due to the experimental nature of this technology, the most recent studies in the literature

are analytical, as expected. In [45], there are small-scale wind tunnel and �ight tests per-

formed for a morphing wing tip concept that can move during �ight to reduce loads and/or

increase wingspan. There is not much literature available from a design perspective either

as this technology is usually applied to already existing aircraft/UAVs.

2.3.4 2D airfoils, 3D wingsor full aircraft

It is evident that the literature focuses on either 2D airfoils or 3D wings depending on

the desired morphing degree of freedom. For example, if one is investigating camber, the

impact on the airfoil is usually desired while, if one is looking at sweep, the impact on

the wing is relevant. With that being said, it is important to look at the impact on the

whole aircraft as things like interference drag or stability could be affected by morphing

technology. There are a few examples in literature where the full aircraft is analyzed. For

example, in [46], the effect of a folding wing tip on the dynamic loads is investigated for a

typical civil jet transport aircraft.

2.3.5 Typesof aircraft

In the past, most morphing studies revolved around �ghter aircraft in the form of active

aeroelastic/�exible wings (e.g. F/A-18 [47] or F-16 [48]). Today, UAVs are considered to

be the best test bed for morphing technology because they usually have lower costs and

risks associated with them. Furthermore, UAVs are designed with multiple applications in

mind which pairs well with the multi-functional aspect of morphing.

2.3.6 Flight speeds

Although morphing technology thrives more when there are multiple speed regimes, most

current morphing concepts are analyzed in the context of subsonic speeds. This is because
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other speed regimes, especially transonic speeds, are more complex to model due to the

presence of shocks, and thus require higher-�delity aerodynamic tools to analyze. Further-

more, most morphing applications are made for UAVs and these are usually designed to �y

subsonically.

An interesting airfoil morphing adaptation for transonic/supersonic speeds in the form

of shock control bumps is discussed in [49]. The mechanism is shown in Figure 2.12. Fun-

damentally, when deployed, the shock control bump leads to the formation of an oblique

shock in front of the normal shock and leads to overall less drag as the case when the de-

vice is not deployed. This is because a two shock system is more ef�cient to decelerate

the �ow, especially when coupled with actuation to control different scenarios that can be

encountered at various Mach numbers.

Figure 2.12: Shock control bumps [49]

2.3.7 Typesof actuationsystems

There is a distinction that can be made between active and passive morphing systems. Most

morphing systems in literature are active, meaning that some sort of actuation mechanism

(e.g. mechanical) is necessary to achieve the desired changes. Passive systems usually

require no additional energy input. In [50], a direct comparison is made between an active

and passive camber morphing system for helicopter rotors. The study concludes that the

passive morphing system is more bene�cial since it reduces the rotor power more than its

active counterpart.

32



2.3.8 AerodynamicsandStructuralSolvers

For aerodynamics, at low speeds, most studies used UVLM (Unsteady Vortex Lattice

Method), DLM (Double Lattice Method) and strip theory together with some panel meth-

ods while at transonic speeds VLM and �nite volume CFD solvers were preferred. For

structures, mostly Euler-Bernoulli beam, plate, and shell models are used.

2.3.9 Degreesof freedom

Most studies focus on mono-morphing concepts (i.e. one degree of freedom). This is

because polymorphing introduces complexity as there is usually interaction between the

degrees of freedom. The most popular degree of freedom in recent literature is camber

morphing since it can have an impact on all �ight phases and it is the easiest one to achieve

from an implementation point of view. Folding wingtips [51] have also gained a lot of

attention due to their applicability for current subsonic transports. The least attention was

paid to chord, thickness-to-chord and sweep morphing since the geometry changes are

much harder to achieve in these instances. This is an interesting �nd since variable sweep

capability has possibly the largest impact for multiple speed regimes and because there are

already past examples of variable sweep geometry aircraft (e.g. F-111).

2.3.10 Additional �ndings andgapdetermination

The literature focuses on morphing concepts that are used to replace conventional systems.

Some of these systems are almost a century old and have been tried and tested and im-

proved. Furthermore, it focuses on the idea that morphing concepts will be operated in

the same manner as conventional systems and will be used to replace them, either fully

or partially. This way of thinking often results in morphing being disregarded. For ex-

ample, asymmetric span morphing might be considered worse than conventional ailerons

which are simpler, lighter and more power ef�cient. However, asymmetric span morph-

ing provides pitch-roll coupling, offering a larger range of maneuverability in many �ight
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conditions.

The major �ndings during the literature search is that morphing technology, mecha-

nisms and actuators are analyzed as retro�tted systems onboard existing aircraft and are

compared to the initial �xed-wing design rather than being considered as stand-alone sys-

tems in an original design. This usually leads to morphing being considered an inferior

technology that does not buy itself onboard the aircraft in terms of performance gain.

Literature does indeed acknowledge that the classic design approach, especially from

a stability and control standpoint, is to have as little coupling as possible. Technological

advances in UAVs and computing systems allow for the introduction of coupling in aircraft

design that could potentially enhance �ight performance. Additionally, most conventional

systems are designed with one single function in mind while morphing concepts are multi-

functional. Flaps and slats are only used during take-off and landing as means of reducing

the stall speed by increasing the maximum lift coef�cient. Span morphing can be used to

achieve a similar effect while also potentially being used in other �ight-phases to enhance

aerodynamic ef�ciency and for control.

Considering all of the above, the following potential gaps are chosen to be treated in

further detail in subsequent sections.

• Gap 1

– Gap 1.1- Current conceptual design processes are not well equipped to conduct

exploratory analyses that seek to exploit the bene�ts of morphing technology.

– Gap 1.2 - Traditional conceptual design focuses on enhancing performance

mainly for cruise without giving much consideration to other �ight phases or

off-design missions. This drastically limits the potential impact of wing mor-

phing technology.

– Gap 1.3- There is currently no ef�cient methodology to account for the ex-

tended design space offered by morphing technology. The sheer number of
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extra analysis and decisions that have to be made due to the combinatorial na-

ture of the problem and the extra design variables introduces complications.

The traditional design process, even though it is relatively simple to implement,

is computationally intensive and takes a long time to converge for a morphing

aircraft due to the extra morphing degrees of freedom and does not consider

morphing during other �ight phases.

• Gap 2- Aircraft are used to �y a various number of different routes throughout their

life cycle. Furthermore, with SSTs currently being banned to �y supersonically over

land by FAA regulations, different scenarios need to be considered. Thus, design

�exibility is an important factor when trying to increase the total number of routes

an aircraft can �y. The higher the �exibility of the design, the more attractive the

aircraft is for airlines.

• Gap 3 - Design solutions are very sensitive to off-design conditions when the opti-

mization process is focused around weight minimization and fuel consumption. This

is even more relevant for supersonic transports since they have to navigate through

multiple speed regimes and �ight phases. Furthermore, current design methods only

account for morphing settings at the on-design point without considering the full

extent of the �ight envelope.
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CHAPTER 3

PROPOSED APPROACH & METHODOLOGY

The previous chapter covered the traditional conceptual design de�ciencies in relation to

morphing and SSTs. This chapter focuses on addressing some of the gaps that were men-

tioned previously. The three research questions together with the hypotheses are posed in

Sections 3.1, 3.2 and 3.3 respectively.

3.1 Research Question 1

In light of Gap 1.1, Gap 1.2 and Gap 1.3 from the previous Chapter 2, the following research

question can be derived:

RQ1: How does the current aircraft synthesis and sizing process need to change in

order to incorporate morphing technology for all �ight phases?

In order to understand the problem, it is worth looking at some of the various design

features of supersonic transports. SSTs feature thin, low aspect ratio wings with the goal

of minimizing wave drag at high speeds [52]. However, thin wings require a larger area

to achieve the necessary internal volume for fuel and other structural components. This

also has an impact on the sonic boom, as a larger wing area directly correlates to a more

impactful sonic boom. Low-aspect ratio wings also have undesirable L/D performance at

low speeds which increases fuel consumption; poor performance for landing and take-off

conditions as well. Airfoil or chord morphing could change the wing such that at low- to

high-subsonic speeds it can be a thick, high-aspect ratio con�guration and a thin low-aspect

ratio wing otherwise.

A high-sweep angle is another classic design feature of a supersonic transport [52]. This

is because it helps with delaying the formation of shocks caused by compressibility effects.

Sweep causes airfoils to experience lower speeds than the actual aircraft speed, which
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is detrimental to L/D at low speeds, especially during take-off and landing. This means

that the wing needs to produce a higher lift coef�cient, either through the use of more

advanced high-lift devices or through planform changes. Both of these options translate

into unwanted weight gain. A way to circumvent this and limit the amount of trade-off

necessary between low and high speeds is to use a variable sweep wing. A low sweep

con�guration can be used for take-off, climb (partially), descent (partially) and landing

while high sweep can be employed for the supersonic cruise phase.

Another popular feature of SSTs is biconvex airfoils [52]. They feature very sharp

leading/trailing edges meant to stop the formation of shocks ahead of the airfoil at high

speeds. This leads to a reduction of wave drag, which is the drag caused by the formation

of shock waves due to air�ow compressibility effects around the aircraft. This design

philosophy comes into contrast with subsonic airfoils that typically feature rounded leading

edges in order to prevent �ow separation at high angles of attack. Modifying airfoil shape at

various speeds either through camber or thickness-to-chord ratio could be bene�cial from

an aerodynamic point of view.

From a non-wing design point of view, SSTs feature smaller engine inlets in order

to be able to operate through a multitude of �ight regimes [52]. This has the effect of a

decreased overall propulsive ef�ciency. Furthermore, high-speed SSTs must implement

high temperature materials in order to �y at higher altitudes [52]. These materials typically

come with the disadvantage of greater construction and maintenance needs.

It is evident that morphing technology can reduce some of the design trade-offs that

have to made for supersonic transports. In order to implement this technology during the

conceptual design stage, the proposed process is to borrow and adapt some elements from

the “traditional” aircraft sizing process. To streamline the sizing of morphing aircraft con-

cepts, elements have to be added to the current sizing process in order enable adaptation

(e.g. morphing variables, ranges, rates). It is also important to introduce morphing mech-

anism drawbacks (e.g. actuator weight) early on while also showcasing the aircraft-level

37



bene�ts. Finally, due to the combinatorial nature of the problem of morphing, it is imper-

ative to introduce integrating methods and modern analysis tools to shorten runtime and

increase method �exibility.

The primary criticism of the traditional aircraft sizing process from a morphing point

of view is that there are very few design variables used during the conceptual design phase.

Introducing a larger number of design variables and grouping them into multiple sets, one

that is common between each �ight condition with the rest being independent, is a much

needed change. This would mean that each morphing degree of freedom should be treated

as an independent variable, as explained in [53].

Another big drawback of the traditional way of thinking is that most systems are thought

of as having just one singular function. For example, �aps are used to increaseCL;max

during take-off and landing but serve no real purpose otherwise. It is not constructive thus

to make a direct one to one comparison between a �ap and a morphing airfoil. This is

because morphing technology introduces �exibility which means there is a need for new

�gures of merit (FOMs) as part of the design process in order to account for the multi-

functionality aspect of morphing concepts.

From a missions analysis standpoint, the traditional conceptual design process imple-

ments a �xed aircraft design for all �ight phases with heavy compromises having to be

made. The geometry is mainly optimized for a single �ight stage, which usually is cruise

in the case of transport aircraft. Morphing requires a �exible aircraft design for all �ight

phases, which leads to less compromises that need to be made. This is because the geome-

try can be optimized for each �ight phase individually.

Lastly, conceptual design has long been a single-mission design and optimization pro-

cess. The reality is that most aircraft do not �y the design mission that they were intended

for. Additionally, there are no current FAA regulations for supersonic aircraft other than the

fact that they need to follow the same regulations as subsonic aircraft and that supersonic

�ight is banned over land. Morphing incentivizes multi-mission, multi-�ight condition de-
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sign and optimization. This is why in a new supersonic morphing aircraft conceptual design

methodology it is necessary to de�ne a morphing schedule, also known as a ”continuous

morphing” capability, in order to capture additional performance bene�ts during �ights.

Since this is a multidisciplinary problem, a way to circumvent this is by using optimal con-

trol where the morphing variables are now control variables that can be varied throughout

time and space.

The biggest issue from a morphing technology standpoint is that aerodynamics is no

longer dependent solely on �ight regime (Mach/Altitude) as it is for a �xed-wing con�gu-

ration. There is now a drag polar for every combination of Mach, Altitude and morphing

variable. This can be solved by introducing morphing variables as part of a surrogate model

for the lift and drag coef�cients. This idea will be further detailed later on in this section.

Each morphing degree of freedom offers different bene�ts. There is also a distinction

that can be made between mono-morphing (single degree of freedom morphing) and poly-

morphing (multiple degree of freedom morphing). A hierarchical approach similar to the

one in [19] can be made to choose which morphing degrees of freedom can be applied to a

certain design problem. Furthermore, there is the question of whether or not the entire wing

needs to be morphed or just sections of it together with the degree of morphing required for

each section. Smart discretization of the wing thus becomes necessary as sections will have

different geometry and airfoil properties. This means that the transition from one section

to another is required in order to avoid any large discontinuities.

Additionally, in most sizing and synthesis frameworks, structural weight is currently

based on analogies compiled from historical data from a variety of aircraft types. Clearly,

for supersonic transports (where there are at best two data points), this historical analogy

may not be accurate enough for use in making important design decisions or even getting

acceptable sizing results. There are also no weight prediction methods for morphing vehi-

cles. The weight of actuation thus needs to be considered. This can be done either through

statistics or by using some sort of analogy to existing devices that require actuation (e.g.
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�aps/slats). For simplicity, the highest weight out of all the morphing con�gurations can

be taken as the aircraft gross weight.

The predicted outcomes of introducing such changes are:

• Reduction in assessment time which makes it possible to use modelling tools for

supersonic aircraft early-on during the conceptual design stage

• Capturing the supersonic design space by varying mission parameters (e.g. Mach

number, altitude, angle of attack)

• Facilitating design space exploration for supersonic aircraft concepts at the concep-

tual design level by the use of physics-based tools

• Producing an optimized aircraft for each �ight stage and determining necessary mor-

phing bounds

• Basic sizing and synthesis methodology allowing for more in-depth high-�delity

analysis later

With all of this in mind, the following hypotheses can be formulated:

Hypothesis 1.1- If multiple morphing degrees of freedom are employed and associated

drawbacks are considered early on, then the trade-off for SSTs between the ef�ciency of the

subsonic and supersonic cruise will be less severe.

This �rst hypothesis focuses on the impact of morphing on SSTs but does not explain

how the traditional conceptual design methodology needs to change in order to account

for this technology. In order to develop a hypothesis for the latter, it is imperative to �rst

understand that there are two design philosophies that can be found in literature [54]:

• Conventional/Forward Design– Aims to minimize an objective function (typically

weight or fuel burn) through variation of several design variables (typically geometry

related). The output is usually the total lift distribution.
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• Inverse Design– Aims to bene�t from the designer's knowledge of the problem by

specifying a desired target output (typically a pressure distribution of a 2D airfoil or

a 3D wing's lift distribution) and systematically carrying out a parameter search until

a design solution that produces the target output is found.

The two methods are summarized in Figure 3.1. Forward design has the advantage

that it has been tried and proven many times and that it may be based on relevant experi-

ence with limited knowledge of the starting design. The main disadvantage, however, is

that it requires several constraints to be applied, suffering in terms of computational time

with a higher number of design variables. It also offers a very limited exploration of new

design concepts. This is because the �nal solution is based on already existing concepts

and it is thus already envisioned at the start of the design cycle which means that novel,

groundbreaking solutions are usually impossible to achieve.

In contrast to this, inverse design provides a low-cost alternative if data or expert knowl-

edge is available, it can reduce dimensionality and offers traceable, new designs since the

number of constraints on the design is much lower. The disadvantage is that if there is not

enough knowledge available a priori, the method can not be implemented. Furthermore,

a physically feasible design solution is not always guaranteed. Lastly, with the strong ad-

vances in computer performance over the years, forward design has completely overtaken

inverse design in popularity due to how much easier it is to implement from a technical

point of view.

Figure 3.1: Design philosophies

The forward design approach is repeated for clarity in Figure 3.2. Starting from an

41



initial aircraft geometry, weight estimations based on regression, aerodynamic and propul-

sion properties are computed. Once this is done, the aircraft performance for the on-design

mission is calculated for each �ight stage. The overall fuel consumption for the mission is

calculated, and this is then compared to the initial guess of the fuel weight. An iterative

process then begins until convergence is achieved. There are several constraints applied on

the design problem in order to ensure that a physically feasible solution is achieved and

also to ensure that there is progress made during each iteration.

Figure 3.2: Forward design approach [36]

A real application of the forward design approach is shown in Figure 3.3 for the FAA

ASCENT 10 project [55] that has the main objective of investigating the economic and

environmental impact of future SSTs. One of the major accomplishments of this project is

the design of a 65 pax SST with a cruise Mach number of 1.7 and range of 4250 nmi.

What is unique about the approach in this project is that it works even in the absence

of enough historical data, which is usually the case for supersonic aircraft. Starting from

a set of requirements, an initial design can be obtained based on general knowledge and

experience. The geometry of this design then needs to be parameterized, and heuristics

need to be developed in order to change geometry, in a manner such that every design is
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Figure 3.3: Forward design approach for FAA ASCENT 10 project [55]

somewhat feasible. After that is completed, a design of experiments can be conducted in

order to vary geometry and understand the impact of each variable on the aerodynamics.

The most interesting feature of this approach can be seen in the aerodynamics disci-

pline, where both low-�delity and high-�delity aerodynamic solvers are used to determine

the optimum con�guration for supersonic cruise in terms of L/D. This is a very high di-

mensional problem, with the wing design variable space consisting of aspect ratio, sweep,

dihedral and taper ratio of the inboard/outboard wing together with variations in twist and

camber for airfoils at different location on the wing. It is impossible from a computational

standpoint to run suf�cient high �delity RANS CFD cases on this large dimensional in-

put space. In order to get around this problem, a technique known as the active subspace

method [56] is used to reduce the initial design variable space to a lower dimensional sub-

space by using an approximation of the form from Equation 3.1, wheref (x) represents

the initial input vector withx 2 Rd, g(z) is an approximation off (x) with z 2 Rk which

captures the variability in the output by aggregating the effects of all the design variables

into fewer main modes and the matrixW is used to map the high dimensional input space
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to the active subspace. This is a supervised approach that has the main goal of reducing

the dimensionality of the problem by determining the projection matrixW 2 Rd� k , with

k < d .

f (x) � g(z) = g(W T x) (3.1)

The classical active subspace method from [56] is gradient-based whereas the objective

function's gradient in this case is dif�cult to acquire. A gradient free variation of the active

subspace method can be found in [57] which relies on the assumption that a low-�delity

aerodynamics solver can �rst be used to determine the lower dimensionality subspace by

running the initial DoE in the initial input space and then a subsequent run can be made

using a high �delity aerodynamics solver on a second DoE constructed on the basis of

the active subspace. This approach has been proven successful for transonic airfoil/wing

design and therefore is a good option for the problem at hand.

Cart3D [58], which for the purpose of the method from [57] represents the low-�delity

aerodynamics solver, is used to run all cases from the input space DoE in order to �nd an

approximation of a RANS active subspace. To achieve this, a Design of Experiments with

1000 samples was generated for the SST, utilizing a Latin Hyper Cube sampling strategy

to ensure proper distribution across the design space. The variation in L/D was separated

between inviscid Cart3D and viscous Cart3D, as shown in Figure 3.4. These plots were

made for the design Mach number and altitude of 1.7 and 60000 ft respectively.

Figure 3.4: Inviscid vs Viscous Cart3D trends due to variation in aspect ratio [59]

It can be seen in Figure 3.4 that the inviscid results show a smooth trend, with a lin-
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ear decrease in L/D when the aspect ratio increases from 2.25 to 3. The results obtained

from the CART3d viscous module are much more erratic with no underlying physical sig-

ni�cance for the trends observed and are thus discarded. While using the inviscid results

from Cart3D means that viscous effects are neglected, the results still show similar trends

compared to RANS CFD. Consequently, the active subspace derived from the inviscid re-

sults can serve as a reasonable approximation of the subspace that would have resulted if

higher-�delity RANS cfd data were used to compute it. Although relying on lower-�delity

aerodynamics introduces some loss in accuracy, it also substantially lowers the compu-

tational cost of the active subspace computation, which was deemed to be an acceptable

compromise for this project.

After the active subspace is computed, the RANS optimization process can begin, with

high �delity CFD cases being ran in the active subspace. This follows an ef�cient global

optimization process where initially a warm start DoE is ran in order to train a Kriging

surrogate model. This model predicts the objective function at unsampled locations and

provides uncertainty estimates between sampled points thereby allowing to both explore

uncertain regions of the design space and exploit areas near the current best solution. After

this, a few new sample points are chosen based on where the expected improvement of the

objective function is highest. These sample points are evaluated in RANS and the Kriging

model is then retrained. This repeating cycle of sampling, evaluating and model retraining

of the Kriging model continues until a prede�ned stopping criterion is satis�ed. Since the

number of initial and subsequent samples depends on the number of design variables, the

earlier reduction of dimensionality through the active subspace method is essential to keep

the optimization process ef�cient and cost-effective. Through this iterative re�nement,

the wing design is improved at each cycle for the cruise design point. Once the stopping

criterion is met, the vehicle with the highest L/D at cruise conditions is found.

Once the RANS optimization process is complete, the weight of each aircraft com-

ponent is then computed using FLOPS weight equations. The drag polars are obtained
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