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Folding wingtips are in the focus of research for their potential to counteract the challenges
posed by high aspect ratio wings, such as airport conformity and increased wing root bending
moment. Existing concepts for in-flight folding and morphing wingtips either enable passive
load alleviation by adding free-flapping aeroelastic hinges to the wingtips or allow for advanced
flight control and mission adaptability by actively deflecting the wingtips. In contrast, actuated
adaptive wingtips combine the functionalities of passive and active in-flight folding wingtips by
using a stiffness-adaptive aeroelastic hinge that is actively adjustable in flight. The objective of
this paper is the aeroelastic analysis of a wing equipped with an adaptive-stiffness hinge. While
the structural design of the wingtip actuator based on pressure-actuated cellular structures
(PACS) was developed in a previous study, in this study the authors verify the concept of
actuated adaptive wingtips through aeroelastic analysis. The aeroelastic model consists of
a reduced beam structure coupled with the vortex lattice method. In the structural model,
the PACS-based adaptive-stiffness hinge is implemented as an equivalent beam element and a
pair of counteracting moments. This study shows that the investigated PACS actuator, which
is structurally designed from glass-fiber reinforced plastic, is capable of bearing the loads
acting on the wingtips of a Cessna Citation X. The adaptive-stiffness hinge, positioned between
86.7% and 91.2% of the semi-span, reduces the wing root bending moment by up to 7.8% in
a 2.5 g maneuver load case, while keeping the wing straight in cruise. A further increase in
load alleviation potential can be achieved in the future by extending the actuator’s operating
envelope and thus increasing its load-bearing capacity so that the actuator can be positioned
more inboard. The functional verification of the actuated adaptive wingtip concept by means of
aeroelastic analysis forms the basis for the manufacturing and testing of a functional prototype.

Nomenclature

𝐸 = modulus of elasticity 𝑛𝑧 = load factor
𝐸𝐼 = bending stiffness 𝑝ℎ = pressure in the row of hexagonal cells
𝐺𝐼𝑇 = torsional stiffness 𝑝𝑡 = pressure in the row of tetragonal cells
ℎ = height 𝑅 = material strength
𝑘 = actuator stiffness 𝑤 = width
𝐿 = wing lift distribution 𝑦 = spanwise coordinate
𝑙 = length 𝑧 = wing deflection
𝑀 = actuator moment 𝛽 = angular deflection of the actuator
𝑀𝑏 = wing bending moment Θ = wing twist
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I. Introduction

Increasing the aspect ratio of transport aircraft significantly reduces the aircraft’s induced drag, leading to a reductionin fuel burn and noise emissions [1]. However, increasing the wingspan is accompanied by three disadvantages:
First, the aircraft’s wingspan is restricted by airport operating rules, regulated by the Aerodrome Reference Code [2]
of the International Civil Aviation Organization (ICAO) or the Airplane Design Group [3] of the Federal Aviation
Administration (FAA). Second, the wing root bending moment (WRBM) increases with the wing’s aspect ratio.
Consequently, the wing structure must be reinforced, which is associated with additional structural mass and hence with
additional loads. Third, increasing the wingspan reduces the aircraft’s maneuverability, especially the roll authority,
assuming the control surface layout remains unchanged. Moving the ailerons further outboard is not feasible with current
actuator technologies due to the limited installation space at the tip of slender high aspect ratio (HAR) wings. Moreover,
slender flexible wings lead to higher deformations reducing the effectiveness of ailerons. To avoid control reversal,
constraints regarding the control surface efficiency must be taken into account [4] affecting the structural design.
An effective way to comply with on-ground size restrictions are folding wings. Carrier-based aircraft have been

equipped with folding wings for decades to meet extreme storage requirements, such as the Grumman F4F-4 Wildcat
developed in 1941 [5]. Folding wings have recently found their way into commercial aviation. The Boeing 777X,
having made its first flight in 2020, is equipped with folding wingtips (FWT). With its wingtips folded upwards on
ground, the aircraft meets the 65m wingspan limit of the ICAO Aerodrome Reference Code letter E, allowing the same
gates to be used as with the original Boeing 777. During taxiing, the pilot unfolds and locks the wingtips of the 777X,
increasing the wingspan by 7m, i.e. 10%, in flight [6]. Instead of folding the wingtips upwards, Airbus invented a
downwards folding mechanism [7]. Downward folding has the advantage of resulting in a lighter mechanism, as the lift
acts against the folding direction. However, all folding mechanisms are accompanied by increased system complexity
and additional weight caused by the actuation mechanism.
While on-ground FWT allow for increasing the aircraft’s wingspan, in-flight FWT allow for adapting the wing’s

lift coefficient to changing flight conditions, enabling new functionalities and efficiency gains. Ajaj et al. [8] show
that there is considerable recent interest in out-of-plane morphing, including wingtip folding and bending, for large
transport aircraft. Passive in-flight FWT enable passive load alleviation and roll damping alleviation, whereas active
in-flight FWT allow mission adaptability, active load alleviation and advanced flight control [9]. A recent example of
passive in-flight FWT is the Airbus AlbatrossONE flight demonstrator, built to investigate free-flapping wingtips with
aeroelastic hinges enabling passive load alleviation. Flight tests with the AlbatrossONE were performed in 2019 [10]
and 2020 [11] proofing the concept of the semi aeroelastic hinge (SAH). The SAH is being further explored on a larger
scale with Airbus’ extra performance wing demonstrator (X-Wing), whose platform is based on a Cessna Citation VII
business jet [12].
Examples of aircraft equipped with active in-flight FWT are the XB-70Valkyrie [13] or NASA’s prototype-technology

evaluation and research aircraft (PTERA) [14]. By slowly adapting their wing shape in flight by folding the wingtips,
they improve the aircraft’s aerodynamics during changing flight conditions. In contrast to slow wingtip actuation, fast
asymmetric wingtip deflections enable advanced flight control by generating roll moment. So far, actuated wingtips
used as control surfaces have only been investigated for unmanned aerial vehicles (UAV) and small-scale aircraft, such
as in the experimental study of Mills et al. [15], in which actuated wingtips are implemented as control effectors on a
mini-UAV with a conventional aircraft configuration. A detailed review on in-flight folding and morphing wingtips is
presented in [9].
The combination of the functionalities of passive and active FWT in one single system requires a stiffness-adaptive

wingtip with an aeroelastic hinge that is actively adjustable in flight. This combined system is referred to by the authors
as actuated adaptive wingtips [9]. An adaptive shape of the wingtips allows mission adaptability, advanced flight
control, active load alleviation, and airport conformity of HAR wings, whereas adaptive stiffness of the wingtips allows
advanced passive load alleviation. In addition, only a continuous deformation of the wingtip, i.e. a morphing structure
without discrete hinges, results in efficient aerodynamics.
The concept of actuated adaptive wingtips presented in this study is based on pressure-actuated cellular structures

(PACS), which can be used as actuators for large morphing structures demanding adaptive stiffness and continuous
shape [16]. Figure 1 shows a schematic representation of an aircraft equipped with actuated adaptive wingtips using
PACS actuator technology. PACS, first studied by Pagitz et al. [17], consist of multiple rows of polygonal cells with
rigid walls and flexible hinge areas. By changing the cell pressurization, the structural stiffness and global deflection of
PACS actuators can be adjusted simultaneously. While the actuator’s deflection depends on the pressure difference
between the individual cell rows, the actuator’s stiffness depends on the total pressurization of all cells. These properties
make PACS an ideal candidate for actuated adaptive wingtips.
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Fig. 1 Schematic representation of actuated adaptive wingtips based on pressure-actuated cellular struc-
tures (PACS).

The load-bearing capacity and the adaptive-stiffness characteristics of a PACS actuator were identified in [9], using
a preliminary design of an actuated adaptive wingtip. Based on an in-depth functional analysis, the authors defined
requirements for in-flight morphing wingtip devices and investigated the limitations of the PACS actuator technology at
the example of a HAR mid-range transport aircraft with a 55m span. A finite element analysis (FEA) showed that
the PACS actuator meets the required deflection angles for airport conformity, roll control, mission adaptability, and
active load alleviation. In addition, the adaptive stiffness of the actuator enables passive load alleviation. However, the
investigated actuator design has limited load-bearing capacity due to very localized stress peaks and cannot withstand
the moments acting on the wingtips of the 55m span mid-range transport aircraft. Nevertheless, the results show that
the load-bearing capacity of the investigated PACS actuator, i.e. the maximum moment the actuator can apply without
structural failure, exceeds that of other wingtip actuators used on small-scale flight demonstrators, like the PTERA flight
demonstrator [14] or the UAV studied in [15].
This paper investigates actuated adaptive wingtips based on PACS on an aircraft similar in size to a Cessna Citation X.

The Cessna Citation X is selected due to the availability of the required aircraft data and for comparability with current
research, such as Airbus’ X-Wing project [12]. The actuator’s stiffness profile determined in [9] is used as a basis for the
aeroelastic characterization of actuated adaptive wingtips. The objective of this paper is the aeroelastic analysis of a
wing equipped with an adaptive-stiffness hinge. The wing’s deflection, twist, lift, and bending moment distributions in
cruise flight and maneuver load cases are then compared with those of the reference wing without wingtip actuator.
The paper is structured as follows: Section II reviews requirements for actuated adaptive wingtips and describes the

adaptive-stiffness characteristics of a PACS-based wingtip actuator, which is then implemented on the wingtips of a
Cessna Citation X (Section III). The aeroelastic model of an adaptive-stiffness wing is presented in Section IV, whereas
Section V shows the results of the aeroelastic analysis. Section VI compares the actuated adaptive wingtip concept with
other wingtip devices and discusses the advantages and challenges of PACS actuators, while Section VII summarizes
this paper and highlights future research.

II. Actuated Adaptive Wingtips Based on PACS
In this paper, the aeroelastic behavior of actuated adaptive wingtips is characterized. The investigated actuator is

based on the PACS actuator technology that enables adaptive stiffness and continuous shape morphing. The presented
PACS actuator is initially designed for a HAR mid-range transport aircraft as described in [9]. This section summarizes
the requirements for HAR wings equipped with actuated adaptive wingtips, the working principle of PACS actuator
technology, the actuator design, and its mechanical characteristics.
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A. Requirements for Actuated Adaptive Wingtips
Requirements for multifunctional actuated adaptive wingtips for improving aircraft performance and efficiency

are identified in [9]. Table 1 provides an overview of the design features of actuated adaptive wingtips and how they
affect the functional requirements of HAR aircraft. The table shows that the combination of four design features
covers all requirements. These features are variable span, dynamic actuation, stiffness adaptivity, and continuous shape
morphing. Actuated adaptive wingtips using PACS actuators provide all four functional features and thus cover all
specified requirements.

Table 1 Functional requirements and design features of actuated adaptive wingtips [9].

Feature → Span Wingtip hinge Contour

↓ Requirement: Sh
or
t

La
rg
e

Va
ria
bl
e

Ri
gi
d

Fl
ex
ib
le

St
iff
ne
ss
-a
da
pt
iv
e

A
ct
ua
te
d
(q
ua
si-
sta
tic
)

A
ct
ua
te
d
(d
yn
am
ic
)

D
isc
re
te

Se
m
i-c
on
tin
uo
us

Co
nt
in
uo
us

Airport conformity + − +

Low WRBM + − +

Roll authority + − +

Low induced drag − + +

Flight stability + − + ◦ ◦

Mission efficiency − − − + +

Passive load alleviation − + + − −

Active load alleviation − − − − +

Flight control − − − − +

Aerodynamic efficiency − ◦ +

Design feature affects the functional requirement: positive (+), neutral (◦), negative (−)

B. Working Principle of PACS Actuators
The biomimetic working principle of PACS mimics the nastic movement of plants. Representative examples of

plants performing nastic movements are the Venus flytrap (Dionaea muscipula) or the sensitive plant (Mimosa pudica),
which fold their leaves by varying the cells’ turgor pressure. This change in turgor pressure in combination with flexible
cell walls allows the plants to move their leaves without the presence of muscles or rigid-body mechanisms.
Transferring the pressure-based deformation of plants to an engineering system results in a cellular structure

consisting of multiple rows of polygonal cells with rigid cell walls and flexible hinge areas [17]. An increase in cell
pressure causes a deformation of each cell into a state of minimal internal energy, which occurs when all hinges lie
on a circular arc and the cross-sectional area becomes maximum. Any further increase in pressure no longer changes
the cells’ geometry but stiffens the structure. The ratio of the cell wall lengths determines the maximum deflection
of each individual cell. The sum of all cell deformations consequently determines the total deflection of the cellular
structure. By changing the cell pressure, the structural stiffness and global deflection of PACS actuators can be adjusted
simultaneously. The actuator’s deflection depends on the pressure difference between the individual cell rows, whereas
the actuator’s stiffness depends on the total pressurization of all cells.
A geometry optimization algorithm allows the design of polygonal cellular structures that move between two

predefined target shapes. The basis for the geometry optimization algorithm is a pseudo-rigid-body model (PRBM) [18]
for representing PACS that consist of rigid cell walls connected by small-length flexural pivots (SLFP). The SLFP
are modeled by discrete pin joints and torsion springs with an equivalent hinge stiffness. The geometry optimization
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algorithm applies the principle of virtual work that allows calculating the structure’s pressure-dependent state of
equilibrium. Using this algorithm, the length of each cell wall is iteratively adjusted until the deformed shapes match
the predefined target shapes at given external loads and cell pressures. Subsequently, the PRBM is translated into a
cross-sectional design, considering cell wall geometries and replacing the pin joints with flexure hinges. A comprehensive
description of the holistic design approach of PACS is presented by Gramüller et al. [19].

C. Actuator Design
A preliminary design of a PACS actuator was conducted in [9] for a HAR mid-range transport aircraft with 55m

wingspan, considering the requirements for actuated adaptive wingtips presented in Table 1. Based on the structural
design from [9], this study investigates the aeroelastic behavior of a wing equipped with that PACS actuator. This
subsection summarizes the steps necessary when designing PACS and presents the geometric model of the PACS
actuator.
The design steps include selecting the topology of the actuator, the mechanical dimensioning of the cell walls

and hinges, the determination of its cross-sectional geometry, and verification by means of FEA. Figure 2 shows the
cross-sectional geometry of the designed actuator consisting of two rows of hexagonal and tetragonal cells, and its
deformed shapes. The number of hexagonal and tetragonal cells is 11 and 10. A glass-fiber reinforced plastic is used
featuring a high squared strength to modulus ratio (𝑅2/𝐸), which is a prerequisite for high-performance compliant
mechanisms. The required deflections of the wingtip, i.e. the variations in cant angle, define the maximum angular
deflections 𝛽𝑚𝑖𝑛 and 𝛽𝑚𝑎𝑥 of the actuator. The actuator is designed to allow a variation in cant angle between −90°
and 25°. All design parameters used as input values for the PACS geometry optimization are described in detail in [9].

Fig. 2 Geometric model of the PACS actuator: (a) The size of the actuator is 𝒍 = 500 mm, 𝒉 = 99 mm and
𝒘 = 675 mm. (b) Definition of cell row pressures 𝒑𝒕 and 𝒑𝒉 , angular deflection 𝜷, and counteracting moment 𝑴.

D. Actuator Characteristics
The shape-adaptive and stiffness-adaptive actuator characteristics are determined by means of high-fidelity FEA

using the simulation software ANSYS. A large set of data points is generated for different combinations of cell
pressures 𝑝𝑡 and 𝑝ℎ, and external moments 𝑀 in order to determine the actuator’s operating envelope restricted by the
material strength. The main outcome of the actuator characterization described in [9] is presented in Fig. 3.
The feasible domain of cell pressures is limited by structural stresses caused by distortion of the flexure hinges.

Figure 3 (a) shows the interpolated active stress restriction as a function of the cell pressures 𝑝𝑡 and 𝑝ℎ at different
angular deflections 𝛽. Structural failure occurs due to stress peaks in the transition region between the rigid walls and
the flexure hinges. The very localized stress peaks imply that form optimization of the flexure hinges could significantly
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Fig. 3 Comparison of the PACS actuator characteristics at angular deflections of 𝜷 = 25°, 𝜷 = 12.5°, 𝜷 = 0°
and 𝜷 = −25°: (a) Operating envelope limited by the material strength defining valid pressure states. (b) Feasible
domain of actuator stiffnesses 𝒌 at a given moment 𝑴. The markers indicate the pressure states and associated
actuator stiffnesses used in the aeroelastic model.

extend the feasible pressure domain leading to a higher load-bearing capacity of the actuator.
For each pressure state, the actuator’s rotational stiffness 𝑘 is determined by the ratio of tip moment 𝑀 to angular

deflection 𝛽. The actuator stiffness mainly depends on the cell pressures 𝑝𝑡 and 𝑝ℎ and its linear prediction function is
given by

𝑘 = 1.89Nm/(°MPa) · 𝑝𝑡 + 8.37Nm/(°MPa) · 𝑝ℎ + 0.55Nm/°. (1)

The bending moment applied by the actuator

𝑀 = 𝑘 · 𝛽 + 𝑀𝛽=0° (2)

is determined by its stiffness 𝑘 and the moment at zero angular deflection 𝑀𝛽=0°, whose linear prediction function is
defined by

𝑀𝛽=0° = −49.2Nm/MPa · 𝑝𝑡 + 832.6Nm/MPa · 𝑝ℎ + 2.6Nm. (3)

With Eq. (1) and Eq. (2), the feasible domain of actuator stiffnesses 𝑘 and moments 𝑀 for different angular
deflections 𝛽 is determined using the cell pressures forming the active stress restriction envelopes in Fig. 3 (a).
Figure 3 (b) shows the feasible domain of actuator stiffnesses 𝑘 for a given moment 𝑀 at different angular deflections 𝛽.
The presented PACS actuator shows significant stiffness adaptivity and a maximum zero-deflection moment of
𝑀𝛽=0° = 1711Nm in cruise conditions. At a constant external moment, the actuator stiffness can be varied between the
upper and lower boundary of its feasible domain without changing the angular deflection 𝛽.
Adapting the actuator’s stiffness allows for a tailored load alleviation capability. While a high stiffness maintains the

wing shape in cruise, a reduced stiffness enhances load alleviation in gust and maneuver scenarios. The markers in Fig. 3
indicate four different pressure states and associated actuator stiffnesses for operating the PACS actuator in an active load
alleviation mode. The selected pressure states are listed in Table 2 and their stiffness values are used in the aeroelastic
analysis described below. All selected pressure states are within the stress restriction envelope of 𝛽 = 12.5°. Therefore,
any wingtip deflection of 𝛽 ≤ 12.5° is permissible when operating in this mode. Pressure state “A” coincides with the
stress restriction boundary and is therefore limited to 𝛽 = 12.5°, whereas higher angular deflections are possible by
actively reducing the actuator stiffness (pressure states “B” to “D”). Pressure state “D” represents an almost zero-stiffness
hinge and all other pressure states are linearly interpolated between pressure state “A” and pressure state “D”.
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Table 2 Pressure states and associated actuator stiffnesses and moments.

State Cell pressures Actuator moment Actuator stiffness
𝒑𝒕 𝒑𝒉 𝑴 𝒌

A 1.43MPa 1.57MPa 1240Nm 16.4Nm/°
B 1.02MPa 1.07MPa 840Nm 11.4Nm/°
C 0.61MPa 0.56MPa 440Nm 6.4Nm/°
D 0.20MPa 0.06MPa 40Nm 1.4Nm/°

III. Reference Aircraft and Actuator Integration

A. Aircraft Selection: Cessna Citation X
The mechanical actuator characterization reveals that the PACS actuator with its current design can apply a maximum

zero-deflection moment of 𝑀𝛽=0° = 1711Nm in cruise conditions. The previous study [9] found that this is below the
required moment acting on the wingtip of a 55m span HAR mid-range transport aircraft by a factor of 8.8. However,
it is estimated that the load-bearing capacity of the PACS actuator is of the same order of magnitude as the loads
encountered on the wingtips of smaller aircraft.
Current research activities investigating in-flight folding and morphing wingtips are performed on aircraft similar in

size to common business jets and regional aircraft with a span in the range of 15m to 20m. Segui et al. [20] conducted
aerodynamic studies on a modified Cessna Citation X by adding winglets with variable dihedral. They showed that
adding winglets to a Cessna Citation X improves the fuel consumption in cruise by up to 2.1% compared to the original
aircraft without winglets. In addition, Segui et al. [21] investigated adaptive winglets on a Bombardier CRF700 regional
aircraft. The results show an increase in lift-to-drag ratio of up to 6.1% by adapting the winglet’s cant angle compared
to the baseline winglet configuration with a cant angle of 73°. Recently, Airbus announced the X-Wing project that will
investigate implementing an aeroelastic hinge on a Cessna Citation VII flight demonstrator with approximately 16m
span (representing a 30% model of a 52m span aircraft) and with a 2m long movable tip section [22].
Therefore, in accordance with these research activities, the reference aircraft selected for the aeroelastic analysis of

actuated adaptive wingtips based on PACS is a Cessna Citation X with 19.38m span. The Cessna Citation X is also
selected due to the availability of the required aircraft data. Table 3 shows the main characteristics of the reference
aircraft used in the aeroelastic model. The data are adapted from the study of Segui et al. [20]. The wing area and aspect
ratio in the table differ slightly from the actual values of the Cessna Citation X because the segmented trapezoidal wing
planform is not included in the aeroelastic model described below. Figure 4 shows the Cessna Citation X and the wing
planform used in the aeroelastic model.

Table 3 Main characteristics of the reference aircraft.

Parameter Symbol Value

Span 𝑏 19.38m
Wing sweep 𝜑 36.0°
Wing area 𝐴𝑤 54.65m2

Aspect ratio 𝐴𝑅 6.87
Root chord 𝑐𝑅 4.85m
Tip chord 𝑐𝑇 0.81m
Actuator position [PACS 86.7% to 91.2%
Actuator length 𝑙PACS 0.5m
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Fig. 4 Cessna Citation X and simplified aeroelastic model of the clamped wing.

B. Positioning of the PACS Actuator
The spanwise position of the PACS actuator is defined by the local wing bending moment and the maximum

zero-deflection moment 𝑀𝛽=0° of the actuator. To achieve a straight wing shape in cruise, the moment applied by the
actuator must counteract the local wing bending moment. The actuator position is determined in an initial aeroelastic
analysis for an actuator moment of 𝑀𝛽=0° = 1240Nm, corresponding to pressure state “A” in Table 2. According
to the analysis, the 0.5m long PACS actuator is positioned between 86.7% and 91.2% of the semi-span. Thus,
approximately 10% of the semi-span is actuated, which is a reasonable trade-off between loads and performance, as
recommended in [23].
The bending axis of the actuator is oriented perpendicular to the wing’s leading edge, resulting in an outwards-

pointing hinge line with a flare angle of 36°, which is identical to the sweep angle of the wing. Using a non-zero
hinge-line angle with respect to the free stream direction significantly improves the load alleviation capability since
upward folding of the wingtip is then associated with a reduction of the local angle of incidence [24, 25].

IV. Aeroelastic Model
To investigate the aeroelastic effects of the stiffness-adaptive wingtip concept based on PACS, an aeroelastic method

is utilized. The method is capable of analyzing multilinear elastic stiffnesses and adaptive stiffnesses and is based on a
reduced beam structure coupled with the vortex lattice method (VLM). For the latter, the VLM implemented in the
Loads Kernel tool is used [26, 27]. The structural analysis is performed with beam elements implemented in a Python
routine, which was verified with MSC.Nastran [28].
Three model variants are considered in the aeroelastic analysis. First, a wing similar to that of the Cessna Citation X

without wingtip actuator is examined as a reference. Then, two cases of a wing with an integrated PACS actuator are
investigated. The actuator can be operated in a passive or active mode, where in active mode the stiffness is reduced
with increasing loads.

𝐿

𝐹
𝑀

𝐹
𝑀

0.5m

9.69m

PACS beam element

Fig. 5 Concept sketch of the aeroelastic model of a wing with an integrated PACS actuator.

The structural model of the wing consists of a beam structure instead of a high-fidelity model with shell elements to
reduce the modeling effort of new technologies [28]. Figure 5 illustrates a concept sketch of the structural elements
used in the aeroelastic model. The model discretization uses beam elements with an element length of 0.51m, resulting
in a total of 19 elements representing the wing structure. The beam properties of the reference wing are calculated
from the estimated wing box dimensions of the Cessna Citation X given in Table 4 and using the material properties
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of aluminum. The spanwise distribution of the wing bending stiffness 𝐸𝐼wing and the torsional stiffness 𝐺𝐼𝑇,wing are
linearly interpolated between the values at the root and the tip. So, kinks and other geometric structural variations are
neglected.

Table 4 Wing box dimensions similar to those of a Cessna Citation X used in the structural model.

Parameter Symbol Value at root Value at tip

Width 𝑤box 2.66m 0.45m
Height ℎbox 0.48m 0.06m
Skin thickness 𝑡skin 8mm 2mm
Spar thickness 𝑡spar 5mm 2mm
Beam stiffness 𝐸𝐼wing 183.6 · 106 Nm2 0.182 · 106 Nm2

The aerodynamic model with the simplified trapezoidal wing used in the VLM is shown in Fig. 4. To calculate
the aerodynamic loading with VLM, the wing shape is divided into a grid of 8 × 30 equidistant panels. The loads are
calculated for four different load factors 𝑛𝑧 varying from 1.0 to 2.5 with the conditions given in Table 5, which are
representative of the cruise and design load cases of the Cessna Citation X. The aerodynamic forces are transferred
to the structure by rigid body elements. These elements are created between the nodes of the aerodynamic grid and
those nodes of the structural grid which have the smallest distance, respectively. Then, the wing deformation and the
corresponding loads are determined with an iterative trim analysis of the angle of attack.

Table 5 Load conditions investigated in the aerodynamic model.

Parameter Symbol Value

Flight level 𝐹𝐿 300 (9144m)
Velocity 𝑣𝑇𝐴𝑆 270.0m/s
Mach number 𝑀𝑎 0.89
Maximum take-off mass MTOM 16.4 t
Load factors 𝑛𝑧 1.0, 1.5, 2.0 and 2.5

When modeling the wing with the integrated PACS actuator, the stiffness properties of one beam element in the
structural model are replaced by the stiffness characteristics of the PACS actuator. The PACS actuator is characterized
by its rotational stiffness 𝑘 , but the aeroelastic model consists of beam elements defined by a bending stiffness 𝐸𝐼.
Therefore, the rotational stiffness is converted into an equivalent beam stiffness 𝐸𝐼PACS = 𝑘 · 𝑙PACS using the length of
the actuator segment 𝑙PACS = 0.5m. Figure 6 (a) schematically shows the PACS actuator integrated into the wingtip of
the Cessna Citation X, whereas Fig. 6 (b) shows the equivalent PACS beam element used in the aeroelastic model.

Fig. 6 Implementation of the PACS actuator in the aeroelastic model: (a) PACS actuator integrated into the
wingtip of the Cessna Citation X and (b) its representation as an equivalent beam element. The wing bending
stiffness 𝑬𝑰wing decreases linearly from the root to the tip.
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The equivalent PACS beam element can be changed in stiffness and additional loading. Different actuator stiffnesses,
i.e. different pressure states, cause positive or negative deflection of the PACS actuator. The initial deflection of the
PACS actuator due to its pressurization can be represented in the beam model by applying a preload. To model this
initial deflection, a pair of moments and a pair of shear forces are added at the nodes of the PACS beam element, as
shown in Fig. 5. The pair of moments and the pair of shear forces add up to the given actuator moments in Table 6.
The PACS actuator can be operated in passive and active modes. In the passive mode, the stiffness and moment of

the actuator are kept constant. The passive mode corresponds to pressure state “A” in Fig. 3 and Table 2. In the active
mode, the actuator features a degressive stiffness behavior. While the stiffness is identical to the passive mode in cruise
flight (𝑛𝑧 = 1.0), the stiffness is actively reduced with increasing load factor. As the load factor increases, the stiffness
of the actuator decreases linearly (pressure states “B” and “C” in Fig. 3) until almost zero in the 2.5 g maneuver load
case (pressure state “D”). Table 6 assigns the actuator stiffnesses and counteracting moments to the respective operating
modes and load conditions. When comparing the stiffnesses 𝐸𝐼PACS of the PACS beam element to the stiffness 𝐸𝐼wing
of the reference wing as given in Table 4, the stiffness ratio is less than 0.1%.

Table 6 Stiffness and moment variations of the PACS actuator operated in passive and active mode.

Mode Load factor Pressure state Actuator moment Actuator stiffness Beam stiffness
𝒏𝒛 (Fig. 3) 𝑴 𝒌 𝑬𝑰PACS

Passive All A 1240Nm 16.4Nm/° 469.8Nm2

Active

1.0 A 1240Nm 16.4Nm/° 469.8Nm2

1.5 B 840Nm 11.4Nm/° 326.6Nm2

2.0 C 440Nm 6.4Nm/° 183.3Nm2

2.5 D 40Nm 1.4Nm/° 40.1Nm2

V. Results of the Aeroelastic Analysis
The static aeroelastic analysis determines the deflection, twist, lift, and bending moment distributions for an aircraft

wing similar to that of a Cessna Citation X. Figure 7 shows the results of the aeroelastic analysis, whereas Table 7
summarizes the main results. Three model variants and four load cases each are considered. The model variants
represent the reference wing without wingtip actuator (black lines), and the wing with integrated PACS actuator operating
in passive mode (red lines), and in active mode (blue lines).
Figure 7 (a) shows the wing deflection for all investigated cases. The wing deflection of the 1.0 g cruise flight (dotted

lines) is almost identical for all three model variants because the moment applied by the actuator compensates for the
locally reduced stiffness and maintains the straight wing shape in cruise. It follows that the twist, lift, and bending
moment distributions in cruise are also identical for all three model variants (Fig. 7 (b) to Fig. 7 (d)). However, for
the 1.5 g maneuver (dash-dotted lines), the 2.0 g maneuver (dashed lines), and the 2.5 g maneuver (solid lines) the wing
deflection increases considerably at the position of the adaptive-stiffness hinge.
The upward folding of the wingtip for 𝑛𝑧 > 1.0 is followed by a step in the wing twist distribution, as shown in

Fig. 7 (b). The step in the wing twist is due to the bending–torsion coupling of backward-swept wings since the hinge
line is perpendicular to the wing’s leading edge and not parallel to the flow. The outwards-pointing hinge line of the
wingtip actuator amplifies the reduction of the wingtip’s angle of incidence.
The reduction of the wingtip’s angle of incidence causes washout of the lift distribution, shifting the lift towards the

inner wing, as shown in Fig. 7 (c). The lift distribution of the adaptive-stiffness wing is reduced outboard of the hinge
and increased inboard. The washout effect is most pronounced for the adaptive-stiffness hinge operated in active mode.
Table 7 shows that the lift generated by the wingtip of the model variant with PACS operated in passive mode is nearly
constant for all load factors, whereas the wingtip lift of the reference wing increases significantly with increasing load
factor. When operating PACS in active mode, the wingtip lift reduces to almost zero in the 2.5 g maneuver load case.
The inboard shift of the lift distribution results in a bending moment reduction over the entire span of the wing

(Fig. 7 (d)). The reduction in bending moment allows the design of a lighter wing or an increase in payload. Table 7
shows the relative reduction in WRBM for each load factor when comparing the PACS model variants to the reference
wing. The adaptive-stiffness hinge reduces the WRBM in a 2.5 g maneuver by 4.2% in passive mode and by 7.8% in
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Fig. 7 Wing deflection, twist, lift, and bending moment distributions of the Cessna Citation X with an adaptive-
stiffness hinge between 86.7% and 91.2% of the semi-span for different load factors 𝒏𝒛 .

active mode. The detailed view of the bending moment distribution in Fig. 7 (d) shows the effect of the actuator moment
introduced by the PACS in active and passive mode. In passive mode, the offset in the bending moment is constant for
all load cases, whereas in active mode the offset reduces with increasing loads.
The angular deflection 𝛽 in Table 7 is the deflection of the actuator evaluated between the left and right nodes of the

PACS beam element. A comparison with Fig. 3 (a) reveals that the angular deflections shown in Table 7 are within the
stress restriction envelope for the associated pressure states. Therefore, no structural failure occurs when operating the
PACS actuator under the load conditions considered in this study.
The structural model is accurate up to a beam deflection of approximately 15%, but the modeling error increases

for larger deflections due to the neglect of geometric nonlinearities [28]. For the reference wing, the relative wingtip
deflection in the 2.5 g maneuver is 2.0% with respect to the semi-span. The largest deflection of 4.3% with respect
to the semi-span occurs for the adaptive-stiffness wing in active mode and is still within the model limits. Therefore,
the model assumptions used in the VLM and the beam model are appropriate to accurately represent the aeroelastic
behavior of the wing under study. Looking at the wingtips of both PACS model variants, however, the local wingtip
deflections with respect to the wing segment outside the hinge line are relatively large with 20.6% (passive mode)
and 33.0% (active mode). In the outer wing segment outside the hinge line, geometric nonlinearities become important
and should be taken into account. Nevertheless, the effect of wingtip morphing is adequately represented in the model.
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Table 7 Overview of the main results of the aeroelastic analysis for each model variant and load factor 𝒏𝒛 . The
angular deflection 𝜷 and the step in wing twist 𝚫𝚯 are evaluated between the left and right nodes of the PACS
beam element. The lift 𝑳 generated by the wingtip is the integral of the lift forces over the wingtip segment
outboard the right node of the PACS element. The WRBM is the maximum bending moment 𝑴𝒃,max that occurs
at 𝒚 = 0, whereas 𝚫𝑴𝒃,max is the relative reduction in WRBM when comparing the PACS model variants to the
reference wing.

Model variant Load factor Angular Step in Lift of the WRBM Reduction
𝒏𝒛 deflection 𝜷 twist 𝚫𝚯 wingtip 𝑳 𝑴𝒃,max in WRBM

Reference wing

1.0 0.03° 0.0° 2143N 2.23 · 105 Nm –
1.5 0.05° 0.0° 3215N 3.34 · 105 Nm –
2.0 0.06° 0.0° 4287N 4.46 · 105 Nm –
2.5 0.08° 0.0° 5359N 5.57 · 105 Nm –

PACS in passive mode

1.0 0.16° 0.1° 2113N 2.24 · 105 Nm 0.3%
1.5 2.96° 1.5° 2209N 3.27 · 105 Nm −2.2%
2.0 5.73° 2.8° 2305N 4.29 · 105 Nm −3.7%
2.5 8.57° 4.2° 2402N 5.34 · 105 Nm −4.2%

PACS in active mode

1.0 0.16° 0.1° 2113N 2.24 · 105 Nm 0.3%
1.5 4.89° 2.4° 1538N 3.21 · 105 Nm −3.9%
2.0 9.86° 4.9° 873N 4.17 · 105 Nm −6.4%
2.5 15.16° 7.5° 110N 5.14 · 105 Nm −7.8%

VI. Discussion
The following discussion focuses on the applicability of actuated adaptive wingtips under realistic operating

conditions and on extending the current actuator limitations in terms of load-bearing capacity. Where available, the
characteristics of the PACS-based wingtip actuator are compared to those of other wingtip devices.
The actuated adaptive wingtip concept is intended to improve the efficiency and functionalities of HAR wings, but

first, the technology demonstration is being conducted on a Cessna Citation X with a low aspect ratio of about 7. While
the loads acting on the wingtips of a 55m span HAR mid-range transport aircraft exceed the load-bearing capacity of
the PACS actuator [9], the actuator is capable of bearing the loads acting on the wingtips of the Cessna Citation X.
The investigated actuator is geometrically designed to fit the available installation space at the wingtips of the slender
HAR wing, but the geometry has not been adapted to the wing box dimensions of the Cessna Citation X. The estimated
wing box dimensions of the Cessna Citation X are ℎ = 102mm and 𝑤 = 671mm at 90% span, which is approximately
the mean spanwise position of the PACS actuator. However, the cross-sectional dimensions of the actuator are with
ℎ = 99mm and 𝑤 = 675mm very close to the installation space available in the wing box. Therefore, only minor design
modifications are required, which will have little effect on the actuator characteristics.
The aeroelastic analysis demonstrates a 4.2% and 7.8% reduction in WRBM during a 2.5 g maneuver when

comparing the adaptive-stiffness hinge in passive and active mode, respectively, to the reference wing without wingtip
actuator. A comparison with the literature shows that the load alleviation capability of PACS-based actuated adaptive
wingtips is similar to that of other folding wingtip concepts. Wilson et al. [29] achieve a reduction in WRBM of
approximately 10% to 20% under different gust and maneuver loads for a 45m span short-range aircraft with a semi
aeroelastic zero-stiffness hinge located at 80% span. In contrast, Pattinson et al. [30] show a 2% reduction in WRBM for
the XRF1 aircraft in a 2.5 g maneuver. They performed numerical simulations for the aircraft equipped with a flexible
hinge at about 80% of the wingspan whose stiffness of 𝑘 = 1745Nm/° is a factor 1000 less than that of the rigid wing
of the XRF1 aircraft.
A further increase in load alleviation potential of PACS actuators can be achieved in the future by extending the

actuator’s operating envelope, which is limited by stress peaks in the transition region between the rigid walls and the
flexure hinges [9]. The very localized stress peaks imply that form optimization of the flexure hinges could significantly
extend the feasible pressure domain leading to a higher load-bearing capacity of the actuator. Another possibility for
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increasing the actuator’s load-bearing capacity might be adding additional cell rows or scaling the cell dimensions of
PACS. Increased load-bearing capacity allows the actuator to be positioned further inboard on the wing of the Cessna
Citation X or to be implemented on an aircraft with a larger wingspan.
PACS actuators do not require any locking mechanism since the cruise shape of the wing is maintained by the

additional actuator moment. While Airbus’ semi aeroelastic hinge is locked in cruise and unlocked in gust load scenarios,
the passive mode of the PACS actuator is permanently activated. In extreme load scenarios, PACS can be switched to
active mode further reducing the hinge stiffness via depressurization. The depressurization with increasing loads has the
same effect as a degressive-stiffness hinge. Degressive stiffness is beneficial to maintain the straight wing shape in
cruise while achieving high load alleviation potential at elevated loads. Therefore, degressive stiffness is also the focus
of other load alleviation concepts in the literature, which investigate degressive-stiffness wings [31, 32] or aeroelastic
hinges with nonlinear spring stiffnesses [33, 34].
Moreover, active deflection of the wingtips can be realized with PACS actuators by adjusting the pressure difference

between the cell rows. Active deflection enables further functionalities such as advanced flight control and mission
adaptability, which will be examined in future studies. A first estimate of the actuation speed of PACS actuators shows
that a full deflection (depressurization) and retraction (pressurization) cycle is possible at least at 1Hz [16]. Higher
actuation rates are likely achievable, but their evaluation requires consideration of transient fluid–structure interaction
during pressurization, which was neglected in that preliminary study.

VII. Conclusion and Outlook
Folding and morphing wingtips are in the focus of research for their potential to counteract the challenges posed by

high aspect ratio wings. While on-ground FWT allow aircraft to comply with the airports’ space limitations, in-flight
folding and morphing wingtips enable further functionalities such as load alleviation, mission adaptability, and advanced
flight control. Actuated adaptive wingtips combine the functionalities of passive and active in-flight FWT by using a
stiffness-adaptive aeroelastic hinge that is actively adjustable in flight. This work highlights that PACS actuators are a
promising technology transforming state-of-the-art on-ground folding wingtips into multifunctional actuated adaptive
wingtips with continuous shape morphing capability.
This study investigates the aeroelastic behavior of PACS-based actuated adaptive wingtips. Although the overall

motivation is implementing actuated adaptive wingtips on large HAR aircraft, the technology demonstration will first be
conducted on a Cessna Citation X with a span of 19.38m. The key three results of this study are:
1) PACS are a suitable technology for use as wingtip actuators, which has been verified under realistic boundary

conditions in terms of loads, installation space, and functionality. The investigated PACS actuator, which is structurally
designed from glass-fiber reinforced plastic, is capable of bearing the loads acting on the wingtips of the Cessna
Citation X.
2) An aeroelastic method based on a reduced beam structure coupled with VLM can efficiently evaluate the load

alleviation potential of actuated adaptive wingtips. In the structural model, the PACS actuator can be implemented as an
equivalent beam element and a pair of counteracting moments compensating for the initial actuator deflection due to its
pressurization.
3) The PACS-based adaptive-stiffness hinge shows high load alleviation potential in a 2.5 g maneuver load case,

while it maintains the straight wing shape in the 1.0 g cruise flight. Since the PACS actuator responds passively to
increased loading, no unlocking or gust sensing is required to trigger load alleviation. In addition, enhanced load
alleviation is possible in extreme load scenarios by switching PACS to an active mode, further reducing the hinge
stiffness via depressurization. For the adaptive-stiffness hinge located on the wing of the Cessna Citation X between
86.7% and 91.2% of the semi-span, the WRBM is reduced by up to 4.2% and 7.8% in passive and active mode,
compared to the reference wing without wingtip actuator.
Future research will address the extension of the simulation models used in this study. The aeroelastic analysis will

be extended to include dynamic loads such as gust encounters. In addition, the use of actuated adaptive wingtips for
advanced flight control through asymmetric wingtip deflection will be investigated. Replacing outboard ailerons with
wingtip morphing mechanisms could solve the challenge of insufficient installation space at the tip of slender HAR
wings.
The next step in realizing PACS-based actuated adaptive wingtips is the experimental proof with a functional

prototype. Ongoing research investigates the integral textile manufacturing of PACS from woven glass-fiber reinforced
plastic [35, 36]. The integral manufacturing of single-row cellular structures was successfully demonstrated by the
authors [35]. However, PACS actuators allowing for adaptive stiffness and active deflection require two antagonistic
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rows of cells. The extension of the weaving process to more complex double-row cellular structures is part of current
work [36]. Considering manufacturing-specific constraints in the design process is essential for the successful realization
of PACS actuators with high load-bearing capacity.
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