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Abstract: In response to escalating environmental concerns and stringent economic constraints, there is
an urgent need to develop aircraft technologies and configurations that substantially enhance efficiency.
A prominent trend in aircraft design aimed at minimizing lift-induced drag, improving fuel efficiency,
and mitigating emissions is the adoption of increased wing Aspect Ratio (AR). This paper examines the
evolution and current advancements in High Aspect Ratio Wing (HARW) and Ultra-High Aspect Ratio
Wing (UHARW) configurations for next-generation transport aircraft. Beginning with a historical
overview of wing AR in transport, the paper examines the progress in designing both conventional and
novel HARW/UHARW configurations. It reviews a range of promising concepts, such as strut-braced
wing, truss-braced wing, twin-fuselage, and folding wingtips, for their potential in HARW applications.
The paper emphasizes tailored conceptual design methods and tools specifically developed for
HARW/UHARW configurations. It provides an in-depth analysis of preliminary design approaches for
HARW aircraft, systematically covering aspects including acrodynamic, aeroelastic, aerostructural, and
experimental designs. Key insights from leading-edge research are distilled, highlighting the significant
advancements and pinpointing the current challenges in the field. The comprehensive review underscores
the critical role of HARW/UHARW in enhancing aircraft performance, particularly in fuel efficiency and

environmental impact, setting the stage for future transformative developments in aircraft efficiency.
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1. Introduction

Throughout the majority of the world, air travel has been expanding quickly and is predicted to do so
in the ensuing decades. In its Commercial Market Outlook, Boeing forecasts that average traffic growth
will continue to grow by 4.0% annually for the next two decades and that airlines will need more than
43,000 aircraft deliveries by 2040 [1]. Airbus expects in its Global Market Forecast that revenue
passenger kilometers will remain at 3.9% annual growth and demand for more than 39,000 new aircraft
over the next 20 years [2]. The sustainability of aviation is a major concern given the development in air
travel demand and the arrival of new aircraft, as air transportation contributes a large number of
greenhouse gases and other pollutants. In total, air transport accounts for 1-2% of the CO2 emissions
caused by human activities worldwide [3]. Therefore, ambitious sustainable aviation goals have been put
out by the National Aeronautics and Space Administration (NASA) and the European Commission to
reduce the negative environmental effects of the ongoing increase in air traffic [4,5]. According to Grewe
et al. [6], although aviation’s emission targets are in accordance with the Paris Agreement’s overall goals,

the impact on the climate is likely to fall short of these ambitions. Thus, a step-change in transport aircraft



performance is necessary and urgent, with the augmentation of wingspan playing an important one.

Quantitative research in this field has established a correlation between increased wingspan and

diminished fuel consumption. Notable studies demonstrate that expanding the wingspan of conventional

configuration by approximately 15-23% can lead to a significant reduction in fuel burn, ranging from an

estimated 8% to upwards of 11% [7,8]. For more futuristic designs, such as the Strut-Braced Wing (SBW),
more dramatic reductions in fuel consumption are attainable with high and ultra-high Aspect Ratio (AR)

wings. For instance, an AR of 19.55 was realized in the Subsonic Ultra Green Aircraft Research (SUGAR)
project [9], and an AR of 25 was adopted for the SBW aircraft designed in the RHEA project [10]. These

findings reinforce the significant impact of increased wingspan on improving aircraft efficiency and

achieving environmental goals.

In recent decades, the wing AR of commercial transport aircraft has shown an increasing trend,
achieved through extending wingspan or incorporating wingtip devices. This evolution primarily aims to
reduce lift-induced drag, thus enhancing lift-to-drag ratios and lowering fuel consumption [11]. For
instance, in aircraft similar to the A320, lift-induced drag constitutes up to 80% of the total aecrodynamic
drag during climb and 40% during cruise [12]. Fig. 1 illustrates this increasing trend across three different
categories of transport aircraft. Additionally, the promising configurations of SBW and Truss-Braced
Wing (TBW) applied in High Aspect Ratio Wing (HARW) designs have gained significant attention.
Since 2008, NASA and Boeing have been collaborating on the design and analysis of the transonic TBW
concept, known as the SUGAR project [9,13-15]. In 2023, they announced a joint project to build, test,
and fly a full-scale transonic TBW demonstration aircraft as part of a Funding for Space Act Agreement
[16]. NASA notes that the TBW design could reduce aircraft fuel burn by up to 10% compared to current
single-aisle aircraft, and when integrated with advanced propulsion and structure technologies, it is
projected to lower fuel use and emissions by at least 30% for aircraft entering service in the 2030s [17].
Furthermore, the European Commission has maintained its support for SBW and TBW research, funding
projects like AGILE [18], RHEA [10], and U-HARWARD [19]. In these projects, notable AR values
achieved include 15 for AGILE, up to 25 for RHEA, and a range of 15-20 for U-HARWARD. Recent
research indicates that SBW and TBW designs could reduce aircraft’s fuel consumption by 10-20% in
medium- to long-range missions [20—-24] and by 7-10% in short-range missions [18,25,26].

In contrast to these conceptual designs, the industry has successfully implemented HARW and Ultra-
High Aspect Ratio Wings (UHARW) designs in the development of Unmanned Aerial Vehicles (UAVs)
and sailplanes. A notable example is the Northrop-Grumman-developed RQ-4 Global Hawk, a high-
altitude surveillance UAV with an AR of 25.0 [27]. This evolution in wing design is echoed in the Helios
prototype developed by NASA Armstrong, which has an even higher AR of 31.0 [28]. Similarly, Airbus’s
Zephyr also adopts this advanced design, demonstrating the potential for non-stop flight at high altitudes
[29]. In sailplane development, a significant shift has been the increasing AR of wings. Historical designs
like the Fafnir, with an AR of 19.4, and later the Minimoa and Weihe, highlight the importance of higher
ARs for aerodynamic efficiency [30]. The Nixus sailplane, with an AR of 53.3, represents a modern peak,
demonstrating the benefits of high ARs for gliding efficiency [31]. These improvements are largely
attributed to structural advancements like glass-reinforced and carbon-reinforced plastics [32], enabling
larger ARs and enhanced performance, which are now being actively researched for broader applications
in transport aircraft [33—-35]. These principles of achieving high ARs in sailplanes, aimed at optimizing
performance in various atmospheric conditions, align with the objectives of air transport in terms of fuel
efficiency and reduced environmental impact. However, while the high ARs and advanced aerodynamic

features of sailplanes significantly contribute to their efficiency, translating these features to larger,



Aspect ratio

heavier transport aircraft poses challenges in structural integrity, manufacturing complexity, and

operational constraints.

13 10 12
® Dash 8-400 A321-200 A318-100 B78.7-10
12 ° A3202000 ee © A321XLR 11
ATR 72-600 o BIB7NG core ® o A330-200
CS100 =9 =10 ° A350-900
1 A220-1000® 2, e © Tu-204 = A340-500 e
Cs300 = = 0
|3} S 9 B777-200ER ®
10 é’_ B757-200 § B767-300 ®  11-96-400 o B747-8
o ARJ21-900 £ 8 e % B737 Classic & 8 © MRl A380.800
9 e BAe 146-200 EL758 ¢ CR1000 B737-200 7
e Fokker 100 AT148® @ SS7100 oo
8 e E190 7 6
1980 1990 2000 2010 2020 1965 1980 1995 2010 2025 1970 1985 2000 2015
Year Year Year

a) Regional mission b) Medium-range mission c) Long-range mission

Fig. 1. Comparison of wing aspect ratios of various passenger aircraft.

In recent times, there has been a growing focus on sustainable aviation, with several literature reviews
exploring future aircraft designs. These survey papers cover assessments of unconventional transport
aircraft configurations [36], future aircraft concepts and design methods [37,38], and innovative
propulsion concepts [39,40]. Despite this breadth of research, there remains a notable gap in
comprehensive analysis specifically targeting HARW and UHARW designs, a critical area for the
advancement of efficient and sustainable aircraft. To address this issue, this review offers a thorough
analysis specifically dedicated to HARW and UHARW designs. In contrast to previous research, this
paper investigates the detailed configuration, conceptual design, and preliminary design aspects of
HARW aircraft. The objective is to provide a synthesis of foundational research in this area, placing it
within the broader context of existing studies on advanced aircraft design. By doing so, we aim to offer
a cohesive understanding of HARW designs, highlighting their potential benefits and challenges in the
quest for more efficient and sustainable aviation. This review not only bridges a critical gap in the current
literature but also seeks to inspire future research and development in this promising field.

The rest of the paper is structured in the following manner: A historical overview of the wing AR in
transport aircraft is presented in Section 2. Section 3 investigates the key parameters affecting the aircraft
wing’s optimum AR. In Section 4, an introduction to HARW aircraft configurations is presented, with a
specific focus on promising unconventional designs. Conceptual design methods and tools specifically
tailored for HARW configuration are provided in Section 5. Section 6 examines the preliminary design
of HARW aircraft, categorizing investigations into aerodynamic design, aeroelastic design,
aerostructural design, and experimental design. The final section of this paper, Section 7, provides a

summary of our main observations, highlights the remaining challenges, and concludes with key remarks.

2. Historical background

The 1903 Wright Flyer, with a wing AR of 6.4, marked a significant milestone in aviation history [41].
This breakthrough was the culmination of four years of dedicated research and development by Wilbur
and Orville Wright. On December 17, 1903, Orville Wright successfully piloted the aircraft over Kitty
Hawk, North Carolina, during its maiden flight.

Following the Wright Flyer’s success, the aviation field experienced rapid advancements, particularly
during World War I and II. A notable shift occurred in the 1920s, as airplane designers transitioned to
employing thicker airfoils. This trend continued into the 1930s, with efficient wing designs increasingly

featuring higher aspect ratios. One of the era’s standout aircraft, the Douglas DC-3, emerged in the late



1930s and early 1940s as the most widely used airliner. Over 10,000 DC-3s were produced, many still
operational today. Its wing AR of 9.14 significantly reduced induced drag, leading to a maximum lift-to-
drag ratio of 14.7 [42]. However, as highlighted in Fig. 2, there has been limited progression in wing ARs
over the past 80 years. Instead, the focus of aircraft development shifted towards enhancing flight speeds,
including efforts to reach or surpass the speed of sound. This shift led to the adoption of swept wing
designs, exemplified by the Boeing B-707. Introduced in the 1950s, the B-707 was the first successful
jet transport airplane, laying the groundwork for modern commercial jet transports and initiating the “jet
age” [43]. The B-707, with a slightly lower wing AR of 7.1 compared to the DC-3, addressed the
structural challenges associated with higher flight speeds. Later on, in response to the growing market
for short-haul flights, Boeing launched the B-737 program in 1964. The B-737, featuring an engine
configuration mounted beneath the wings and a wing AR of 7.91 [44], set a design precedent emulated
in numerous subsequent jet airliners. Two decades later, Airbus introduced the A320, a direct competitor
to the B-737, incorporating a fly-by-wire control system and a significantly higher wing AR 0f 9.48 [45].
This represented a nearly 20% increase over the B-737 Classic. Over the past three decades, both Boeing
and Airbus have introduced several iterations of their base models, including the B-737NG, A320neo,
and B-737 MAX [46]. These models have further increased the wing’s AR through the use of advanced
materials and control technologies [47,48], as illustrated in Fig. 1.

Recent research on the fuel efficiency of medium to long-haul airliners indicates a notable
improvement in models such as the B-787, B-777, and A350, which surpass the industry average in terms
of fuel efficiency [49]. As depicted in Fig. 2, these aircraft, developed or upgraded in the last decade,
boast ARs close to or exceeding 10. This high AR contributes significantly to their exceptional fuel
efficiency. Boeing’s ongoing advancements with the B-777X exemplify this trend, as it incorporates
increased wing AR and wingspan. This is achieved through foldable wingtips, enhancing aerodynamic
efficiency [50].

Acknowledging the limitations of conventional cantilever wing configurations for next-generation
transport aircraft, the aeronautical community is exploring alternative designs [38]. Recent years have
seen considerable research into the HARW concept, paired with unconventional aircraft configurations.
These innovative approaches promise substantial progress in the medium term, justifying the investment
in their development [36]. Current research efforts include exploring HARW designs through various
concepts such as the TBW, Twin-Fuselage (TF) configuration, and folding wingtips. These initiatives
aim to harness the performance and efficiency benefits associated with HARW in diverse aircraft
configurations. Fig. 2 illustrates some of these high-efficiency HARW aircraft research projects. These
projects have validated the technological feasibility of HARW designs in both conventional and
unconventional configurations, including TBW, SBW, Double-Bubble, and TF. Prominent research
efforts in this field include projects like SUGAR [9], SE2A [51], NASA’s N+3 [4], RHEA [10], U-
HARWARD [19], and CENTRELINE [52]. These endeavors highlight the growing interest and
recognition of UHARW as a viable solution for achieving enhanced efficiency in aircraft design. Further
discussion of these configurations is detailed in Section 4, highlighting their potential impact on reducing

global aviation emissions in the long term (2035 and beyond).
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Fig. 2. Aspect ratio of representative aircraft/airliners vs. year of entry into service.

3. Parameters affecting wing optimum aspect ratio

The influence of the wing aspect ratio on the overall aircraft performance can be determined by looking
at the basic aircraft aerodynamics, weight, and performance relationships. The aircraft range can be

estimated using the Breguet Range Equation:

Range = \iikln We (D
gSFC D (W,

where V is the flight speed, SFC is the specific fuel consumption, L/D is the lift-to-drag ratio, W; is the
initial weight, and W is the final weight.

From this, one can observe that the range (for a given fuel weight) is affected by the aircraft’s
aerodynamic efficiency (L/D), structural weight, and propulsive efficiency. The aecrodynamic efficiency
can be presented as:
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The maximum L/D is obtained at the condition where the derivative of C;/Cp with respect to C;

equals zero, i.e., d(C;/Cp)/dC; = 0. Applying this condition to Eq.(2) yields:
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Utilizing the quotient rule for differentiation, this derivative can be expanded as:
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Simplifying the above expression leads to:
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Further simplification results in the following conditions:
Cyo—KCZ=0 (6)
Finally, solving for Cp, gives the key relationship at the point of maximum aerodynamic efficiency:
Cpo = KC! (7

This means that for maximum L/D, the aircraft parasite drag should be equal to the induced drag.
Induced drag is significantly affected by the wing AR (in the simple equation above K = 1/(m - e - AR)).
From this observation, one can conclude that the optimum AR of the wing considering maximum L/D is
determined by the aircraft parasite drag; this means flow control technologies, which can change the
amount of laminar flow on the wing, strongly affect the wing optimum AR. A wing with more laminar
flow (lower parasite drag) is expected to have a higher optimum AR than a wing with less laminar flow.
This has been investigated by Ma et al. [53], which will be discussed later.

On the other hand, the value of AR significantly affects the wing’s structural weight. As demonstrated
in Ref. [54], both metallic and composite material cantilever wings exhibit an exponential increase in the
wingbox mass as the AR increases. From the Breguet equation Eq.(1), one can observe that the aircraft’s
maximum range (or minimum fuel weight for a given range) is determined by a balance between the L/D
and structural weight (in the case of fixed payload weight and propulsion efficiency). The balance is
affected by the ratio of the structural weight to the aircraft’s gross weight. This ratio is different for
different classes of aircraft, typically ranging from approximately 0.4 to 0.6 for short-range transport
aircraft and 0.3 to 0.5 for long-range transport aircraft. Another conclusion here is that the optimum AR
is affected by the class of the aircraft (the ratio of the Operating Empty Weight (OEW) / Maximum
Takeoff Weight (MTOW)).

The wing weight, which is the main aircraft structural weight component affected by AR, can be
represented as a function of a few key parameters. The maximum bending moment is one of the main
drivers of the wing weight. This value is significantly affected by the aircraft configuration, e.g.,
cantilever vs. TBW. Furthermore, the structure technology of the wing, e.g., the choice of material and
manufacturing, together with some other parameters, for example, static and dynamic aeroelasticity,
significantly affect the wing weight. These are other parameters determining the wing’s optimum AR
[34,55,56].

Moreover, the aircraft design figure of merit will strongly affect the optimum AR. An aircraft
optimized for minimum Direct Operating Costs (DOC) is expected to have lower AR than an aircraft
optimized for minimum fuel burn [51,57,58].

Challenges in designing HARWSs for transport aircraft primarily stem from the limitations of the
conventional tube-and-wing configuration with cantilever wings. This traditional design encounters
significant hurdles when adapted to HARWSs, mainly due to the structural complexities and increased
manufacturing costs [51,59]. The source of these problems lies in the increasing bending moments and
shear stresses experienced by HARWSs, which demand a more robust and heavier structure. This necessity
for enhanced structural integrity directly conflicts with the pursuit of lightweight and fuel-efficient
designs. To address these challenges, unconventional configurations such as SBW, TF, and folding
wingtips are being considered viable alternatives [20,60,61]. These innovative designs offer potential
solutions by distributing aerodynamic loads more effectively and reducing the overall structural weight,
thereby mitigating the inherent limitations of traditional cantilever wing configurations in HARW

applications.



The complexities in the conceptual design of HARW aircraft extend beyond structural and
aerodynamic considerations, encompassing the intricacies of the design methodologies themselves.
Achieving an optimal balance between wing span and strength is a primary challenge, as the extended
wing span of HARWs, crucial for reducing drag and enhancing fuel efficiency, introduces heightened
bending moments and shear stresses. This contradiction poses a significant hurdle in maintaining
lightweight design for operational efficiency. Additionally, integrating these longer wings with
conventional aircraft frameworks and airport infrastructure, such as gate size limitations, presents
operational challenges. Moreover, on the conceptual design methodology front, traditional aircraft design
methods and tools are often inadequate for HARWSs. The unique aerodynamic and structural behaviors
of HARWs necessitate advanced modeling and simulation techniques to accurately predict performance
and identify potential issues in early design stages. Designers face the challenge of developing and
employing new computational methods and tools that can effectively capture the complex interactions in
HARW systems. This requirement for advanced design methodologies underscores the need for
innovation not only in the physical structure but also in the approach to designing HARW aircraft.

The preliminary design of HARW aircraft presents numerous challenges, spanning aerodynamic,
aeroelastic, and aerostructural domains. Aerodynamically, the primary challenge is to enhance lift-to-
drag ratios while managing airflow separation and unsteady aerodynamic loads [62,63]. Addressing these
challenges requires advanced computational tools for accurately simulating the airflow and predicting its
impact on the aircraft. The integration of these aerodynamic considerations with aeroelastic and
aerostructural design aspects adds another layer of complexity. Aeroelastic phenomena such as flutter
and divergence present greater challenges for the HARW. The extended flexibility inherent in HARW
designs makes them particularly susceptible to flutter, a risk exacerbated by HARW’s long and slender
structure, which amplifies aerodynamic effects and increases the complexity of maintaining structural
integrity during flight. Divergence, on the other hand, poses a significant static stability issue for HARWs.
Due to their elongated structure, these wings are more prone to excessive elastic deformation under
aerodynamic loading. This deformation can lead to a critical loss of structural control and stability,
especially at higher speeds. Further complexity arises as HARW flexibility increases. This flexibility
enhances the coupling between aerodynamics and structure and can lead to nonlinear behavior that limits
the capabilities of the wing [64]. In addition, as HARW flexibility increases, the aeroelastic modes begin
to interact with the flight dynamics modes, thus complicating design and operational considerations
[65,66]. These interactions necessitate a departure from conventional sequential design methodologies,
demanding a more integrated and concurrent optimization approach to maintain the delicate balance
between aerodynamic efficiency and structural integrity in HARW designs. Furthermore, given these
complexities, experimental research becomes crucial in the preliminary design phase of HARW aircraft.
It is necessary to combine advanced computational design techniques with rigorous experimental studies
to overcome the challenges in the preliminary design of the HARW aircraft and to realize its full potential
for improving aircraft performance and efficiency.

In this review, we will look at these key parameters affecting the aircraft wing’s optimum AR, i.e.,
aircraft configuration, aerodynamic and structure technologies, and wing aeroelasticity, and will try to

make a quantitative conclusion about their influence on the wing’s design.
4. HARW aircraft configurations

When considering transport aircraft designs with HARWSs, wise design decisions are critical to

capitalize on the inherent advantages of these wings, while also optimizing flight performance for



particular operational environments and mission specifications. This section investigates HARW aircraft
configurations, including cantilever wing, SBW, TF, and folding wingtip configuration. Each design
offers a specialized engineering solution aimed at optimizing certain flight aspects and addressing the
inherent challenges of HARWS. For instance, The SBW configuration relieves structural stresses through
external bracing but introduces additional drag, demanding careful aerodynamic design. The TF
configuration offers a special way to distribute loads and enhance structural efficiency, though it also
increases complexity. The folding wingtip concept employs variable geometry to dynamically adjust the
wing’s AR, catering to different flight phases and mitigating airport constraints. In subsequent
subsections, we will closely examine how these configurations influence key aircraft performance
aspects, such as structural efficiency, aerodynamic characteristics, and operational flexibility, and explore
how they can meet specific design needs in practical scenarios.

The aircraft designs that have been studied recently and adopt HARW configurations are summarized
in Table 1. Particularly, the table includes annotations indicating the wing configuration utilized for each
design. A noticeable trend indicates that aircraft integrating extra wing support or modern technologies
like SBW and folding wingtips tend to achieve higher AR designs when compared to those relying on
cantilever wing configuration. These aircraft configurations utilizing HARW designs will be detailed in

the following subsections.



Table 1 Summary of aircraft concepts using HARW/UHARW

References/Year AR Range No. MTOW Mach Wing
[-] [nm] passengers [kg] number [-]  configuration

Karpuk et al. [67] / 16.0 926 72 34783 0.42 cantilever

2021

Hayes et al. [68] / 18.8 2592 150 73500 0.6 cantilever

2019

Brooks et al. [69] / 13.5 7725 - 297500 0.85 cantilever

2017

Chedrik et al. [70] / 15 2430 - 97000 0.74 cantilever

2012

Drela [71] /2011 15.72 3000 180 73627 0.72 cantilever

Staack et al. [72] / 14.8 270 19 8618 0.22 cantilever

2021

Guetal. [61]/2023 22 3400 - 97000 0.78 cantilever with
folding wingtips

Meyer et al. [73]/ 19.3 - - 72600 0.78 cantilever with

2022 adaptive
wingtips

Sohst et al. [21]/ 21.2 2000 - 30940 0.7 SBW

2022

Chau and Zingg [26] / 17.32 500 104 53392 0.78 SBW

2022

Hosseini et al. [58] / 20.0 1242 72 28740 0.50 TBW

2020

Torrigiani et al. [74] /  14.0 1890 90 40898 0.78 SBW

2018

Maetal. [10] /2022 25.0 3400 150 67929 0.78 SBW

Moerland et al. [75]/  19.3 1700 154 74100 0.72 SBW

2017

Chakraborty et al. 19.24 3500 154 61944 0.7 TBW

[76]/2015

Guretal. [77] /2010  23.0 7730 305 228157 0.85 TBW

Gern etal. [78] /2001 15.4 7500 325 232644 0.85 SBW

Ma et al. [10] /2022 25.0 3400 150 57777 0.78 TF

4.1 Tube-and-wing configuration with cantilever wings

In this section, we review different research on high aspect ratio cantilever wings in tube-and-wing
aircraft configurations. These aircraft feature advanced technologies to realize HARWs. Below are some
representative projects.

e The D8 aircraft designed by MIT, Aurora Flight Sciences, and Pratt and Whitney utilizes HARW

design to improve fuel efficiency and reduce emissions [79]. After the adoption of active aeroelastic



tailoring technology, the D8 aircraft, featuring a wing AR of 15.4, attained a lift-to-drag ratio of 19.34,
while the wing weight and fuel weight were significantly reduced.

The EU-funded CENTRELINE project has conducted comprehensive research on integrated
propulsion-airframe configurations with HARW designs [80]. Combining a wing featuring an AR of
12 with advanced structural and system technology, along with ultra-high bypass ratio geared
turbofan engines, leads to a significant 27% reduction in the baseline aircraft’s mission block fuel
weight.

The ATLAs project [81,82], conducted by the German Aerospace Center (DLR), focuses on
developing an advanced mid-range aircraft featuring a high AR composite wing (AR=12.3). Key
technologies implemented include composite material optimization and a Maneuver Load Alleviation
(MLA) procedure. This design results in significant performance improvements, including a 3.6%
reduction in the OEW and up to an 8.6% reduction in wing structural mass through the use of MLA.
Via the German Research Cluster of Excellent Sustainable and Energy Efficient Aviation, Technische
Universitidt Braunschweig is exploring the impact of advanced technologies, such as HARW and
Hybrid Laminar Flow Control (HLFC), on the energy efficiency of next-generation transport aircraft
[51]. The outcomes of sensitivity analysis demonstrated that the point of minimum emissions
corresponds to higher aspect ratios and increased wing loading. Simultaneously, the optimal balance
between cost and emissions is found within the range of aspect ratios spanning from 9 to 17.

In 2021, Airbus initiated the UpNext project, which focused on reducing fuel consumption by 5-10%
through the integration of innovative wing technology into a modified business jet [83]. UpNext
purchased a Cessna Citation VII business jet and plans to replace its original 16-meter-span wing
with a 20-meter-span composite wing with active control technology and folding wingtips. Flight test
activities for the demonstrator are planned for the second half of 2024 [84].

The UP Wing project [85], initiated in 2023 under the Clean Aviation program, is committed to
enhancing the aerodynamic and structural efficiency of short-medium-range aircraft by 10-15%. It
innovates with a HARW (AR>14), integrating multifunctional control movables and technologies
like novel control systems and smart vortex generators. Despite its complexity, this project, aiming
for a Technology Readiness Level (TRL) 4, promises substantial efficiency improvements through
careful drag reduction and weight optimization

Launched in 2023, the EU-funded HERWINGT project is targeting a 50% reduction in fuel
consumption at the aircraft level by designing an innovative wing for future regional hybrid-electric
aircraft [86]. The HERWINGT project has undertaken aeroelastic design optimization studies for
wings with ARs ranging from 12 to 17. Preliminary findings indicate that the structural weight of a
cantilever wing with an AR of 12.5 is equivalent to that of an SBW with an AR of 17 [87].

However, the wing structural mass of a cantilever wing increases exponentially as the wing AR

increases [7], which imposes an inherent constraint on the potential enhancement of aircraft efficiency

within the tube-and-wing configuration. This limitation becomes apparent in an aeroelastic study by Gu

et al. [61], where a noteworthy observation was made regarding the wing mass of an A321-like aircraft.

In this investigation, the wing mass nearly doubled as the wing AR increased from 10 to 18, and any

subsequent increase in AR leads to a decline in overall efficiency due to the associated weight penalty.

This observation aligns with the outcomes of a series of acroelastic optimizations conducted by Calderon

et al. [88] for a tube-and-wing aircraft configuration featuring a cantilever HARW. The results of this

study also confirmed that the wing mass increases exponentially with increasing AR. Thus, although the

lift-to-drag ratio increases monotonically with increasing AR when both aerodynamic and structural

10



efficiencies are considered, the optimal AR for this tube-and-wing aircraft is between 18 and 19, as shown

in Fig. 3.
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Fig. 3 Influence of wing AR on wing mass, aerodynamic performance, and endurance [88].

Furthermore, research conducted by some scholars indicates that a very high AR in tube-and-wing
aircraft can adversely impact their operational economics, as outlined below.

o Karpuk and Elham [51] carried out multi-objective optimization studies considering both emissions
and DOC for high AR backward-swept and forward-swept wing aircraft. The findings demonstrated
that once the wing AR exceeded 12, the DOC rose sharply with an increase in AR.

e Toffol and Ricci [54] employed NeOPT, a structural optimization tool, to conduct a series of
aeroelastic optimization studies on the wings of an A330-like transport aircraft, utilizing both
aluminum and composite materials. The study findings indicate that the optimal fuel efficiency of the
aircraft is attained within the wing AR range of 12 to 12.5 for both material types. Further increasing
the AR would result in a substantial rise in fuel consumption or a reduction in range.

From these studies, one can conclude that with conventional configuration, i.e., tube and cantilever
wing, the optimum AR is not larger than 10-12 when operating costs are considered as the main design
driver, in case no airframe technology is considered. Conversely, when fuel efficiency is considered as
the main design driver and advanced airframe technologies such as load alleviation and laminar flow

wings are incorporated, the optimum AR can increase to 18-19.
4.2  Unconventional configurations

The aeronautical sector is cognizant that contemporary tube-and-wing configurations may not be
sufficient to meet the requirements of designing highly efficient next-generation transport aircraft or may
not be the most optimal resolution to the problem. In light of this, recent years have seen a growing
interest in exploring the potential of the HARW concept through unconventional aircraft configurations,
as these designs hold the promise of significant gains in the medium term, justifying the investment and
risk involved in their development. The pursuit of this goal has led to various efforts and attempts, which
encompass the design and development of HARW through the implementation of SBW configuration,

TF configuration, folding wingtips, and other relevant concepts and techniques.
4.2.1 Strut- and truss-braced wings

The concept of SBW and TBW was first introduced by Pfenninger [89] in the 1950s, with the objective
of reducing wing sweep, thickness-to-chord ratio, and increasing AR, leading to a reduction in wing
structural weight, but with complicated components on the wing. Since then, extensive research has been

conducted to assess the potential and feasibility of SBW and TBW configurations.
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Additional structural components, struts, are used in the SBW aircraft configuration to connect the
main wing to the fuselage, thereby improving the wing’s stiffness. This design feature leads to a
significant decrease in the wing’s bending moment (see Fig. 4), allowing for a reduction in the wing’s
thickness-to-chord ratio and chord [90,91]. The reduction in wing thickness results in a decrease in wing
wave drag, which, in turn, leads to a lower wing sweep angle and a decrease in spanwise crossflow
disturbances [92]. The combined effects of reduced Reynolds number and spanwise crossflow

disturbances lead to an increase in wing laminar flow extent.
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Given the advantages mentioned above, such as the reduction in induced drag and the improvement in
aircraft fuel efficiency, the SBW and TBW configurations have been extensively researched by academia.
As a result, the main benefits and characteristics of these configurations have been initially determined.
The findings of these studies demonstrate that SBW and TBW configurations offer superior fuel
efficiency compared to conventional cantilever wing aircraft. For example, Gur et al. [90] investigated
the aerodynamic characteristics of SBW, focusing on the lift-to-drag ratio and fuel weight. By increasing
the maximum 2-D cruise lift coefficient and the wing AR, the study found a significant reduction in fuel
weight, which is attributed to a higher lift-to-drag ratio. Building upon these insights, Jones et al. [93]
conducted a geometric sensitivity study on high AR SBW, highlighting key contributors to the lift-to-
drag ratio. Their findings indicate that parameters like the wing root chord and kink twist significantly
improve the lift-to-drag ratio, with the root chord emerging as the most influential factor. Similarly, Ting
et al. [94] focused on the TBW aircraft concept, a Boeing-developed aircraft with an AR of around 14,
higher than conventional aircraft wings. This high AR wing combined with the truss structure reduces
the bending moment of the wing, thus improving aerodynamic efficiency. Furthermore, the study
revealed that the lift curve slope of the full TBW configuration is significantly higher than that of the
wing alone. Chau and Zingg [26] then focused on an SBW design based on the Embraer E190-E2,
showing a 12.9% higher cruise lift-to-drag ratio compared to a conventional tube-and-wing design. This
improvement is attributed to specific aerodynamic features of the SBW configuration, such as effective
flow management around the wing-strut junction and the use of novel airfoil shapes. In a parallel
development, Camacho et al. [95] demonstrated that the integration of the slotted Natural Laminar Flow
(NLF) airfoil on a high AR SBW significantly improves cruise drag, projecting a 12.5% improvement in
aerodynamic efficiency compared to conventional designs. Additionally, this technology improved fuel

efficiency by an extra five percent over a fully turbulent wing. However, the SBW/TBW aircraft also has
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aerodynamic design challenges. Xiong et al. [96] demonstrated that the presence of the strut beneath the
wing induces a suction peak on the lower wing surface, leading to changes in aerodynamic forces,
moments, and aerodynamic center location, and the interference effects are more pronounced as the Mach
number increases. Their findings underscore the necessity of a transonic wing-strut interference
aerodynamic correction method for accurate analysis of SBW and TBW aircraft, highlighting an
important area for future research and development. Additionally, recent medium-fidelity research has
further advanced the performance of SBW/TBW aircraft by considering factors such as expanded laminar
flow range, fuselage re-laminarization, and the impact of flutter. In a comparative study conducted by
Grasmeyer [97], the optimal SBW configuration demonstrated a 28% improvement in aerodynamic
efficiency and a 29% reduction in fuel weight when compared to advanced conventional aircraft. Since
then, Virginia Polytechnic Institute and State University (Virginia Tech) have conducted a number of
conceptual design studies on SBW/TBW aircraft. Comparative studies at the conceptual design level of
long-range, transonic SBW/TBW aircraft have further demonstrated the superiority of the SBW/TBW
configuration over traditional cantilever wing aircraft [23,90,98].

Since 2008, NASA and Boeing have collaborated on multiple research programs focusing on SBW
and TBW aircraft configurations. These efforts, which include ongoing Phase IV work, aim to achieve
the N+3 and N+4 goals proposed by NASA. In Phase I of the SUGAR project, a conventional cantilever
wing aircraft was established for comparison with unconventional aircraft configurations, such as SBW
and hybrid wing body, which were selected and designed to evaluate their performance [14]. Advanced
technologies such as NLF, fuselage riblets, and aeroelastic load control were utilized to achieve the high
aspect ratio SBW design (AR=23.087). The findings indicate a 39% decrease in fuel consumption
compared to the conventional baseline configuration on a 900 nm mission. Building upon the findings
of Phase I, Phase II focused on refining the design concepts and technologies selected in the previous
phase [99]. The emphasis was on advancing these concepts toward more detailed designs and
assessments by employing experimental and high-fidelity methods [9]. The study’s outcomes reveal a
54% reduction in fuel burn and energy usage compared to the current conventional configuration,
surpassing the Phase I results, which is primarily attributed to the lighter wing structure. Moreover, the
study confirms that aeroelastic effects on TBW design are manageable, and the updated wing weight is
less than that assumed in Phase 1. Subsequent to this, SUGAR project Phases III and IV aim to increase
the cruise Mach number to 0.8 and improve experimental activities and Computational Fluid Dynamics
(CFD) methods, promoting industry adoption of the transonic TBW concept [15,100]. The TBW
configuration investigated in SUGAR is illustrated in Fig. 5. Through four research phases, the SUGAR
project conducted a thorough examination of mid-range TBW configurations, with a particular emphasis
on the in-depth numerical and experimental aeroelastic analysis of the TBW configuration [101]. In
summary, the NASA SUGAR program is a multi-phase project that aims to design more efficient and
environmentally friendly aircraft for the 2030-2035 timeframe. The project involves concept
brainstorming, design, analysis, and modeling of various aircraft configurations and technologies. The
project focuses on the TBW concept, which can reduce drag and increase lift by using a HARW supported
by a truss. The project also investigates the use of hybrid electric propulsion systems, which could use
both jet fuel and electricity to power the engines. The project estimated that the SUGAR TBW aircraft
with a hybrid electric system could achieve a 64% reduction in fuel burn compared to a 2005 baseline
aircraft [14]. However, it also recognized that the TBW configuration requires significant structural
optimization and aerodynamic validation [9]. Moreover, the project also faces certification and

operational issues related to the unconventional aircraft concepts [14,15].
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Fig. 5. NASA SUGAR aircraft configuration. Credit: NASA Ames.

The potential of the SBW configuration for short-range missions has also been explored alongside the
medium- and long-range studies described above. Hosseini et al. [58] demonstrated the potential for fuel
mass reduction through the affordable design of a short-range TBW aircraft with UHARW, adapted from
an existing conventional aircraft. The conceptual design and sensitivity analysis results provide evidence
of the effectiveness of the SBW configuration. Chau and Zingg [25] evaluated the fuel burn of a transonic
regional SBW aircraft by employing multipoint aerodynamic shape optimization.

The EU-funded Clean Sky 2 projects RHEA [10] and U-HARWARD [19] conducted design and
optimization studies of SBW aircraft with UHARW. In the RHEA project, advanced technologies,
especially NLF and load alleviation, were integrated into the SBW design and the impact of these
technologies on achieving the optimum AR was examined through aerostructural optimization, as shown
in Fig. 6. The results of the study show that the optimum AR of the SBW with NLF design was 32%
higher than that of the SBW without NLF, and the load alleviation technique is able to increase the wing’s
AR by 11% and at the same time reduce the wing’s structural weight by 25% [53]. Furthermore,
comparative studies at the conceptual design stage have shown SBW to be superior for short-range
missions, but the fuel efficiency of the SBW configuration is slightly less favorable than the TF design
for medium- and long-range missions [10]. However, aerostructural optimization research shows that for
medium-range missions, the SBW is more conducive to realizing higher wing ARs than the TF
configuration [102]. Simultaneously, the French Aerospace Lab (ONERA) and ISAE-SUPAERO
investigated the potential benefits and challenges of the high aspect ratio SBW concept through a multi-
level, multi-disciplinary design approach in the U-HARWARD project [103,104]. High-fidelity
aerodynamic and structural assessments reveal that, in the absence of buckling, the weight reduction
attributable to the SBW concept ranges from approximately 50% for AR 10 to over 75% for AR 20.
However, when buckling constraints are introduced, the mass benefit stabilizes within a range of 40-50%
[105]. Parametric studies assessing the wing AR’s impact revealed that the most significant fuel savings
are achieved with ARs around 20, while at such high values of AR the OEW is even reduced due to the
action of the struts [103].

a) Short-range b) Medium-range c) Long-range
Fig. 6. SBW configurations studied in the RHEA project [10].
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Considering the above-mentioned research, one can conclude that the SBW is potentially the most
promising configuration for achieving high and ultra-high AR wings. This is confirmed by the recent
$725 million contract to Boeing to manufacture a demonstrator for the first SBW passenger aircraft [17].
When combined with airframe technologies such as advanced propulsion, composite structures, and
active load alleviation, the SBW configuration is capable of reducing fuel consumption by 30-60%
compared to conventional cantilever wing aircraft [10,14]. Typically, the SBW span is about 50% longer
than that of a cantilever wing on an equivalent aircraft [17,106]. The optimum AR is determined to be
14-20 for minimum aircraft fuel burn when no additional airframe technology is used [26,58,74,78], and
19-26 when advanced technologies, such as NLF/HLFC, composite structures, and active load alleviation,
are considered [53,77,101].

4.2.2 Twin-fuselage

The TF aircraft concept has been around since the early stages of the aviation industry. The German
Heinkel He 111 Z, designed nearly 90 years ago, represents the first example of a TF aircraft with two
fuselages connected by a central wing section and three supplementary engines to meet power
requirements [107]. Since then, the TF design has been proposed by the Italian industry, based on the Re
2005 fighter, and successfully developed in the United States with the P-38 Lightning and P-82 Twin
Mustang fighter, of which hundreds were built [108,109].

The TF concept also shows promise as an alternative configuration for transport aircraft designed with
UHARW. By replacing the heavy centrally located fuselages with two off-centerline weights, the TF
concept, as shown in Fig. 7, has the potential to remarkably improve the wing AR and reduce the bending
moment of wing root sections [110]. As a result of this weight redistribution, the TF configuration allows
for a decrease in OEW while maintaining payload capacity, making it an attractive alternative for
UHARW design [111].

'

L)

Fig. 7. Wing bending moment comparison of single-fuselage (left) and TF (right) [110].

Another advantage of the TF configuration is the potential reduction in fuselage structural weight.
Since the cabin skin thickness of transport aircraft is proportional to its volume if the cabins of TF aircraft
are designed to maintain the same total floor area as the reference single-body aircraft, the two cabins’
skins of TF aircraft together will have a structural weight equal to that of the conventional single-body
aircraft divided by V2 [112]. Moreover, despite requiring additional nose landing gear, the TF
configuration provides an optimal location for the placement of main landing gears. In TF design,
external fairings for main landing gears are not necessary, and the mechanisms and strut length of these
gears can be simplified and reduced, leading to savings in both weight and drag [113].

Despite the benefits of the TF configuration, several obstacles need to be addressed during its
development, including unfavorable aerodynamic interactions between the wings and the fuselages, as

well as the limitations posed by existing airport infrastructure. In addition, the off-centerline location of
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the fuselages in TF aircraft creates a different mass distribution spanwise, which impacts the aircraft’s
moments of inertia and affects its roll and yaw motion when compared to conventional aircraft [114].
While the TF configuration has not been extensively studied for transonic passenger aircraft, it has
found successful application in large airplanes and UAVs, indicating the maturity of the underlying
technology. Notably, Scaled Composites and Virgin Galactic have developed and flown large TF aircraft
for air-launch applications, as given in Table 2. Various research organizations, companies, and

universities have also explored TF designs for scientific research and competition, adapting existing

small aircraft or creating TF UAVs for diverse purposes in scientific investigations.

Table 2 Summary of developed and flown TF aircraft

Aircraft Organization Remarks References
Stratolaunch Scaled Composites The world’s largest all-composite aircraft, [115]
developed for the air-launch space access
system. TF, six engines, and two
empennages.
WhiteKnightTwo  Virgin Galactic Air-launch space system carrier, developed [116]
to carry the sub-orbital SpaceShipTwo. Twin
fuselages and four engines.
Taurus G4 Pennsylvania State Developed based on the Pipistrel Taurus TF  [117]
University & Pipistrel configuration. Won first prize in the 2011
Green Flight Challenge
HY4 DLR TF and four seats. Powered by a hydrogen [118]
fuel cell system.
Solar-powered TF  National = University of High-altitude long-endurance solar-powered [119]
UAV Defense Technology UAV.
DEP-TF UAV Northwestern Polytechnical A 40-kg TF demonstrator for the technology  [120,121]

University

demonstration of the TF configuration and

distributed electric propulsion systems

In terms of TF passenger aircraft research, NASA undertook several TF transport aircraft and TF
passenger aircraft research projects decades ago. To replace the Lockheed C-5A and Boeing 747 transport
aircraft, Lockheed and NASA collaborated on the conceptual design and WTT of a large cargo TF aircraft
[111]. In addition, they conducted a simulator study of the large TF cargo transport aircraft’s flight
characteristics during approach and landing [122]. Following that, NASA conducted an in-flight
assessment of the flying qualities of a 250-seat TF passenger aircraft [123].

Due to the complexity of TF aircraft development, such as the challenges in the areas of flight
dynamics and airworthiness certification, as well as airport infrastructure constraints, such as runway
width and terminal access, no TF passenger aircraft has been built to date. However, with the recent
appearance and maturation of numerous advanced technologies, such as composite materials and folding
wingtips, the feasibility and potential of TF configuration for next-generation air transportation are being
reconsidered. Airbus has introduced an innovative TF aircraft concept, awarded a U.S. patent, which
features a forwarded-swept wing design and a centrally positioned turboprop system, addressing issues
of excessive height and center of gravity present in previous designs, while potentially reducing aircraft

weight and fuel consumption [124]. Moreover, Chiesa et al. [107] analyzed the characteristics of the TF
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configuration and designed a TF passenger aircraft with reference to the Boeing B767-200 and B777-
300. The analysis considered various stress distribution modes, highlighting structural concerns
associated with TF aircraft, such as heightened inertial and centrifugal forces during roll maneuvers due
to the increased distance between fuselages. The conjoined fuselage layout imposes constraints that may
result in diverse stress distributions, potentially inducing undesirable torsion in the central wing section.
Addressing these structural challenges for effective TF aircraft development requires further in-depth
analysis and evaluation. Vedernikov et al. [125] extended the exploration into the distinctive
characteristics between conventional and TF aircraft. They presented a case study of a TF passenger
aircraft configuration based on the prototype of the Airbus A320, offering a comparative lens to Chiesa
et al.’s findings. Complementing these theoretical and design-focused studies, practical experimental
research was conducted by the Russian Central Aerohydrodynamic Institute (TsAGI). They specifically
examined a tri-engine, TF transport aircraft model in the T-102 TsAGI low-speed wing tunnel [126],
providing empirical data to validate and expand upon the observed stress distribution concerns and design
implications highlighted in the earlier studies. However, the studies mentioned above lack a
comprehensive design process and a complete conceptual design methodology or provide demonstration
design cases for TF aircraft, which poses challenges in offering an effective reference for the
development of next-generation TF aircraft.

As part of the EU-funded RHEA project, a series of studies aimed at exploring the potential of the TF
configuration for next-generation air transport application through conceptual design and MDO has been
performed. As a result, a comprehensive TF transport aircraft conceptual design and optimization
framework was developed by Ma and Elham [60], which includes the design and optimization of a
medium-range TF passenger aircraft to study the characteristics of the TF configuration. Based on the
developed conceptual design framework, short-range, medium-range, and long-range TF aircraft were
designed and compared with conventional aircraft [10], as illustrated in Fig. 8. The study findings
indicate that the TF configuration outperforms the SBW configuration in fuel efficiency by 17% and 10%
for medium- and long-range missions, respectively. In addition, a semi-empirical weight estimation
method for TF aircraft was developed by Ma et al. [127], which was used to aid in the conceptual design

of a medium-range and a long-range TF aircraft.
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Fig. 8. Medium-range TF aircraft [10].
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Comparative research shows that, compared to conventional configurations, the TF configuration,
when equipped with advanced technologies including HLFC, load alleviation, and advanced composites,
can achieve fuel consumption reductions of 24%, 36%, and 45% for short-, medium-, and long-range
missions, respectively [10]. Further comparative aerostructural optimization studies for the TF and SBW

configurations show that while the TF shows better overall fuel consumption reduction potential, its
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optimum wing AR is lower than that of the SBW, e.g., in a study for a medium-range mission, the TF’s
optimum AR (AR=20.74) is over 20% lower than that of the SBW (AR=26.01) [102].

The successful implementation of the TF configuration in large airplanes and UAVs stands as a
testament to the maturity of the related technologies. However, the TRL of this configuration in the field
of transonic passenger aircraft is still low, mainly due to the limitations of airport infrastructure, including
the gate-box limit on the wingspan, runway width, etc. TF UAV and large aircraft projects have proven
the viability of the TF configuration for HARW and UHARW designs. As a result, there is a growing
focus on TF transonic passenger aircraft. Despite the successful implementation of the TF concept for
the HARW and UHARW designs, unresolved issues, such as airport infrastructure constraints and
passenger comfort during roll maneuvers, remain significant issues that need to be resolved to ensure
that the TF aircraft meet all certification requirements while still achieving the improvement in payload-

range efficiency.
4.2.3Folding wingtips

The utilization of HARW is of particular interest to aircraft designers due to its inherent ability to
reduce induced drag, resulting in a considerable improvement in the lift-to-drag ratio, as outlined above.
However, in practice, several challenges need to be addressed, with the most significant being the
limitations on the wingspan imposed by airport operational requirements, such as gate limits, runway
length, and taxiway separation. As a result, incorporating folding wingtip devices on HARW has emerged
as a highly attractive solution to overcome the challenge posed by airport operational requirements. This
device allows the span of an aircraft to be shortened on the ground by folding the wingtips upward during
landing. This allows aircraft to operate using existing airport infrastructure while benefiting from a larger
span during flight, thereby reducing induced drag. The most notable recent example is the Boeing 777X,
the latest addition to the Boeing 777 family, which introduced several significant innovations, including
new engines, composite wings, and, notably, folding wingtips. These folding wingtips allow the aircraft
to fit within the same size category as existing 777 aircraft when folded but can be extended to increase
the wingspan and reduce induced drag during flight [128]. The folding wingtips reduce the wingspan
from 235 feet to 212 feet, aligning it with the ICAO Aerodrome Reference Code E [129]. However, it is
important to note that the incorporation of folding wingtips introduces additional weight in the form of
mechanisms and actuators. Although the wingtips of the 777X are exclusively operated on the ground,
the inclusion of such mechanisms raises the question of whether folding wingtips can be utilized in flight
to provide aerodynamic or structural advantages.

The Flared Folding Wingtip (FFWT) is one such device [129-137], as illustrated in Fig. 9. This device
consists of a folding wingtip in which the hinge line is rotated to deviate from parallel with the oncoming
airflow, and the extent of this rotation is referred to as the flare angle [137]. In this concept, an increase
in the fold angle decreases the local Angle of Attack (AoA), and conversely, the AoA increases in the
opposite direction. Therefore, when the FFWT is free to rotate, the fold angle naturally tends to an
equilibrium position. Around this point, aerodynamic and gravitational moments are balanced, thus
keeping the system statically stable. Recently, there has been a growing interest in the study of FFWT.
Castrichini et al. [138] initiated a study to explore the impact of employing nonlinear FFWT as a load
alleviation mechanism. Their research revealed that the FFWT design offers an enhanced load alleviation
strategy, resulting in reduced wing root bending moments compared to the baseline model with a 25%
shorter span. This demonstrates that with appropriate FFWT design, it is feasible to increase the wing

AR with minimal increases in the internal loads experienced by the aircraft. This, in turn, leads to
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improved aerodynamic efficiency and/or reduced structural weight on existing platforms. More recent
studies have emphasized the significant influence of FFWT on aircraft flight dynamics and stability. Ajaj
[129] found that FFWT has a significant influence on the flight mechanics of a narrow-body transport
aircraft, particularly affecting wing loading and roll response, thereby altering flight dynamics and
stability. The impact of geometric nonlinearities on the quasi-steady aeroelastic response of FFWT
conducted by the University of Rome and Airbus [130], revealed that these nonlinearities lead to
considerable variation in wingtip response, though the impact on the main airframe is relatively small,
suggesting a focused effect on wingtip design. Corcoles et al. [131] from Delft University of Technology
developed a nonlinear aeroelastic model, highlighting the complex dynamics and load alleviation
capabilities of FFWT, especially in response to gusts. The University of Bristol’s research, spearheaded
by Gu et al. [61,132], emphasized the structural efficiency and performance improvements achieved by
incorporating FFWT into HARW aircraft designs. They demonstrated a significant reduction in
aerodynamic loads during maneuvers and gust conditions. Furthermore, Healy et al. [133] investigated
the use of FFWT on roll performance, discovering that such wingtips can significantly alleviate
aerodynamic roll damping, enabling wings with larger spans to maintain comparable roll performance to
those with shorter spans. This insight is vital for future aircraft designs, where larger ARs and wingspans
are desired for increased efficiency, but most do not compromise roll maneuverability and control
authority. In addition, WTT by the University of Bristol [134,135] reinforced the positive effects of
FFWT devices on flight mechanics and handling qualities, underlining their practicality for real-world
applications. Lastly, the University of Michigan’s work [136,139] on HARW transport aircraft with
FFWT using a fully-coupled nonlinear aeroelastic dynamics framework adds to the understanding of the

complex dynamics and roll maneuver capabilities of these systems.

/
Fold angle 6
Fig. 9. Illustration of an aircraft with the flared folding wingtip device [61].

During a cruise, when an FFWT is fixed at a fold angle of zero degrees, it typically generates more lift
than its weight. In this scenario, if the wingtips were released and allowed to rotate freely, they would
fold upward, reducing the lift produced by the wingtip and restoring balance to the moments around the
hinge. This reduction in lift at the wingtip shifts the center of pressure inward, resulting in load alleviation.
However, it also reduces the overall aerodynamic efficiency of the aircraft. Therefore, concepts seeking
to utilize this technology often employ a so-called Semi-Aeroelastic Hinge (SAH) [61,130,140,141].
With the use of this mechanism, the FFWT can operate in two different states: a free state, where the
wingtips rotate freely about the hinges, and a fixed state, where they are mechanically connected to the
inner wing via an actuator, allowing the wingtips’ fold angle to be manually adjusted. To alter the
aircraft’s dynamic behavior and reduce peak wing loading, the wingtip can be released during maneuvers
and gust encounters, while it can be locked in flight for optimal cruising performance. A recent example
is the Airbus AlbatrossONE flight demonstrator, designed to explore the application of folding wingtips
with SAH to achieve passive load alleviation. Flight tests involving the AlbatrossONE were conducted
in both 2019 and 2020, confirming the viability of the SAH concept [142,143]. Furthermore, Airbus is
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conducting further investigations on a larger scale, utilizing an extra-high-performance wing
demonstrator based on a Cessna Citation VII business jet platform to investigate the SAH technology
[83]. However, the timing of releasing an SAH during gust encounters is critical. Releasing it too late
will not reduce the loads, whereas releasing the SAH as early as possible before equilibrium will provide
similar benefits as a free-floating wingtip [144]. Moreover, this timing affects the wing root bending
moment, with potential extreme loads. In practice, an AoA sensor mounted on the nose of an A320-like
aircraft can detect gusts approximately 0.1 seconds before the wing encounters them when the aircraft is
on cruise. Therefore, the SAH should be designed to exhibit rapid responsiveness, taking into account
the system delays and transient response of the wingtip [137]. One potential solution to address this
challenge is to adjust the mass distribution of the FFWT so that the wingtips generate the necessary lift
to maintain a specific angle that optimizes the aircraft’s aerodynamic efficiency during cruise. Unlike
the SAH, such a concept does not require releasing the hinges in response to gust detection. For instance,
Healy et al. [137] explored the placement of fuel tanks at the wingtip as additional mass to extend the
aircraft’s range. Their findings indicate that by carefully selecting the mass distribution at the wingtip, it
is possible to achieve a dynamic load alleviation comparable to the SAH concept during turbulence
encounters.

However, developing folding wingtips for transport aircraft is not a trivial task, as there are many
challenges and obstacles to overcome. Some of the current obstacles include:

e Mechanical Joints and Actuators: Introducing folding wingtips requires reliable and robust
mechanical joints and actuators capable of withstanding high loads and stresses during flight.
They must also be fail-safe to prevent potentially catastrophic consequences in case of
malfunction or damage [134].

e Complexity and Weight: Folding wingtips increase the complexity and weight of the wing
structure, which can affect the overall aircraft performance and fuel efficiency. Implementing
sophisticated control systems and sensors is necessary to monitor and adjust the wingtip position
based on different flight conditions [145,146].

According to the above research, it can be concluded that the potential of folding wingtip technology
in aircraft design extends beyond conventional applications, offering transformative possibilities for
various unconventional wing designs and new material integrations. The incorporation of folding
wingtips offers significant advantages in terms of aircraft performance and operational efficiency.
Notably, the technology contributes to a reduction in wing structural weight by up to 25%, while
concurrently decreasing wing root bending moments by as much as 10% under certain loading conditions.
Furthermore, folding wingtips have demonstrated the capability to enhance the aircraft’s range by more
than 5%, attributed to improvements in aerodynamic efficiency and the optimum increase in wing ARs
to values exceeding 22. These enhancements collectively present a compelling case for the wider
adoption and integration of folding wingtip technology in future aircraft design. However, the successful
implementation of folding wingtips in transport aircraft is not without its challenges. These include
engineering complexities related to structural integrity and aerodynamic efficiency, as well as the
necessity for coordinated efforts among aircraft manufacturers, regulatory authorities, and airport
operators to ensure safety and compatibility with existing infrastructure. Furthermore, the integration of
folding wingtips with unconventional wing designs and advanced materials opens new avenues for
research and development but also introduces additional layers of complexity. The investigation into the
durability and maintenance requirements of such configurations, as well as the exploration of optimized

folding mechanisms suitable for varied wing geometries, are crucial study directions. Addressing these
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challenges and study directions is essential not only for the advancement of folding wingtip technology

but also for harnessing its full potential in enhancing aircraft performance and operational efficiency.
5. Conceptual design of HARW aircraft

Aircraft conceptual design is the initial phase in the development of an aircraft. The conceptual design
phase of HARW aircraft is characterized by designers and engineers delving into the exploration and
definition of the fundamental characteristics and configuration of the aircraft. This early design stage
lays the crucial groundwork for subsequent phases, including preliminary design, detailed design, and
development.

Weight estimation holds significant importance within the conceptual design process of HARW
aircraft. Designers utilize a variety of methods, including statistical data from existing aircraft, scaling
laws, and analytical techniques, to estimate the weight of HARW aircraft. Accurate wing weight
estimates are particularly crucial in assessing the performance of HARW aircraft, especially when
unconventional configurations are implemented. Chiozzotto [147] established a wing mass estimation
method for high AR SBW aircraft, considering aeroelastic factors, loads, aileron criteria, and other
factors. The structural weight is calculated employing analytical formulas that account for strength,
buckling, and fatigue, encompassing both aluminum and composite wing materials. Derived from the
semi-analytical method for estimating wing weight in high AR SBW aircraft, a semi-empirical alternative
was crafted using statistical regression techniques, designed for utilization in the initial stages of aircraft
design [75]. Drawing from a similar methodology, Ma et al. [148] developed a mass estimation approach
for TF aircraft featuring HARW, utilizing both aluminum and composite materials. Analytical weight
estimation methods for high AR TBW and SBW configurations were developed by Virginia Polytechnic
Institute and State University [23,149]. Analytical weight estimation approaches for high AR cantilever
and TBW aircraft were established by the Georgia Institute of Technology within the physics-based
aerostructural toolkit RADE (Rapid Airframe Design Environment) [150,151]. Furthermore, the
University of Tokyo [152] and Cranfield University [153] each developed physics-based methods for
estimating the weight of the wingbox in high AR SBW configurations. The University of Bristol devised
a weight computation method tailored for HARW equipped with folding wingtips [61]. This method
involves sizing wing spars and skin-stringer panels to prevent structural tensile or compressive failure as
well as flutter. Politecnico di Milano introduced a composite wingbox sizing approach for HARW in the
aircraft conceptual and preliminary design phases [35]. This approach is based on meta-models and takes
into account both static trim and dynamic loads. It was specifically utilized to size a cantilever wing with
an AR of up to 19.

To provide an overview of the current state-of-the-art in weight estimation methods of HARW, we
have complied a list of developed methods in Table 3, categorized by fidelity level. Table 3 demonstrates
that the analytical and quasi-analytical methods have garnered considerable attention in the research
community. This can be attributed, in part, to the limited availability of actual data for HARW,
particularly for unconventional configurations like SBW, which hinders the development of empirical
methods. Furthermore, most ongoing endeavors are still in the conceptual design phase, where efficient
and reliable analytical methods are preferred due to their suitability and effectiveness in addressing the

challenges associated with HARW aircraft design.
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Table 3 Overview of weight estimation methods for HARW/UHARW.

References Organization

Description

Empirical & semi-empirical methods

Chiozzotto [154] DLR

For the high AR conventional, forward-swept wing, and SBW
configurations. Wing weight estimation considers aeroelastic effects,
including static aeroelastic loads, aileron efficiency, and aeroelastic
divergence effects. Developed based on a physics-based wing weight

estimation tool.

For UHARW TF aircraft. Developed based on a physics-based wing
weight estimation method. Aluminum and composite laminates.
Integrated into a TF aircraft design framework. Applied for medium-

and long-range TF aircraft designs.

Ma et al. [148] Technische
Universitit
Braunschweig

Kretov and Nanjing

Tiniakov [155] University of

Aeronautics and

Astronautics

For composite HARW with folding wingtips. Applied for the Boeing
737 and A320 aircraft with composite HARW.

Analytical & quasi-analytical methods

Chiozzotto [147] DLR

For high AR SBW. Static aeroelastic loads, aeroelastic divergence,
and aileron reversal criteria are calculated. Structures are sized with
analytical box-beam equations for strength, buckling, and fatigue

criteria. Aluminum and composite laminates.

Locatelli et al. [149]  Virginia Tech

For cantilever and high AR SBW. Wing sections are sized against
bending, shear, and torsion loads. Maneuver, gust, landing, and taxi

loads are considered.

Gur et al. [23] Virginia Tech

For metallic, high AR, TBW configuration. A combination of FE

analysis and the fully-stressed design criteria.

Udin and Anderson ~ University of

[156] Michigan

For TF aircraft, but also conventional aircraft. Assuming a non-
tapered inboard wing section and a tapered outboard wing section.
The mass spanwise distribution is integrated with the aerodynamic

load spanwise distribution.

Sarojini et al. [150]  Georgia Tech

For cantilever and TBW aircraft. Developed within the RADE
framework. Aerodynamic loads are independent of structural

deflections.

Solano et al. [151] Georgia Tech

For wingtip propulsor configuration with HARW. Developed within
the RADE framework. Dynamic gust loads along with traditional

early design phase static load conditions are considered.

Guetal. [61] University of
Bristol

For HARW with folding wingtips. Wing spars and skin-stringer
panels are sized to avoid structural tensile or compressive failure and

flutter.

Masuko et al. [152]  University of
Tokyo

For high AR SBW. Wing weight is estimated considering the bending
moment on the wings. The analytical method is only used for the

wingbox sizing.

Taflan et al. [153] Cranfield

For high AR cantilever and SBW. The wingbox components are sized
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University against bending, shear stresses, and buckling constraints.

Elham and Karpuk ~ Technische Beam theory is used to size the thicknesses of the four equivalent
[51,157] Universitdt panels representing the wingbox. Aerodynamic loads are calculated
Braunschweig using a VLM. Both the maneuver and gust loads are considered.

Applied to a medium-range aircraft with an AR of 12.

Toffol and Ricci Politecnico di For HARW. A meta-model is used for composite wingbox sizing in
[35] Milano aircraft conceptual and preliminary design stages. Considering both
static trim and dynamic loads. Applied to cantilever wing with an AR

of up to 19.

In addition to weight estimation investigations, thorough conceptual design methodologies and
applications for HARW aircraft have garnered substantial research focus. Delft University of Technology
developed an initial sizing and analysis tool named Initiator for the conceptual design of both
conventional and unconventional aircraft. This tool was employed in the design research of a hybrid-
electric propulsion aircraft featuring an AR of 12.0 [158]. RWTH Aachen University employed their low-
fidelity overall aircraft design tool, MICADO, to investigate the impact of HLFC and variable camber
on a HARW with an AR of 12.28 [159]. Karpuk and Elham [160] established a physics-based aircraft
initial sizing tool called PylInit, which was subsequently adapted and employed by Ma and Elham [10]
in the conceptual design of aircraft featuring SBW and TF configurations incorporating UHARW
(AR=25.0). The University of Toronto Institute for Aerospace Studies created an integrated analysis,
sizing, and optimization environment called Faber, which combines low- and medium-fidelity
approaches for transport aircraft research [161]. Faber was applied for various purposes, including an
acrodynamic optimization study of a high AR SBW aircraft. Technische Universitat Braunschweig
developed ADEMAO [162], a multi-fidelity aircraft design, analysis, and optimization framework
tailored for advancing future aircraft design and optimization efforts. This environment was specifically
employed in the exploration and advancement of the next-generation of short- and medium-range
transport aircraft, characterized by wing AR ranging from 9 to 18. The EU-funded project AGILE is
developing a cutting-edge, multidisciplinary, and distributed design and optimization framework that
brings together experts from diverse backgrounds, affiliations, and disciplines. The AGILE development
framework was applied for the MDO studies of a SBW aircraft [74]. Following the optimization process,
the SBW aircraft’s AR was increased from 14.0 to 17.0, driven by the objective of minimizing block fuel
consumption.

Conceptual design methodologies and frameworks play an important role in shaping the initial stages
of HARW aircraft development. Weight estimation methods, ranging from empirical equations to more
advanced analytical approaches, provide insights into the potential mass of the aircraft, aiding in the early
assessment of feasibility and performance. Concurrently, conceptual design frameworks offer a
structured pathway for integrating various design disciplines and optimizing trade-offs, facilitating a
comprehensive and systematic approach to HARW aircraft development. However, this realm is not
devoid of challenges. The inherent complexity of HARW aircraft, along with the complicated interactions
between different design parameters, poses significant hurdles. Achieving a harmonious balance between
aerodynamic efficiency, structural integrity, and mission requirements requires innovative solutions and

comprehensive considerations.
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6. Preliminary design of HARW aircraft

The preliminary design phase for HARW aircraft is critical in crafting aircraft that are not only efficient
but also exhibit high performance, particularly notable in their extended wingspan relative to chord length.
This phase crucially interweaves various aspects — starting from a comprehensive understanding of the
aircraft’s mission requirements, operational goals, and constraints, to the complex aerodynamic and
structural considerations. In aerodynamics, the focus is on meticulously evaluating different wing
geometries, airfoil shapes, and wingtip configurations. This evaluation is key to optimizing lift
characteristics and minimizing drag, an integral part of achieving the enhanced aerodynamic efficiency
that HARWs are known for. Concurrently, there is a strong emphasis on structural integrity. The extended
wingspan characteristic of HARW aircraft introduces heightened demands on the wing structure. This
necessitates a thorough assessment of materials, wingbox design, and load distribution, ensuring that
structural considerations are harmoniously balanced with aerodynamic needs. The ultimate goal in this
phase is to synergize these elements — aerodynamics, structure, and mission alignment — to ensure the
development of a HARW aircraft that is not only fuel-efficient but also safe and reliable.

This section focuses on the key aspects of the preliminary design of HARW aircraft, encompassing
aerodynamic design, aeroelastic design, aerostructural design, and experimental design. It aims to
showcase the current breakthroughs achieved in these areas while identifying the challenges that remain

to be addressed.
6.1 Aerodynamic design

Designing the aerodynamics of the HARW aircraft represents both a strategic advancement and a
formidable challenge. These slender wings are anticipated to minimize drag, enhance flight efficiency,
and elevate overall performance. However, these benefits come with a complex set of challenges that
require careful navigation. The distinctive geometry of HARW introduces complexities in lift distribution,
vortex behavior, and stall characteristics, necessitating inventive approaches to ensure safe and efficient
flight [163]. Moreover, incorporating innovative concepts like winglets, folding wingtips, or morphing
wing technologies to amplify performance brings about intricacies in design, acrodynamic stability, and
manufacturability [164]. The integration of cutting-edge materials, optimization of wing structures, and
the mitigation of aeroelastic instabilities further contribute to the complicated landscape of aerodynamic
design for HARW [82,165].

Rakshith et al. [166] developed an aerodynamic optimization package called PROWING, specifically
designed for HARW aircraft with propellers in a tractor configuration. The package extended the classical
lift-line theory to incorporate propellers and integrated it with an optimizer. The tool was applied to a
wing with an AR of 12, and the resulting optimal planform demonstrated a 9.5% reduction in induced-
drag. Nguyen and Xiong [167] conducted a real-time drag optimization study for the CRM with an AR
of 13.5, incorporating a distributed mini-plane flap system. They developed a surrogate model and
employed it in an online drag optimization strategy to efficiently optimize the drag characteristics of the
aircraft in real-time. Mosca et al. [168] introduced a quasi-three-dimensional aerodynamic analysis
method using XFOILSUC for simulating and optimizing boundary layer suction’s influence on the wing
design of a regional aircraft with an AR of 16. The results demonstrated that the implementation of active
flow control led to an impressive reduction of over 45% in aircraft drag.

As mentioned above, in recent years, the SBW configuration has drawn a lot of attention, and many

scholars have conducted research on the aerodynamic design and optimization of SBW at different
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fidelity levels. Xiong et al. [169] investigated the transonic wing-strut interference effects of a Mach 0.8
transonic TBW aircraft (AR=19.55) utilizing the high-fidelity CFD solver FUN3D. The research
demonstrated that the presence of the strut underneath the wing induced a suction peak on the lower wing
surface. Based on the high-fidelity CFD results, a wing-strut interference aerodynamic correction model
was developed for the low-fidelity tool VSPAERO, enabling rapid aerodynamic analysis of TBW aircraft.
In a follow-up study, a vortex-lattice model of the Mach 0.8 TBW aircraft was created, incorporating
transonic small disturbance, integral boundary-layer, and wing-strut interference corrections. This model
enabled rapid aerodynamic analysis and was validated against high-fidelity CFD results and WTT data
[170]. Hwang et al. [171] conducted high-fidelity aerodynamic shape optimization for a TBW
configuration with the HARW design. Ivaldi et al. [172] performed high-fidelity aerodynamic shape
optimization studies for a high AR TBW aircraft (AR=21.44) utilizing the RANS equations with 750
shape and twist design variables. The optimization resulted in an aircraft drag reduction of more than 28%
over the baseline geometry. Secco and Martins [173] conducted an aerodynamic shape optimization of a
transonic SBW (AR=19.2) utilizing RANS-based methods. They utilized overset meshes and
component-based geometry manipulation for the optimization process. The results of the optimized
configuration revealed that a downward-lifting strut design could avoid suction peaks in surfaces facing
the wing-strut gap, effectively eliminating the shock wave present in the baseline configuration. The
optimization further indicated that changes in the strut shape were more effective for reducing drag
compared to modifications to the wing shape. Chau and Zingg [26] investigated the aerodynamic design
and fuel efficiency of an SBW regional aircraft with an AR of 17.32 compared to a conventional aircraft,
demonstrating a 12.9% higher cruise lift-to-drag ratio and 7.6% fuel burn savings over a 500 nmi mission,
as shown in Fig. 10. Operating over longer ranges may result in even larger fuel reductions for the SBW
configuration, especially for single-aisle class aircraft. In a subsequent study, Chau and Zingg [25]
conducted multipoint aerodynamic optimization studies for the high AR SBW aircraft. The optimization
resulted in up to 12% reductions in off-design cruise drag. Li et al. [174] utilized a high-fidelity RANS
solver and gradient-based optimizer for the aecrodynamic optimization of a medium-range TBW aircraft
with an AR of 20.23. The optimization included single-point and multi-point optimization studies. The
results indicated that the three-point optimization design demonstrated outstanding aerodynamic
efficiency, especially when evaluated at additional off-design points. Additionally, Li et al. [175]
conducted high-fidelity aerodynamic optimization studies for the TBW configuration to assess the
advantages of incorporating the active control technique of “relaxed static stability”. The results
demonstrated that the combination of the multipoint aerodynamic shape optimization method with the
relaxed static stability approach had a significant impact on enhancing comprehensive aerodynamic

shape optimization.
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Recent research on the TF configuration has yielded interesting findings on its aerodynamic
characteristics but has also exposed certain limitations. Chernousov et al. [126] identified that a TF design
could lead to a reduced drag coefficient and lower structural weight, a finding that aligns with the
observations of Moore and Maddalon [111] in multibody transport aircraft, where they noted significant
weight reduction and performance improvements. However, these studies also indicated a reduction in
the maximum lift-to-drag ratio when incorporating elements like external tanks in the model of
Chernousov et al. [126], reflecting a potential compromise in aerodynamic efficiency. Besides, despite
demonstrating the aerodynamic benefits of TF designs, such as reduced drag coefficient and lower
structural weight, their research did not explore the aerodynamic effects of different fuselage
arrangements on factors such as aerodynamic disturbances, boundary layer behavior, or inter-fuselage
airflow effects, which are critical to understanding the complete aerodynamic characteristics of TF
aircraft. Patterson’s exploration of unmanned high-altitude long-endurance aircraft with the TF
configuration further supported these findings, showcasing reduced aircraft/payload interference and
wing weight due to effective load alleviation [176]. This research complements Yamazaki and
Kusunose’s study [177], which focused on a TF configuration for supersonic transport, achieving
significant drag reduction. They reported a noteworthy 37% reduction in total drag, emphasizing the
aerodynamic advantage of TF concepts in reducing wave drag. Spearman and Feigh [178] proposed an
innovative TF aircraft configuration with an inboard wing, aiming to eliminate wingtip vortices and
improve aerodynamic efficiency. Their experimental approach suggested a potential increase in lifting
efficiency and a reduction in induced drag. Conversely, Wang et al. [179] combined numerical
simulations and experimental studies on a similar configuration, identifying the formation of a virtual
wingtip vortex system. However, their results showed discrepancies between numerical predictions and
experimental data, particularly regarding the impact of twin fuselages on lift, emphasizing the need for
more accurate modeling techniques in such complex configurations. In summary, while these studies
contribute significantly to our understanding of the TF aircraft’s aerodynamics, they also leave gaps in
the exploration of airflow interaction between fuselages, stability, and the comprehensive analysis of
viscous flow effects, which are critical for the practical implementation of the TF configuration.

In conclusion, the exploration of cantilever wings, SBW, and TF configurations has significantly
advanced our understanding of HARW and UHARW in aerodynamics. These studies have revealed
critical insights into aerodynamic efficiency, drag reduction, and vortex behavior, providing valuable
benchmarks for future design and research. A significant challenge in SBW design is managing the
aerodynamic interference between the wing and the strut. This is especially evident in the formation of
shock waves at the wing-strut intersection, leading to increased wave drag and the induction of airflow
separation. In medium-range SBW aircraft, strut drag is significant, accounting for about 10% of the
airplane drag, with interference effects between the wing and strut making up about 1% of the airplane
drag [15]. This is likely to change as the cruise Mach number is increased. NASA’s research on SBW
aircraft emphasizes the strut’s role as a primary structural element, aiming to reduce drag through careful
design [180]. At higher Mach numbers (e.g., Mach=0.80), a strut loading/lifting design could be
beneficial to decrease the likelihood of shockwave formation on the wing [100]. The TF configuration
faces the challenge of minimizing the aerodynamic disadvantages caused by the wing’s interaction with
twin fuselages. The design aims to retain HARW benefits without incurring excessive drag due to wing-
fuselage interactions. Addressing this typically involves a high-wing position, varied wing twists near
the fuselages, and complex geometry at junctions for managing high-speed airflow. Moreover, the central

wing segment, often unswept due to structural considerations, adds compressible drag, necessitating
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advanced airfoils and optimization techniques for drag reduction. However, it is important to recognize
that aerodynamic design alone is not sufficient for the development of HARW and UHARW. The

complicated interplay between aerodynamics and structure necessitates a comprehensive approach.
6.2 Aeroelastic design

The pursuit of HARW configurations, characterized by their potential for enhanced efficiency and
reduced drag, presents a compelling avenue for the future of aviation. However, this undertaking is not
devoid of notable challenges, particularly within the domain of aeroelastic design. HARW introduces
complex geometric nonlinearities that can greatly influence their structural behavior and aeroelastic
characteristics. These nonlinearities arise from the slender wing geometry, which can lead to complex
interactions between bending, torsion, and flutter modes [181]. Furthermore, the incorporation of novel
HARW configurations, such as SBW and folding wingtips, adds another layer of complexity [21,53].
These innovations demand the adjustment and integration of these unconventional attributes into
established aeroelastic analysis tools, or the development of new analysis approaches [7,182]. Achieving
accurate predictions of aeroelastic behavior while considering the diverse and evolving array of HARW
configurations necessitates novel modeling techniques, computational methodologies, and experimental
validation.

NASA’s methodology, combining the modified aerodynamic solver VSPAERO and finite element
code BEAM3D for rapid aeroelastic performance evaluation, represents a significant step in optimizing
aeroelastic trim drag for HARW TBW aircraft (AR=19.55). This comprehensive approach incorporates
arange of Mach numbers and integrates camber continuous trailing edge flaps and high-lift devices [183—
185]. The subsequent enhancement using the high-fidelity FEM solver NASTRAN, and validation with
the CFD solver FUN3D fortifies the fidelity of simulations [186,187], as shown in Fig. 11. However,
while this method significantly advances aeroelastic modeling, it may lack in addressing the variability
of real-world operational conditions and these studies might overlook the long-term impact of material
fatigue under different stress scenarios. In contrast, Politecnico di Milano’s development of NeoCASS
[188], a medium-fidelity tool for aeroelastic analysis and optimization, is specifically tailored for
conceptual and preliminary aircraft design. This tool effectively integrates a stick FEM solver and a
VLM/Doublet Lattice Method (DLM) aerodynamic solver, proving instrumental in aero-servo-elastic
analysis, flutter evaluation, and load alleviation. Its application in recent projects for HARWs with ARs
from 10 to 19 underscores its versatility [7,35]. However, NeoCASS might not fully capture the subtle
aerodynamic interactions at higher Mach numbers, a limitation that warrants further exploration. These
differing approaches underscore the complexity of aeroelastic modeling in HARW aircraft. NASA’s
method emphasizes detailed aeroelastic trim optimization, while NeoCASS offers a broader, more
versatile tool for preliminary design stages. Both methodologies contribute uniquely to the field, but their
limitations highlight the ongoing challenge of developing a comprehensive tool that encompasses the

full spectrum of aeroelastic phenomena in varying flight conditions.
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Fig. 11. Wing deflection and pressure coefficient contour on the transonic TBW surfaces [186].

The series of studies in the field of HARW aeroelasticity demonstrate both converging and diverging
findings, emphasizing the multifaceted nature of this research area. Virginia Polytechnic Institute and
State University’s high-fidelity 3D composite beam model, combined with the VLM for steady
aerodynamic analysis, has advanced the design of HARWSs for aircraft like the D8, focusing on fuel
efficiency and load alleviation to reduce wing structural mass and improve lift-to-drag ratios [189], as
illustrated in Fig. 12. This approach aligns with Stanford University’s integration of the SUAVE
framework with the ASWING solver, emphasizing multi-fidelity in structural sizing and aeroelastic
design for SBWs with high ARs [190]. Delft University of Technology’s use of PROTEUS, an aeroelastic
composite tailoring tool, in optimizing an SBW with composites highlights the increasing trend towards
composite materials, showing an improved AR from 15.0 to 17.7 [191]. Similarly, the study by Solano
et al. [55] on NASA’s SUGAR TBW aircraft (AR=19.7) demonstrates the criticality of strut attachment
points in minimizing structural mass. Collectively, these studies underscore the significance of material
choice and structural optimization in high AR SBW/TBW design. The University of Patras [192] and
ISAE-SUPAERO [193] have developed methodologies for low-fidelity steady-state static aeroelastic
optimization and structural mass prediction (FAST-OAD-GA), respectively, catering to composite
HARWSs. These tools, while beneficial for preliminary design, may not fully capture the complexities of
aeroelastic interactions, especially under diverse operational conditions. In contrast, Conlan-Smith and
Andreasen’s development of an aeroelastic optimization framework that considers both exterior and
interior wing characteristics offers a more comprehensive approach to HARW design, indicating a shift
towards more integrated design methodologies [194]. DLR’s cpacs-MONA tool [82] and the low-order
flutter model by Opgenoord et al. [195] further contribute to understanding the aeroelastic behaviors of
HARWSs, emphasizing maneuver load alleviation and flutter characteristics across a broad range of ARs.
Studies on HARW by Chedrik et al. [70] and Delavenne et al. [196] reveal the delicate balance between
aerodynamic efficiency and structural requirements, especially regarding flutter requirements and active
winglet concepts. Collectively, these studies reveal a trajectory in HARW research that prioritizes fuel
efficiency, structural integrity, and aerodynamic performance. Moreover, the studies vary in their
approach to aeroelasticity, with some focusing on empirical methods and others on more sophisticated
computational models. This diversity indicates a need for more unified methodologies that can
seamlessly integrate different aspects of HARW design. Furthermore, the real-world application of these
studies, particularly in the context of varying flight conditions and regulatory constraints, remains an
area for further exploration.
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Fig. 12. Equivalent beam model for D8 aircraft main wings [189].

In the study of HARW, various research efforts have been carried out to understand the nonlinear
characteristics of these configurations. NASA Ames Research Center developed a coupled aerodynamic-
nonlinear FEM model for a CRM flexible wing, revealing that nonlinear bending theory yields slightly
less lift than linear bending theory due to its length-preserving property under no axial load condition
[197]. This finding is important as it contrasts the non-physical effect of lengthening observed in linear
bending theory. Otsuka et al. [198] contributed significantly by establishing a nonlinear aeroelastic
framework that incorporates the aerodynamic effects of propellers on HARW. They found that the
propeller-induced axial velocity resulted in a 5.4% wing deflection change, highlighting the impact of
propellers on wing aerodynamics and structure. This complements NASA’s findings by providing
insights into external factors like propellers affecting the HARW?’s aeroelastic behavior. On the other
hand, Garcia [199] focused on the transonic flexible HARW (AR=29.0), developing a method that
couples a 3D geometric nonlinear beam finite elements with an Euler/Navier-Stokes CFD solver. This
approach is critical for understanding the complex interactions in transonic flows, which were not the
primary focus of Nguyen et al. [197] and Otsuka et al. [198]. Additionally, Northwestern Polytechnical
University created an efficient method to investigate both linear and nonlinear aeroelastic behavior of
HARW, coupling a 3D FEM solver with a RANS solver [200]. Their work is significant in offering a
comprehensive view of the aerodynamic and structural nonlinearities in HARW, which were separately
focused in the earlier studies.

The University of Victoria has conducted a series of studies on the nonlinear structural properties of
HARW. The effect of geometric nonlinearity on HARWS, especially for SBW, is shown to be significant
in the study by Sohst et al. [21]. Nonlinear models, compared to linear ones, show a 1.9% decrease in
the lift-to-drag ratio (21.5 to 21.1), a 5.2% reduction in maximum stress (260.8 to 247.3 MPa), and a 1.2%
decrease in wing tip deformation (0.86 to 0.85 m). Furthermore, the first eigenfrequency increases from
2.88 to 3.71 Hz, indicating a stiffer structure. Further investigations highlight that linear models tend to
overestimate critical dynamic pressure and flutter frequency, emphasizing the critical role of nonlinear
effects in the aeroelastic analysis of HARWS to enhance the precision of flutter predictions [181]. This
is particularly evident in HARWSs with ARs ranging from 20 to 28, where nonlinearity significantly
affects deformed wing shape and flutter speed. At a 10-degree AoA, while linear and nonlinear models
align closely, especially at the wingtip, linear solutions predict higher displacements, consequently
resulting in increased loading and reduced flutter speeds [201]. Additionally, in the static aeroelastic
analysis of a HARW with an AR of 12, the nonlinear approach is found to critically stiffen the structure,
predicting wingtip deflections 2.4 times lower than those by the linear method for a load factor four times
higher than gravity acceleration [202]. At the University of Michigan, significant advancements in the
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research of structural nonlinearity on HARWS have also been made. Verri et al. [203] revealed an 8.4%
tip-rotation discrepancy between linear and nonlinear analysis in a 1.5 g load factor pull-up maneuver
for a HARW with an AR of 12 and significant differences in wing torsion exist between 60% and 100%
of the half wingspan. Medeiros et al. [204] underscored the limitations of linear models and the
effectiveness of nonlinear models in accurately capturing the substantial deflections of flexible HARWsS.
Furthermore, Jonsson et al. [205] compared linear and nonlinear flutter constraints in HARW structural
optimization, finding that while linear constraints lead to a 10% mass loss, nonlinear constraints
considering wing deflection can result in up to a 60% mass loss. In addition, the University of Michigan
also conducted research on flexible HARWs and HARWSs’ control surface effectiveness utilizing
nonlinear aeroelastic models [139,206,207]. In summary, although linear models offer conservative
estimates of stress distributions and are advantageous for rapid results acquisition, they may fail to
capture the complex interdisciplinary interactions of HARWS. Nonlinear structural models may predict
wingtip deformations that differ from linear models by as much as 8% or more. Moreover, linear models
tend to underestimate the flutter speed of the wing.

In addition to the research on the performance and stability of HARW and UHARW aircraft,
significant studies have been conducted on their roll maneuverability. The University of Michigan
utilized its nonlinear aeroelastic simulation toolbox UM/NAST to investigate the roll maneuverability of
flexible HARW configurations, focusing on the effects of geometrically nonlinear responses in the
aircraft’s aeroelastic behavior. Riso et al. [208] highlighted that while HARW offers reduced induced
drag, its increased flexibility can impair roll maneuverability. They demonstrated that variations in wing
stiffness and mass distributions are critical for enhancing roll performance in these aircraft. In a related
study, Sanghi et al. [206] explored how the spanwise placement of ailerons affects roll characteristics.
They found that positioning ailerons closer to the wing midspan maximizes their effectiveness, thereby
improving roll maneuverability. This study also emphasized the benefits of increasing wingbox out-of-
plane bending stiffness and establishing positive coupling between bending and torsion to enhance roll
maneuverability. However, while these studies provide insights into improving roll characteristics of
HARW aircraft, they primarily focus on specific configurations and parametric variations, potentially
limiting the generalizability of their findings. Moreover, Sanghi et al. [206] suggested that wingbox
passive aeroelastic tailoring has limited benefits in certain flight conditions, indicating an area for further
exploration. Riso et al. [208] noted that reversing the out-of-plane bending/torsion coupling term can
enhance aileron effectiveness for some configurations, though this is not universally applicable across
different HARW concepts. These studies collectively contribute to a deeper understanding of the
complex interplay between aeroelastic properties and roll maneuverability in HARW aircraft.

In recent times, the aeroelastic studies of folding wingtips have garnered attention from multiple
research institutions. A foundational study by Castrichini et al. [138] explored the use of folding wingtips
in aircraft design, aiming to achieve higher AR aircraft with less induced drag while adhering to airport
gate limitations. This work served as a baseline for subsequent investigations on folding wingtips with
SAH by research organizations in several countries [130,131]. Castrichini’s work highlighted significant
reductions in dynamic loads through the use of a passive nonlinear hinge spring, setting a precedent for
the development of folding wingtip technology. Building upon this foundation, Sanghi et al. [139]
conducted an investigation on the roll control effectiveness and load alleviation capability of leading-
and trailing-edge control surfaces, as well as free folding wingtips, in a HARW aircraft using the
UM/NAST framework. The simulations demonstrated that inboard leading-edge control surfaces were
less effective compared to trailing-edge control surfaces. However, outboard leading-edge control

30



surfaces exhibited higher load alleviation capability while avoiding control reversal. This study also
revealed that higher wing out-of-plane bending stiffness could enhance the ability of FFWT to improve
roll maneuvers at low dynamic pressure, but this effect is less significant at cruise conditions. In addition,
a study on roll maneuvers of a flexible HARW transport aircraft, controlled by different leading- and
trailing-edge control surfaces with FFWT, was also conducted [136]. The results indicated that FFWT
contributed to faster aircraft roll only when outboard-of-hinge leading-edge control surfaces were
deflected. However, at a flight condition of Ma=0.65, the FFWT only slightly impacted the roll maneuver
but did reduce moments at the wing root by up to 4% (out-of-plane bending moment) and 3.5% (torsional
moment). Furthermore, at Ma=0.65, the use of FFWT with trailing-edge control surfaces on the wingtip
led to faster roll in reversal conditions, illustrating the complexity of the aerodynamic interactions and
the challenges associated with controlling these surfaces at high dynamic pressure.

In conclusion, the research emphasizes the critical need to incorporate geometric nonlinearities in the
design of HARW and UHARW configurations, including those with innovative features like folding
wingtips [38,53]. While SBW and TBW may exhibit relatively lower flexibility, challenges such as
strut/truss buckling remain a concern. The geometric nonlinearity of both SBW aircraft and aircraft with
folding wingtips is attracting increasing attention and has been the subject of preliminary studies
[21,53,61]. These studies underscore the dynamic aeroelasticity of HARW as a critical area of focus,
with recent research highlighting that enhancements in roll maneuverability and load alleviation can be
achieved by considering the placement and design of ailerons and folding wingtips, as well as enhancing
wing stiffness properties. However, several open questions remain, particularly regarding the
generalizability of findings across different HARW configurations and the integration of folding wingtips
in various aircraft concepts. The TRL of these innovative HARW configurations especially
unconventional designs, is still relatively low. To address these gaps, comprehensive experimental
research, including ground tests, WTT, and flight tests, is necessary to validate theoretical models and
real-world applications of these advanced designs.

6.3 Aerostructural design

As detailed in Section 6.2, aeroelastic design primarily centers on the interaction between aerodynamic
forces and structural flexibility. Its goal is to ensure that the wing’s structure can withstand static loads,
dynamic loads, and vibrations induced by aerodynamic forces during flight for a fixed-wing aerodynamic
shape (planform and airfoils). However, a full aerostructural design (optimization) represents a more
integrated approach that simultaneously considers the design of both aerodynamic and structural aspects,
i.e. the wing’s aerodynamic shape (planform and airfoils) together with the wing’s internal structure in
an integrated coupled approach. This approach aims to optimize the wing’s shape, materials, and
structure to strike a balance between weight, strength, and aerodynamic performance [209].
Aerostructural design optimization frequently utilizes advanced computer-aided design tools and
optimization techniques to identify the optimal trade-off among these competing requirements.

In the realm of aerostructural design optimization, particularly for HARW aircraft, a critical decision
lies in selecting the appropriate objective function. A specific point of discussion involves the interplay
between weight reduction and aerodynamic drag. Although optimizing wing geometry to reduce weight
can lead to direct reductions in fuel consumption, it may concurrently introduce increased drag, for
instance, through an increase in wing thickness, potentially compromising the aircraft’s aerodynamic
efficiency. Conversely, optimizing for reduced drag might necessitate structural reinforcements, thereby
increasing the weight and, consequently, the MTOW. This increase in MTOW can lead to higher fuel
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consumption during critical phases of flight, such as take-off and climb. The choice of the objective
function in this context is not merely a technical decision but a strategic one that influences the aircraft’s
overall performance and operational cost, as shown by the results of Kenway and Martins’ study on the
aerostructural optimization with fuel burn and MTOW as the optimization objectives, respectively [210].
Currently, many studies in wing aerostructural optimization prioritize fuel burn as the primary objective
[8,211-214]. This choice is rooted in the aviation industry’s focus on efficiency and environmental
sustainability. By minimizing fuel burn, not only can operational costs be reduced, but there is also a
significant decrease in carbon emissions, aligning with global efforts to mitigate climate change impacts
[37,215]. However, selecting fuel burn as the objective has its consequences. This focus may lead to
designs that, while fuel-efficient, could compromise other performance aspects, such as payload capacity
or range. Additionally, a design optimized primarily for fuel efficiency might not adequately account for
factors like manufacturing complexity or maintenance requirements, potentially leading to higher costs
or challenges in other areas of aircraft operation. Therefore, the aerostructural optimization of aircraft
wings, especially for HARW configurations, is a complex exercise in balancing multiple, often
conflicting requirements. The prevalent use of fuel burn as an objective in current research reflects a
strong industry emphasis on efficiency and sustainability. However, this focus necessitates careful
consideration of the broader implications on aircraft design, operational flexibility, and lifecycle costs.

The aerostructural design optimization of HARW presents a confluence of challenges that underscore
the complexities of coupling aerodynamics and structural considerations. In the context of
aerostructurally coupled systems, a sequential design approach may produce suboptimal outcomes,
necessitating concurrent design optimization. The quest for optimal HARW designs mandates a coupling
approach, as the delicate equilibrium between aerodynamic efficiency and structural integrity cannot be
attained through isolated analyses [216]. These challenges are particularly pronounced in unconventional
aircraft configurations featuring HARW, where the integration of slender wings amplifies the
complicated relationship between aerodynamic forces and structural responses [182,217]. Disentangling
the complex interplay between bending, torsion, flutter, and aeroelasticity while optimizing for
performance and safety mandates a departure from traditional sequential methodologies.

Aurora Flight Sciences established an aerostructural optimization method by coupling a VLM and a
shell-based FEM model for the D8 aircraft, which features a 15.4 AR wing [79]. The optimization’s
objective is to minimize fuel consumption by adjusting design variables including flight AoA, wingbox
structural thicknesses, and control surface deflections. To address parasite drag, a constant drag offset is
added to the VLM drag predictions. The findings reveal that the optimized wing, tailored for active
aeroelasticity, is 50% lighter in weight (shifting span loading inboard) and consumes 11% less fuel than
the baseline optimized configuration.

Georgia Institute of Technology developed the aerostructural coupling MDO framework RADE,
integrating physics-based tools like AVL and NASTRAN, for exploring the design-space of primary
structure mass in unconventional configurations [150]. Aerostructural optimization studies were
conducted for a high AR TBW with an AR of 19.7. Sohst et al. [21] established a fluid-structure
interaction tool for surrogate-based MDO of an SBW aircraft. This method included flutter analysis
considering geometric nonlinearities. Comparative aerostructural optimization studies were conducted
for an SBW (AR=21.2) and a cantilever HARW (AR=14.1). The results indicated that the SBW design
led to a more significant improvement in aerodynamic efficiency compared to the cantilever HARW
design.

Elham and van Tooren [214] developed a medium-fidelity coupled adjoint aerostructural optimization
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tool, FEMWET, for wing aerostructural optimization research of A320-like aircraft. This tool was
improved by integrating a geometrically nonlinear composite structural solver for composite HARW
aerostructural optimizations [53]. In recent research, FEWMET was modified and applied to the
aerostructural optimization of a medium-range SBW aircraft with an AR of 25.0 [53]. During
optimization, both wingbox structures, wing planform, wing airfoil shape, and strut thicknesses were
optimized and both the mission fuel weight, MTOW, and wing structural weight were reduced
significantly, as illustrated in Fig. 13. This study indicates that the aerostructurally optimized SBW,
taking into account the NLF of the wing, can attain a notably higher AR (exceeding 32%) compared to
the optimization in the full turbulence mode, which is due to the optimizer’s ability to reduce the wing
sweep angle (conducive to achieving higher AR) while concurrently reducing wave drag by optimizing
wing airfoil shapes. Moreover, this research highlights the efficacy of load alleviation techniques.
Specifically, if the limiting load factors are adjusted from +2.5 g/-1.0 g to +1.5 g/-0.5 g, the study notes
a remarkable 26% reduction in the optimized wing structural weight and an 8.7% decrease in the aircraft
MTOW.
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Fig. 13. Aerostructural optimization of a medium-range SBW [53].

The design parameters and characteristics of ailerons are crucial for the design of HARW and UHARW.
Ma et al. [218] conducted aerostructural optimization studies for a high AR SBW aircraft, focusing on
aileron design variables. The studies considered parameters such as spanwise aileron placement and
aileron geometry, which play a critical role in the high AR SBW design. Comparative studies were
conducted on the SBW with different aileron configurations: single-aileron and two ailerons (low- and
high-speed ailerons). A series of aeroelastic optimizations, varying in ARs and aileron effectiveness
constraints, were carried out for the single-aileron SBW design, as shown in Fig. 14. The outcomes of
these optimizations indicate an exponential growth in the wing’s structural weight corresponding to the
increase of both AR and aileron effectiveness. Notably, the study also reveals that the wing’s structural
weight is considerably underestimated when the aileron effectiveness constraint is overlooked. In
addition, the optimized SBW with two ailerons exhibited a fuel mass reduction of over 8%, whereas the

optimized SBW with single-aileron demonstrated a 5.5% reduction in fuel consumption.
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Fig. 14 Influence of aileron effectiveness on high aspect ratio SBW weight [53,218].

The University of Michigan and Georgia Institute of Technology developed a DLM-based flutter
constraint for high-fidelity gradient-based aerostructural optimization, where the design variables include
wing planform and wingbox structure, with parasite drag fixed during the optimization [219]. They
calculated accurate and efficient derivatives for the DLM, along with coupled derivatives concerning
structural sizing variables and wing shape variables, focusing on the high AR CRM configuration.
Furthermore, they formulated a framework for incorporating a geometrically nonlinear, subsonic flutter
constraint that accounts for significant in-flight deflections of flexible HARW aircraft into high-fidelity
gradient-based aerostructural optimization, which involves a built-up FEM coupled with RANS-CFD
while the design variables encompass panel thicknesses, sweep, and span [220]. Additionally, Ma et al.
[221] modified a coupled adjoint aerostructural optimization method to account for dynamic
aeroelasticity concerns in UHARW configurations. Flutter constraints were introduced to facilitate
HARW aerostructural optimization, ensuring the design’s stability and safety during flight. During
optimization, the optimizer increased the wing stiffness and reduced the distance between the wing
sectional center of gravity and the elastic axis, resulting in an optimized wing design that remained free
from flutter within the flight envelope.

The MACH framework [212,222], which represents the current state of the art in high-fidelity
aerostructural optimization, was developed by the University of Michigan. MACH focuses on achieving
high-dimensional and high-fidelity aerostructural optimization through the coupled adjoint method. With
the key assistance of the coupled adjoint method, the MACH framework has enabled wing aerostructural
optimization with over 1000 design variables (including aerodynamic shape and structural sizing) [34].
It couples high-fidelity RANS CFD with a geometrically nonlinear shell FEM for use in gradient-based
HARW structural and aerostructural optimization studies [8]. The MACH framework was employed for
detailed structural sizing optimization of a HARW and compared the characteristics of geometric linear
and nonlinear structural FEM [223]. A series of aerostructural optimization investigations were
performed utilizing the MACH framework for the design space exploration of large transport aircraft
wings, in which aluminum and composite materials were used and compared [11,34,224], as illustrated
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in Fig. 15. The results showed that the aerostructurally optimized composite wing could achieve a
maximum AR of 19.5. A methodology was developed within the MACH framework for the
aerostructural optimization of composite wings with tow-steering mechanisms, and this method was
applied to optimize the aerostructural performance of a wing with an AR of 13.5 [225].
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Fig. 15. High-fidelity aerostructural optimization for a transport aircraft [34].

Given its distinctive configuration, it is also essential to investigate the wing characteristics of HARW
TF aircraft through aerostructural optimization. Ma et al. [102] employed a coupled adjoint wing
aerostructural optimization tool for a medium-range TF aircraft wing study. Through optimization,
significant reductions were achieved in fuel mass, MTOW, and wing structural mass of the TF aircraft.
Comparative studies highlighted that the SBW configuration facilitates the realization of a higher AR

wing design compared to the TF configuration considering NLF.
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Fig. 16. Aerostructural optimization for a TF aircraft with UHARW [182].

To summarize, achieving improved performance for HARW aircraft largely depends on the successful
implementation of a coupled aerostructural analysis and optimization approach. Extensive research has
been conducted to address the aerostructural design challenges associated with cantilever HARW
configurations [209,216,226]. Research on aerostructural design is already underway for unconventional
HARW configurations such as SBW and TF, as evidenced by works like Refs. [53,221]. However,
aerostructural optimization studies for high AR SBW configuration are still in their early stages. In

comparison to cantilever wings, addressing SBW challenges is more complex due to the involvement of
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a larger set of design variables. The main challenge is to include a geometrically nonlinear structural
solver in the optimization, including both static and dynamic aeroelasticity constraints (such as aileron
effectiveness and flutter), as well as adding buckling constraints. The state-of-the-art aerostructural
optimization was based on linear buckling constraint; however, recent works showed that nonlinear

buckling constraint might be required for HARW design [227].
6.4 Experimental design

The experimental design utilized for HARW is a mature and highly credible research methodology,
which encompasses a range of testing methods, including ground tests, WTT, and flight tests.

WTT is utilized to explore the nonlinear aeroelastic effects associated with HARW. These effects
include investigating the flutter boundary, analyzing the response to gust loads, and studying the
occurrence of Limit Cycle Oscillation (LCO). Additionally, the WTT serves as a means of validating the
developed aeroelastic analysis methods and codes.

Ricketts [228] reviewed experimental aeroelasticity conducted in the NASA Langley Transonic
Dynamics Tunnel (TDT) with respect to facilities, models, test equipment, and special techniques, which
was instrumental in facilitating the development of new technology, validating new analysis codes, and
supplying critical data for the establishment of flight envelopes. These included the development of
aeroelastic tailoring, active control technology, and the measurement of an extensive unsteady
aerodynamics database. Tang and Dowell’s investigations [229-232] reveal critical findings in HARW
aeroelasticity. Their study [229] effectively correlated theoretical models with experimental data on
flutter and LCO, emphasizing the impact of structural nonlinearity and steady angles of attach. In 2002,
they expanded this work to include gust load responses, again achieving a notable agreement between
theory and experiment [230]. Another research [231] focused on LCO hysteresis phenomena in HARW,
identifying the dominant role of stall aerodynamics in these complex behaviors. Liu et al [233] effectively
demonstrated the nonlinear aeroelastic response of a flexible HARW (AR=18.5) under harmonic gust
loads. Utilizing a multidisciplinary approach combining structural dynamics and aerodynamics, they
achieved a good correlation between their theoretical predictions and WTT results. In a related effort,
Pontillo et al. [234] at Cranfield University developed the XB-1 model (AR=12) to assess manufacturing
techniques for flexible wing models in wind tunnels. Their findings highlighted the model’s high
flexibility, with significant deflections under aerodynamic loads, and identified key considerations for
scaling and deformation prediction. Additionally, a wind tunnel model with a wing AR of 23 has been
designed and is scheduled for future testing in the wind tunnel. Cooper et al. [235] conducted
foundational WTT on a flexible UHARW with an AR of 20, yielding valuable data on displacement,
acceleration, strain gauge measurements, and aerodynamic pressure. These tests were important in
understanding the fundamental aeroelastic behavior of UHARWSs. Building upon this, Banneheka
Navaratna et al. [236] investigated the complex interactions between rigid body and flexible modes of
HARWSs. Their comprehensive investigations revealed that flexibility in HARWSs leads to significant
changes in static and dynamic characteristics, highlighting the critical impact of geometric nonlinearity
and its role in phenomena such as LCOs and flutter speed reduction. Subsequently, Coetzee et al. [237]
executed a series of WTT in collaboration with Airbus at their Filton facility in 2018. These tests on a
UHARW model with an AR of 20 provided a comprehensive dataset, crucial for model validation in the
face of complicated aeroelastic behaviors such as large deflections and LCOs. Their work particularly
focused on the validation of nonlinear geometric and aerodynamic phenomena, emphasizing the role of

active aeroelastic control systems in managing instabilities encountered by HARWSs. This combination
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of experimental and numerical studies informs ongoing efforts to improve the aerodynamic and structural
efficiency of future aircraft designs. NASA is developing a Gust Load Alleviation (GLA) controller for
a CRM model with an AR of 13.5, as detailed in Forte et al. [238]. Their work involves an adaptive GLA
controller showing a significant wing root strain reduction, essential for gust-induced stress management.
Concurrently, Boeing is building a 13.5 AR half model of the CRM-based transport wing, which is
equipped with a mini-plain flap system and will be tested in the NASA Langley TDT, as described by
Waite et al. [239], to assess flutter boundaries and the effectiveness of control surfaces in flutter and load
alleviation.

Recent experimental studies conducted by researchers at the University of Bristol have advanced the
understanding of folding wingtips, providing a comprehensive view of its potential benefits in
aerodynamic performance and load alleviation. Balatti et al. [240] utilized static and dynamic WTT to
validate aeroelastic models of wings with hinged wingtips, demonstrating their efficiency in reducing
gust loads through adjustable parameters like wingtip mass and hinge stiffness. In addition, Cheung et
al. [241] employed a low-speed wind tunnel with a vertical gust generator to examine load alleviation
performance through a range of gust inputs on HARWS, resulting in up to an 11% reduction in peak wing
root bending moments and further reductions through the incorporation of active control surfaces on the
wingtips. Adding to this, Gu et al. [135] conducted WTT with an aircraft model incorporating folding
wingtips to measure aerodynamic derivatives for various hinge configurations, documenting a significant
reduction in gust loads and enhancements in flight handing quality. Their utilization of a 5-degree-of-
freedom rig enabled a thorough analysis of its impact on flight mechanics. Furthermore, Healy et al. [242]
focused on the nonlinear geometric behavior of FFWT using rigorous static and dynamic aeroelastic
investigations. They examined the effect of fold angles on local AoA and sideslip angle, revealing
substantial influences on system dynamics, including remarkable changes in flutter speeds due to
geometric nonlinearities. These studies, from WTT using gust generators and advanced rig setups for
motion simulation to detailed aeroelastic modeling, form a coherent narrative that highlights key
advances in folding wingtip technology and underscores the importance of this concept in improving
aircraft performance, reducing loads, and improving overall efficiency. In a related context, the
University of Swansea conducted static WTT to confirm that hinged wingtips effectively reduce gust-
induced loads [240]. The validation of these models led to the development of a more efficient wingtip
design, resulting in improved load alleviation by reducing mass and structural inertia. A parametric study
indicated that alterations to wingtip mass, spanwise position, or hinge stiffness can influence the
maximum wing root bending moment. The implementation of folding wingtips as a passive load
alleviation mechanism has demonstrated enhanced structural efficiency and aircraft performance, as
substantiated by WTT and measurements of aerodynamic derivatives and gust response. Nonetheless,
further research encompassing a wider range of conditions and designs would be valuable for a
comprehensive understanding of folding wingtip design, as the existing studies have primarily focused
on specific wingtip configurations and gust conditions. Delft University of Technology conducted an
aeroelastic WTT to investigate the influence of wing stiffness and hinge release threshold on the GLA
performance of a HARW (AR=14) with a folding wingtip design [144]. The study tested five models
with varying stiffness and tailoring properties, focusing on the wing root bending moment under different
conditions. Their results highlighted that while structural properties did not significantly influence peak
load alleviation, the hinge release threshold and its timing were critical. A correctly timed release could
notably reduce peak loads, but this also affected the system dynamics, decreasing flutter speed and

increasing load oscillations, which might have implications for fatigue and passenger comfort.
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Fig. 17. WTT model of a HARW aircraft incorporating folding wingtips [135].

To evaluate the high AR TBW concept, Boeing conducted WTT on a dynamically scaled half model
of the SUGAR TBW aircraft (see Fig. 18) in the NASA Langley TDT in 2013 and 2014 as part of Phase
II of the SUGAR project [101,243]. The test outcomes unveiled nonlinear characteristics in flutter speed
and showcased the effectiveness of the developed control laws. Within the WTT phase, the effectiveness
of flutter suppression was successfully demonstrated through the utilization of control laws designed
using aeroservoelastic models derived from experimental data and finite element models. Furthermore,
while the control laws were primarily developed for flutter suppression, they also exhibited a degree of
GLA within the frequency range of 6 to 10 Hz [244]. Bartels et al. [245] performed an in-depth analysis
of dynamic aeroelastic data from the SUGAR TBW model in the TDT. Their study revealed that while
the model displayed both classical flutter and LCO, the onset of LCO was a more reliable indicator of
flutter onset than hard flutter. In 2017, NASA conducted WTT on a 4.5% scaled SUGAR TBW model in
the Unitary Plan Wind Tunnel at NASA Ames Research Center. The primary objective of the testing was
to investigate the aeroelastic bending and twist behavior of the wing, as well as the influence on the
model’s attitude, with and without the presence of a strut [246]. In addition, Mallik et al. [247] validated
a rapid transonic flutter analysis method by comparing the predicted flutter boundary with the SUGAR
TBW aircraft’s WTT results.

(Eted

Fig. 18. NASA TBW wind tunnel model in TDT [244].

Alongside NASA’s WTT efforts for the SUGAR TBW aircraft, EU projects are undertaking WTT
campaigns to comprehensively explore high-AR SBW aircraft. The University of Bristol conducted WTT
on a highly flexible SBW in their Large low-speed Wind Tunnel to evaluate aerodynamic GLA devices
[248]. The research applied Real-Time Hybrid Simulation (RTHS) to investigate the effectiveness of
these GLA devices on the SBW’s response to gusts, which focused on the integration of physical
substructures and numerical simulations to assess the GLA performance, demonstrating the capability of

RTHS in analyzing complex aerodynamic phenomena in real-time. The EU-funded U-HARWARD
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project plans to perform WTT for an SBW model, which will take place at the large wind tunnel of
POLIMI, focusing on flutter identification [19].

The aerospace industry’s transition towards unconventional configurations (e.g., HARW) necessitates
the ability to precisely evaluate aircraft flight behavior early in the design cycle. This evaluation is critical
not only to avoid expensive rework in later stages but also to assess the overall viability and feasibility
of these alternative configurations from an early standpoint. While WTT is valuable for assessing aircraft
aerodynamic performance, flight tests offer advantages such as real-world conditions, dynamic response
evaluation, integrated system assessment, operational scenario testing, pilot feedback, and data validation,
making them useful and important for accurate aircraft performance evaluation. Flight testing of a
prototype involves the use of full-scale and/or sub-scale aircraft models [249]. Airbus developed the
AlbatrossONE [250], a small-scale demonstrator aircraft featuring a SAH. The aircraft has a wingspan
of approximately 3.7 meters and an AR of 18 [142]. The first two flights of AlbatrossONE took place in
the UK in February 2019 and have preliminarily demonstrated the SAH technology. In the second phase
of the project, Airbus carried out flight tests in July 2020, showcasing the effectiveness of a folded
wingtip in delaying wingtip stall [143]. For the future, Airbus has established UpNext, a subsidiary
dedicated to future technologies and concepts [83]. Its primary objective is to explore and expedite the
development of innovative technologies for enhancing sustainability and efficiency in air transport. In
September 2021, UpNext initiated the eXtra Performance Wing project, intending to employ a Cessna
Citation VII business jet as a test platform for integrating novel wing technologies [251]. These
technologies encompass gust sensors, pop-up spoilers that rapidly deflect perpendicular to the airflow,
multifunctional trailing edges capable of dynamically altering wing surfaces during flight, and a SAH.
Bras et al. [252] conducted flight tests on a scaled flexible HARW aircraft, focusing on the coupling
between flight-dynamic and elastic modes. Their findings provided insights into the aeroelastic behavior
of flexible HARW in flight conditions. In the EU-funded FLEXOP project, Roessler et al. [253]
developed a 65 kg flexible HARW demonstrator, which was instrumental in validating methods for active
flutter suppression and passive load alleviation. This project demonstrated the practical application and
effectiveness of these methods in controlling aeroelastic phenomena in HARWs.

In summary, significant attention has been devoted to WTT research on the static and dynamic
aeroelastic characteristics, as well as GLA, of cantilever HARW and UHARW configurations. Research
institutions, including the University of Bristol and NASA, are presently involved in the design and
manufacture of wind tunnel models for subsequent WTT investigation in this domain. There is also a
growing research interest in conducting WTT studies on the SBW configuration. NASA and other
research institutions have already conducted preliminary WTT research in this field. Additionally, the
EU-funded U-HARWARD project has completed WTT studies of the SBW model and the HARW
(AR=15) model with the folding wingtip design in July and October 2023 [254,255], respectively.

7. Conclusion

The development of the next generation of civil transport aircraft requires a delicate balance between
reducing their environmental impact, maintaining economic feasibility, and meeting the diverse
constraints of the air transportation system. The HARW concepts represent a compelling opportunity to
mitigate the environmental impact of aircraft by decreasing lift-induced drag, which leads to increased
fuel efficiency and decreased emissions and noise. Extensive research has been undertaken to advance
and explore HARW aircraft configurations, conceptual design methodologies, and preliminary design

approaches. Through a detailed review of the current research on HARW, this paper aims to provide the
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reader with a succinct overview of the benefits, challenges, and trade-offs of the various concepts and
approaches being explored.

The historical background of wing AR in transport aircraft serves as a foundation for understanding
the progression toward HARW and UHARW designs. From conventional to unconventional
configurations, a spectrum of innovative concepts, including SBW, TBW, TF, and folding wingtips,
illustrates the versatility and potential of HARW concepts in reshaping the future of air transportation.

Utilizing novel technologies such as advanced composites and load alleviation, numerous studies aim
to design and realize tube-and-wing configurations featuring progressively larger aspect ratios.
Nevertheless, studies have demonstrated that the optimal aspect ratio for tube-and-wing configurations
falls within the range of 12 to 18, depending on the technology applied. Further increasing the aspect
ratio will inevitably lead to a decline in overall efficiency due to the associated weight penalty. Therefore,
there has been a rising interest in researching high aspect ratio unconventional wings. Notable
configurations encompass the SBW, TF, and folding wingtips. An evident trend indicates that aircraft
incorporating modern technologies, such as additional wing struts or folding wingtips, tend to attain
higher aspect ratio designs compared to those based on tube-and-wing configurations.

Weight estimation is a critical step in the conceptual design of aircraft. Analytical and quasi-analytical
methods have received significant attention in the design of HARW and UHARW aircraft. This is partly
due to the scarcity of practical data for HARW, especially for unconventional HARW aircraft such as
SBW and TF, impeding the advancement of empirical and semi-empirical methodologies. Moreover,
since most ongoing efforts are at the conceptual design stage, the preference leans towards efficient and
reliable analytical methods owing to their appropriateness and effectiveness in tackling the challenges
linked to the design of HARW aircraft.

The preliminary design of HARW and UHARW aircraft involves multifaceted considerations,
emphasizing the need to address geometric nonlinearities and aerostructural integration across
conventional and unconventional configurations. While dynamic aeroelasticity has been extensively
studied in cantilever HARW, challenges and open questions persist, especially in unconventional HARW
and UHARW configurations. Aerostructural optimization research is advancing for cantilever HARW,
but it is still in its early stages for high aspect ratio SBW/TBW, TF, and folding wingtips. Struts and
trusses introduce complexity, requiring comprehensive aerostructural analysis. Additionally, WTT has
been a focal point, investigating static and dynamic aeroelastic characteristics and GLA in HARW
designs.

The insights gleaned from cutting-edge investigations into HARW designs offer valuable guidance for
researchers, engineers, and policymakers. However, it is essential to acknowledge the prevailing
challenges that lie ahead, such as integration complexities, structural integrity, flutter and aeroelastic
instabilities, manufacturing complexity, and operational feasibility. These challenges underscore the
necessity for continued collaborative research, innovation, and technological breakthroughs to overcome
the barriers hindering the widespread adoption of HARW configurations.

In sum, the evolution of HARW and UHARW configurations represents a remarkable stride towards
achieving a harmonious balance between aviation’s technological progress and environmental
stewardship. As the aviation industry navigates the complicated intersection of efficiency, sustainability,
and economic viability, the insights presented in this paper contribute to a comprehensive understanding
of the transformative potential of HARW designs in shaping the future landscape of air transportation.

Recommendations for further research on the topic of HARW include:

- Aeroelasticity and Flutter Analysis: Investigate advanced aeroelastic analysis methods to predict and
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mitigate flutter in HARW aircraft, enhancing safety and performance. High-fidelity methods to

consider nonlinearities in both structure and aerodynamics (transonic effects) are essential.

- Advanced Load Alleviation Techniques: Investigate and develop maneuver- and gust-load alleviation

systems specifically tailored for HARW aircraft, enhancing their aerodynamic performance and

structural resilience in response to atmospheric turbulence and maneuvering stresses.

- Advanced Control Mechanisms: Develop innovative control systems that account for the special

aerodynamic and aeroelastic characteristics of HARW, ensuring stability and maneuverability.

- Materials and Manufacturing: Research new materials and manufacturing techniques to optimize the

structural integrity and weight efficiency of HARW.

- Operational Efficiency: Study the operational benefits and challenges of HARW aircraft, considering

ground handling, airport infrastructure, and airspace integration.

- Integrated Propulsion Systems: Explore novel propulsion systems, such as distributed electric

propulsion, suitable for HARW configurations.

- Risk Analysis: Conduct comprehensive risk assessments addressing scenarios like aeroelastic

instabilities, loss of control, and effects of wind gusts, ensuring safe operation.

- Economic Viability: Assess the economic feasibility of HARW aircraft considering manufacturing

costs, operational efficiencies, and market demand.
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