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Abstract
The presented study investigates the design and development of an autonomous morphing wing
concept developed in the scope of the SmartX project, which aims to demonstrate in-flight
performance optimisation with active morphing. To progress this goal, a novel distributed
morphing concept with six translation induced camber morphing trailing edge modules is
proposed in this study. The modules are interconnected using elastomeric skin segments to
allow seamless variation of local lift distribution along the wingspan. A fluid-structure
interaction optimisation tool is developed to produce an optimised laminate design considering
the ply orientation, laminate thickness, laminate properties and actuation loads of the module.
Analysis of the kinematic model of the integrated actuator system is performed, and a design is
achieved, which meets the required continuous load and fulfils both static and dynamic
requirements in terms of bandwidth and peak actuator torque with conventional actuators. The
morphing design is validated using digital image correlation measurements of the morphing
modules. Characterisation of mechanical losses in the actuator mechanism is performed.
Out-of-plane deformations in the bottom skin and added stiffness of the elastomer are identified
as the impacting factors of the reduced tip deflection.

Keywords: active morphing, design optimisation, bio-inspired, distributed, over-actuated,
over-sensed

(Some figures may appear in colour only in the online journal)

Nomenclature

Acronyms

AOA Angle of Attack, ◦

DIC Digital Image Correlation
FBD Free-Body Diagram
FEM Finite Element Model
FSI Fluid-Structure Interaction
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the title of the work, journal citation and DOI.

LE Leading Edge
TE Trailing Edge
TRIC Trailing Edge Induced Camber

Symbols

δa actuator rotation, ◦

δl angle between Fa and Fl,
◦

CL coefficient of Lift
Fa actuator force, N
Fl linkage force, N
Fr reaction force at linkage, N
Mx, My, Mz nodal moment around x,y,z axes, Nm
ra torque arm length, m
rho air density, kgm3

Ta actuator torque, [Nm]
V∞ air speed, m s−1
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x,y,z nodal displacement along x,y,z axes, m
xa actuator horizontal deflection range, Nm
cp aerodynamic pressure coefficient

Subscripts

1,2 actuators left and right of module
lin,non-lin linear, non-linear coefficient

Superscripts

aero coefficient calculated on the aerodynamic mesh
fem coefficient interpolated on the FEM mesh
max,min maximum and minimum values

1. Introduction

The advancements in aerospace materials, manufacturing
technology, controller and hardware design allow develop-
ing increasingly lighter and more complex concepts such as
morphing wings, which significantly benefit flight perform-
ance. Initially inspired by avian biology, the effectiveness of
such concepts is demonstrated in nature, with wing shape
adaptation and optimal gliding performance [1, 2]. As in
nature, morphing wing concepts have evolved since the early
years of aviation. One of the well-documented examples was
the active roll control of the Wright Flyer, the first successful
heavier-than-air powered aircraft. In this lightweight design,
the lateral stability was ensured by wing twist-warping [3].
In this case, the flexible fabric-wrapped structure was well
suited for morphing. However, as the flight speeds and loads
were increased with the advancement of aircraft design, a
stiffer wing was required to fulfil load requirements and over-
come aeroelastic instabilities. As a result, the conventional
rigid wing design, generally optimised for cruise, exhibits
compromised performance in other flight conditions. More
importantly, due to continuous fuel burn and redistribution
of the weight, no optimal configuration can be found which
is met through the entire cruise phase. Active morphing has
the potential to reduce this performance gap and continu-
ously optimise the aircraft performance across the entire flight
envelope adaptively. However, a challenging aspect in act-
ive morphing is designing a feasible and effective morphing
mechanism such that the aircraft performance can be improved
actively throughout the flight envelope [4]. That is the subject
of this paper.

In literature, various morphing concepts can be found. A
comprehensive review of the early morphing concepts of vari-
ous approaches regarding the actuator material, the actuation
mechanism, and the skin types is found in [5]. Examples vary
from conventional to compliant mechanisms and materials in
the latter two categories. Also, various materials are investig-
ated for the actuators, ranging from conventional to piezoelec-
tric and shape memory alloys. In aircraft wings, morphing can
be applied to the LE, TE, or both.

Kintscher et al and Sodja et al investigate a seamless
morphing droop nose concept for the LE, designed to match a
given target shape with different materials used for the morph-
ing skin such as glass-fibre pre-preg and aluminium [6, 7]. The

concept by Sodja et al utilises conventional actuation. Here,
low actuation forces are achieved by maintaining the skin
length constant during morphing, such that strains in the skin
are kept minimal. Several other concepts achieve low actuation
force by utilising compliant skin, and actuation mechanisms
[8–10]. While promising, the studies highlight the importance
of further research into manufacturing and up-scaling complex
compliant designs since the manufacturing process of these
complex shapes is still challenging.

Further, examples of the compliant mechanism and actu-
ation are investigated. Previtali et al used conventional actu-
ators, and Molinari et al used piezoelectric skin actuation
[9–12]. Some studies use bio-inspired design, such as the Fish-
BAC concept, designed to mimic the compliant skeletal frame
of fish, developed at Swansea University [13–15]. TEmechan-
isms are also presented by FlexSys, which have been installed
and undergone flight tests on a modified Gulfstream III busi-
ness jet [9, 16, 17].

Recent studies also investigated the use of ultralight, lattice-
based structural modules assembled in a modular adaptive
structure using carbon fibre-reinforced polymers (CFRPs)
[18–20]. The advantage is that these materials can have the
stiffness of a typical elastomer at the mass-density typical
to aero-gel. Cremer et al [19] demonstrate improved aerody-
namic efficiency and roll control authority with spatially pro-
grammed elastic morphing shape of a 4.27mwingspan aircraft
in the wind tunnel. Jennet et al [18] present the digital morph-
ing wing concept, constructed from discrete lattice elements.
This concept shows increased roll efficiency compared to a
conventional wing by applying span-wise twisting deform-
ation. While promising, due to its programmable flexibility
and lightweight, the lattice-based modules occupy most of the
internal space. Therefore, additional consideration is needed
to ensure the flexibility of the structure while reserving the
room for fuel, batteries, and other components to be installed
in the wing. The lattice-based concept, presented by Keidel
et al [20], suggests a potential structurally efficient approach
through optimisation of the orientation and distribution of the
CFRP rods. However, additional consideration is needed for
larger wing structures and manufacturability aspects for this
concept.

In addition to the internal actuation mechanisms, the
concept of morphing through direct skin actuation was invest-
igated by Bilgen et al with piezoelectric actuators [21, 22].
Pankonien et al investigated skin actuation with macro fibre
composite actuators for camber morphing [23]. Another wing
concept by Mistry and Gandhi demonstrated a cross-sectional
warping mechanism to realise variable camber on a rotor
blade [24].

Another study developed under NASA Advanced Air
Transport Technology investigated the multi-flap variable
camber continuous trailing edge flap (VCCTEF) concept for
generic transport model (GTM) [25]. This concept demon-
strated effectiveness in multi-objective control and gust load
alleviation in [26, 27]. However, the real-life experimental
demonstrator with shape memory alloys (SMA) rotary actu-
ators revealed many challenges such as weight effectiveness,
speed and power requirements of the actuators, the complexity
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of multi-segment camber mechanism, and skin flexibility
required [25].

In a recent study conducted in the EU FP7 CHANGE pro-
ject, a morphing concept called the translation induced cam-
ber (TRIC) is introduced to address some of these problems
[28]. This concept implements a relatively simple and effect-
ive morphing mechanism that uses a combination of cross-
sectional warping and skin bending to induce both camber
and twist morphing with a pair of conventional actuators. The
advantage of this concept is its relative simplicity and com-
pactness of the actuation mechanism, which increases the fuel
carrying capability and volume needed for necessary auxili-
ary components in the wing. However, the main disadvantage
of the current TRIC concept is that the lift distribution can-
not be influenced locally with a single morphing surface con-
trolled by a single pair of actuators. As a result, this inhibits the
use of the morphing mechanism for multi-objective flight con-
trol and limits its use as a direct replacement of conventional
control surfaces for rigid body motion control (ailerons, rud-
ders and elevators). Various control design studies highlight
the necessity and effectiveness of multi-objective flight con-
trol, load alleviation, and drag reduction performed by distrib-
uted multi-flap systems such as the VCCTEF in [26, 27] and
conventionally flapped over-actuated aircraft models [29].

Summarising, the literature survey suggests that many
morphing concepts are restricted to either wing twist or cam-
ber morphing mechanisms, proposing a complex mechanism
that introduces manufacturing challenges or consumes a large
portion of the wing internal volume. Furthermore, most con-
cepts show a global morphing approach, while in the scope
of active control, a distributed and over-actuated mechanism
is necessary to apply simultaneous gust and manoeuvre load
alleviation, flutter suppression and drag minimisation.

The current study extends on the TRIC concept to address
this problem. It introduces a distributed and modular morph-
ing design interconnected with elastomeric skin segments to
allow seamless active twist and camber morphing. This way,
the lift distribution along the wingspan can be varied locally
and actively without additional drag penalty due to the gaps
between the control surfaces. Furthermore, it allows deploying
multiple control surfaces for various control objectives. This
morphing designwas developed in the scope of an autonomous
smart wing project called SmartX, which aims to demonstrate
an integrated and coherent approach to multi-objective load
alleviation, flutter suppression and performance optimisation
of adaptive aircraft wings [30].

In figure 1 the rationale behind the integrated design of the
SmartX wing is presented [31, 32]. The purpose of this tech-
nology demonstrator is to demonstrate performance optimisa-
tion of multiple objectives such as (a) drag optimisation, (b)
load alleviation, (c) flutter suppression and (d) shape control
through multidisciplinary utilisation of smart sensing, control,
actuation, and integration [33].

weAddressing the shortcomings of the previous morph-
ing designs, the contributions of this study are threefold.
First, a distributed morphing concept is developed, analysed,
and validated using DIC measurements. Second, solutions

Figure 1. Rationale of the SmartX wing. Reproduced with
permission from [31].

are investigated and implemented to improve the aerody-
namic character and the continuity between adjacentmorphing
modules. Finally, a computationally efficient design frame-
work is developed for analysis and design optimisation. This
study aligns these objectives in the scope of the development
of the SmartX-Alpha wing demonstrator.

This paper is structured in the following way. First, the
scope of the SmartX project is presented in 1, followed by a
brief overview of the TRIC and the design evolution of the
distributed morphing concept in section 2. The design meth-
odology, describing the development of the FSI tool and the
design optimisation framework, are presented in section 3.
The demonstrator manufacturing and integration are presen-
ted in section 4. The finalised design and the design validation
are shown and discussed in section 5. Finally, conclusions are
drawn in section 6.

2. Morphing concept

The TRIC concept served as the basis of the design [28].
The morphing concept underwent several stages of evolu-
tion, which led to the development of a fully composite smart
morphing wing concept, named the SmartX-Alpha demon-
strator. The motivation for the development of this demon-
strator is explained in section 1, the design evolution of dis-
tributed TRIC concept is discussed in sections 2.1 and 2.2.

2.1. TRIC overview

The literature review highlighted some shortcomings of the
previous morphing designs, which are addressed to a degree
by the TRIC concept developed in CHANGE [28]. The crux
of the TRIC is to utilise a combination of cross-sectional
warping and skin bending to induce camber and twist morph-
ing powered by conventional actuators. Due to its relative
simplicity and compactness, the mechanism is economical in
weight and size. The following section explains how the TRIC
concept has evolved from design stages I–III as illustrated
in figure 2. In this figure, sections of the morphing wing are
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Figure 2. TRIC morphing concept design evolution stages I–III by Werter et al [28].

depicted, with the red area indicating the morphing skin and
purple outline, the wing box. The direction of actuation is
indicated with blue arrows and the direction of motion of the
skin in red.

TRIC concept is derived from the principle of a warping
cross-section [34], first introduced by Vos et al with a twist
morphing concept. The first design stage of TRIC, similar to
the latter concept, introduces a cut along the span on the bot-
tom of the wing and utilises span-wise actuation, without any
chord-wise movement (Stage I of figure 2). The span-wise
actuation provides the intended warping of the skin; however,
since the wingbox is relatively stiff in comparison, shearing
of the skin is also introduced. This results in relatively large
actuation forces and non-linearity in span-wise twist distri-
bution. In the next stage of design evolution, Stage II in the
middle of figure 2, chord-wise motion is allowed, as indicated
by the red arrow. As a result, shear deformations are signific-
antly reduced, leading to lower actuation forces and smooth
linear twist distribution along the span. However, only twist
morphing is possible since the chord-wisemotion is coupled to
span-wise actuation. In the final stage, stage III, the actuation
direction is changed from span-wise to chord-wise, and both
camber and twist morphing can be commanded independently
while the actuation forces are low. By altering the actuation
direction, two sets of actuators moving either symmetrically
(in the same direction) or asymmetrically (in the opposite dir-
ection) can now introduce pure camber morphing (Bend Up/
Down) or warp-induced span-wise twist morphing (Twist), as
shown in the last column of figure 2.

2.2. Distributed morphing

In stage III, the TRIC concept achieves an efficient com-
pact design, where the actuation forces are kept low, and the
internal space is not compromised. While promising, a single-
pair TRIC actuator design has a significant limitation: a single
control surface spans the entire wing. Hence, neither camber
nor twist can be controlled locally.

Therefore, from the perspective of control design, the actu-
ator system cannot satisfy multiple objectives simultaneously.
Generally, the typical approach is to separate the control
tasks over the available control surfaces when control design
must address multiple objectives [35, 36]. To prevent con-
flicts between various tasks such as pitch control, roll con-
trol or load alleviation, the control surfaces are either assigned
to specific tasks [37]. Another possibility for conventionally

Figure 3. Distributed TRIC morphing concept, the SmartX-Alpha,
investigated in this study.

actuated flexible aircraft is to make a compromise between
the objectives, as reported in [38]. The conflict can be preven-
ted if the aircraft features a sufficiently high number of con-
trol surfaces such that several control tasks can be addressed
simultaneously. This would allow addressing both the attitude
control of the aircraft body (pitch, roll, yaw) and aeroelastic
control (load alleviation, flutter control etc) by continuously
adjusting the same set of control surfaces (control allocation)
[29]. When combined with morphing, more objectives can be
achieved in control architecture, such as shape and drag optim-
isation, leading to a more optimal lift distribution. Variable
camber continuous trailing edge flap (VCCTEF) is an example
of a multi-segment camber morphing concept integrated on a
flexible wing GTM, where drag minimisation is demonstrated
[26, 27]. However, the complexity of this multi-hinged distrib-
uted morphing design has restricted the development of the
VCCTEF to mainly numerical studies.

Our study aims to contribute to the state-of-the-art morph-
ing design and proposes a distributed modular morphing wing
concept suitable for multi-objective control. The proposed
concept extends on the simplicity of the TRIC concept and
benefits from the smooth over-actuated morphing system.
In this context, it investigates a solution for the discontinu-
ity introduced by a distributed multi-flap system. In addi-
tion, the aim is to demonstrate the concept of a wind tunnel
model called the SmartX-Alpha. This demonstrator includes
six morphing modules, allowing the independent camber and
span-wise twist morphing of local span segments. This design
evolution is illustrated in stage IV in figure 3.
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Figure 4. Overview of the SmartX-Alpha seamless TRIC morphing
concept.

As with the TRIC concept, the skin is actuated internally,
allowing smooth and seamless morphing along the chord. The
morphing target shape is commanded using fast, high-torque
servos embedded in the wing box. The servos allow the TE
bottom skin to slide chord-wise and span-wise inside a guid-
ing slot, as illustrated in the green zoomed-in box in figure 4.
Each module has two actuators, allowing local symmetric
(pure bending) and asymmetric (twist) morphing. Interconnec-
ted triangular skin segments, joined by an elastomer material,
allow for continuous span-wise variation of themorphingwing
shape, facilitating a continuous lift distribution over the wing-
span. The triangular skin segments, illustrated in figure 4, are
composed of elastomeric material.

The main advantage of the current design is that by adjust-
ing the camber and twist distribution, the lift distribution
can be controlled locally and independently for each module,
allowing the wing to assume an optimal aerodynamic config-
uration to maximise lift-to-drag ratio to minimise drag. Fur-
thermore, the lift distribution can be adapted to perform man-
oeuvre load alleviation when necessary by redistribution of
the lift closer to the root of the wing. Lastly, fast piezoelec-
tric actuators are placed at the tip of the morphing TE for aer-
oelastic control, such as flutter suppression, hereby covering
the targets presented earlier in figure 1. To sustain the required
loads, meet the actuator constraints, and achieve the desired
morphing shapes, the composite skin of the wing is tailored
and optimised. Therefore, a FSI structural optimisation tool is
developed to allow fast analysis and optimisation of ply orient-
ation and laminate thickness in terms of the given input loads,
desired target shapes and actuator limits. The devised design
methodology used in this assessment is presented in the next
section.

3. Design methodology

The design methodology is centred around an FSI framework,
with the aim of performing structural sizing of the morphing
wing. The FSI framework connects the FEM and the aerody-
namic model (XFOIL) to obtain a representative pressure load
(PLOAD) for the structural sizing. The main goals of the FSI
framework can be summarized as follows: (a) obtain PLOADs

Figure 5. Flow chart of the FSI framework. Reproduced with
permission from [31].

Figure 6. Convergence assessment of the FSI framework for
actuator loads and δCL for Bend down morphing condition.
Reproduced with permission from [31].

for structural optimisation of the morphing wing skin compris-
ing the TE morphing control surfaces presented in section 2.2
and (b) allow initial assessment of the actuator loads and actu-
ator input under static aerodynamic load for surrogate model-
ling and control design. Dynamic assessment of the morphing
wing is not considered in the methodology.

3.1. FSI framework

The general flow diagram of the FSI framework is illustrated
in figure 5 [31]. The NASTRAN FEM model [39] and the
aerodynamic model represented by XFOIL [40] are coupled
by the framework, in which MATLAB acts as the interfacing
software.

The actuator displacement was used as input to the simula-
tion for each loop iteration. Bend Up, Bend Down and Twist
were considered as target morphing shapes. The loop was iter-
ated until the deformed shape, lift, and actuation loads con-
verged. Figure 6 shows the convergence of the FSI loop for
the Bend Down case. As shown, the convergence of these vari-
ables is typically reached in three to four iterations [31]. Here,
the progressive variation of these variables is shown over each
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Figure 7. FEM model boundary conditions and actuator free body diagram.

iteration. The dotted blue line indicates the deformation con-
vergence criterion of 1e− 3 evaluated as the cumulative vari-
ance of deformations over each node (continuous blue line).
The convergence criteria and study are further discussed in
section 5.1.

The actuator displacement was modelled by displacing the
nodes, which acted as the interface between the actuator’s
pushrod and the skin. This is depicted in figure 7. The actu-
ator displacement would, in turn, impose a deformation of the
shape, which was extracted from NASTRAN and transferred
to XFOIL to exact pressure distribution data. The pressure data
was returned to the NASTRAN model as static PLOADs.

3.1.1. FEM. The FEMmodel, representing a morphingmod-
ule of 500mm chord and 300mm span, was developed in
NASTRAN [39]. A cut is introduced at the bottom skin, and
nodes are selected to introduce the actuation loads, according
to the TRIC principle. To model the morphing principle, the
flexible skin is allowed to slide in the chord-wise and trans-
verse direction to accommodate the required morphing shape
under loads. Vertical deformations and rotations about the
transverse and chord-wise axis are restrained. Figure 7 shows
the boundary conditions employed in the FEM model.

These boundary conditions are chosen such as to allow the
following morphing states, which are referred to as morphing
subcases in the FSI model: (a) Bend Up, (b) Bend Down, (c)
Twist.

The default structural solver used for the FSI analysis is
the static linear solver SOL101 [41]. Additionally, SOL106
is implemented to run static non-linear analysis and to com-
pare linear and non-linear structural model behaviour, which
is presented in detail in section 5.2.

3.1.2. Actuation mechanism. A kinematic model of the
actuation mechanism and the morphing interface has been
constructed to facilitate the actuator sizing and the mechan-
ical behaviour. The model presented in figure 7 shows (in
a cross-sectional view) the FBD of the actuator force and
moment equilibrium for the Bend Up case. The input to the
actuator is the commanded angle, which in turn results in spe-
cific actuation torque (required to reach the desired position).
Two essential aspects can be noted regarding the actuator input
force to the morphing interface when examining the diagram:
(a) the maximum actuator force, Fmax, that can be delivered at

the attachment on the servo armwill increase by shortening the
servo arm ra, (b) the instantaneous actuator torque Ta required
to balance or overcome the reaction forces at the morphing
interface, Fr, is not linear for the range of travel of the actuator.
The latter aspect results from the kinematic relationship of Fa,
representing the actuator torque for a given actuator arm ra and
the linkage force Fl. Since Fa is a projection of the Fl normal
to the servo arm (Fa < Fl), Fa and thus the amount of torque
required by the actuator to balance or overcome the reaction
forces are dependent to the relative position of the linkage sys-
tem concerning the servo arm.

The relation of linkage force to δa is presented in the side
view in figure 7, and is defined by the following relation:

Fl =
Fa

cos(δl)
≈ Fa

cos(δa)
(1)

As the linkage length will be much greater than arm’s length,
δl can be approximated by δa.

Following the expression above, the actuator torque can be
calculated as:

Ta = Fl cos(δl)ra (2)

In this expression, the ra represents the length of the torque
arm, and the non-linear relationship between the actuator
torque, Ta and the rotation angle, δl is reflected here by the
cosine term. The following step was to establish an optimal
torque arm such that the actuation loads are kept minimal
within the desired morphing shapes, which is explained in
section 5.3.2. The shapes are governed by the horizontal
deflection range of the actuator (along Fl), indicated as xa in
figure 7.

3.2. Aerodynamic model

Aerodynamic behaviour is modelled using a 2D airfoil ana-
lysis based on strip theory. At each FSI loop iteration,
the deformed wing shape is sliced at discretised span-wise
sections to extract 2D deformed airfoils. The shape of the
deformed airfoil is the input to XFOIL, which calculates the
pressure distribution over the deformed airfoil [40]. This data
is then used to calculate and interpolate the PLOADs corres-
ponding to the structuralmesh through the slicing of the airfoil.
In NASTRAN, aerodynamic force is applied as static PLOAD,
defined as a uniform PLOAD on the quadrilateral surface
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Figure 8. Mesh comparison FEM (left) and aero (right).

Figure 9. Airfoil slicing process.

(CQUAD4) comprised of four nodal positions, indicated in
the bottom part of figure 8. Slice planes coincide with NAS-
TRAN grid points to limit interpolation routines. This process
of airfoil extraction is shown on the right of figure 9. The aero-
dynamic mesh is denser than the FEM mesh to improve the
resolution of the pressure distribution, particularly in the LE
and TE area. An additional interpolation routine is deployed to
deal with the differences in meshes and sample the PLOADs
on the corresponding quadrilateral surfaces of the structural
mesh. This process is explained in the next section; the differ-
ence in the structural and aerodynamic mesh is presented in
figure 8.

3.2.1. System coupling. As the meshes vary between the
two models (i.e. the aerodynamic model has a higher resol-
ution), an interpolation routine was used to transfer the pres-
sure coefficient of aerodynamic mesh caerop , to their appropri-
ate centroid location in the FEM mesh cfemp values (figure 8).
The interpolation function implements a gridded linear inter-
polation method based on Delaunay triangulation of the 2D
grid data [42]. Since the interpolation is performed in 2D, the
airfoil’s upper and lower pressure distributions are sampled
from the aerodynamic mesh separately and projected inde-
pendently onto the x,y projection of the FEM mesh, acting as
xy data sampling points for the interpolation. These sampling
locations are the centroid of the mesh elements, as is illus-
trated in figure 10 [31]. Here again, the Bend Down case is

Figure 10. Coupling mechanism of aerodynamic loads to the FEM
model shown for Bend down shape. Reproduced with permission
from [31].

Figure 11. FSI optimisation framework. Reproduced with
permission from [31].

considered as the target shape. The interpolation method uses
MATLAB’s griddata function. The interpolated pressure coef-
ficients are then converted to PLOADs by evaluating the area
of the corresponding mesh element. This is achieved using the
NASTRAN PLOAD card [41], which allows evaluating static
PLOAD directly from pressure coefficients. Appropriate scal-
ing must be applied with the airspeed for the aerodynamic ana-
lysis. The conversion from non-dimensional pressure coeffi-
cient, cp to PLOAD pressure is performed as follows:

PLOAD =−c femp
1
2
ρV2

∞ (3)

The result of the interpolation routine can be visualised in
figure 10.

3.3. Design optimisation

An optimised laminate design was desired, capable of attain-
ing the three target morphing conditions utilising a minimum
actuation load. For this purpose, an optimisation framework
was constructed, which is presented in figure 11 [31].

3.3.1. Optimisation parameters. The core of the optimisa-
tion framework consists of NASTRAN’s SOL200 optimiser
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Table 1. Overview of input parameters, design variables and
constraints of the optimization.

Variable Range Unit

Input
parameters

Angle of attack [−12, 0, 5] (◦)
V∞ 35 (m s−1)

Design
variables

Ply angle [−90,−45, 45, 90] (◦)
Tickness [1.65, 0.15] (mm)

Objectives Deformations [30,−20,±20]a (mm)
Target shapes [Bend Up/Down,

Twist]
(—)

Constraints Laminate
properties

Balanced/Symmetric (—)

Curvature
constrain

[Bend Up/Down,
Twist]

(—)

a traling edge deflection

[41], implementing the same FSI analysis strategy as shown
in figure 5. For conciseness, the additional input blocks to the
FSI loop are left out; the aerodynamic interaction is facilit-
ated by XFOIL using the same convergence criteria. The three
morphing conditions were considered subcases in the optim-
isation routine and were simultaneously optimised.

Input parameters, design variables and constraints used in
the optimisation are presented in table 1. The input paramet-
ers of the optimisation framework are airspeed, V∞ fixed at
35 m s−1 and the angles of attack corresponding to the most
adverse aerodynamic loads within the stall limits of the air-
foil. For the Bend Down case, −12◦ of AoA was used, while
for the Bend Up case, 5◦. Ply orientation, and the thickness of
the laminates were considered as the design variables for the
laminate design.

3.3.2. Objectives. The optimisation objectives are repres-
ented by the tip deflection of 30, 20 and ±20mm of Bend
Up, Bend Down, and Twist subcases, respectively. A target
of 30mm was set for the Bend Up case due to the need for a
larger negative lift increment of the asymmetric NACA 6510
airfoil. An overview of lift coefficients for various subcases is
presented in table 4.

The optimisation outputs were the actuator loads needed for
sizing the morphing mechanism and laminate design defined
by ply orientation, layers and thicknesses.

3.3.3. Constraints. The optimisation was subject to design
constraints in terms of laminate properties and curvature for
the three subcases to ensure smooth morphing shapes.

Target shapes, defined by TE deflection, were subject to
curvature constraint to avoid excessive local bending of the
skin resulting in an aerodynamic penalty. The effect of the
curvature constraints are shown in figures 12 and 13, respect-
ively. The curvature constraints were enforced by prescribing
predefined tolerances of every third node as shown in figure 13
for the Bend Up subcase. A similar approach was used also for
the Bend Down and Twist subcase.

Figure 12. Deformed wing for Bend Up/Down case without
curvature constraints.

Figure 13. Deformed wing with enforced target shape on wing
surface for the Bend Up subcase.

3.3.4. Optimisation model. Several optimisation strategies
were investigated, which varied either the ply angle, the lam-
inate thickness, or both.

Optimising both the ply orientation and the thickness across
discretised strips of the morphing surface proved to be the
least successful strategy for two reasons. Firstly, the high num-
ber of variables made it reasonably difficult to converge to a
solution. Secondly, the ply continuity across the strips could
not be ensured without additional constraints, which produced
an unrealistic design for hand layup. When only the ply ori-
entation was varied against a constant thickness, the result-
ing curvature of the morphed shapes exhibited kinks along the
cord. The simplest approach, where the ply thickness gradu-
ally dropped and the thickness gradually varied, allowed suf-
ficient flexibility in the chord-wise direction to eliminate the
kinks. The finalized design is discussed in section 5.3.1.

3.4. Elastomeric skin design

Aflexible connecting skin segment was investigated to prevent
gaps between the morphing modules and ensure independent
actuation between adjacent modules. The requirements for the
connecting segments were to (a) ensure continuous morph-
ing while not exceeding the continuous load requirements
of the selected actuators, (b) the ability to sustain PLOADs
for the operational flow regimes (up to 50 m s−1), (c) allow
post-manufacturing integration and (d) repair. Silicone mater-
ial was selected for the skin as a connecting body due to
ease of use, and a good compromise between strength and
durability [43].
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Figure 14. Elastomer skin design concepts.

FE models were built in Abaqus to study the elastomer
material’s flexibility and impact on the actuation loads. Vari-
ous skin patch designs were considered with silicone-filled
slits of varying width and slit density, as shown in figure 14.
Through assessment of the morphing configurations, it was
established that the critical aspect in elastomer integration was
the amount of skin shearing required for asymmetric actuation
between adjacent modules. The analysis with the FEM model
revealed that the best compromise was a complete gap filled
with an elastomermaterial. Further assessment was done using
sample testing, as explained in section 4.2.

4. Design integration and testing

The wing design discussed in section 3 was used to build
the wing demonstrator. A manufacturing procedure was estab-
lished to allow the simultaneous integration of sensors and the
optimised design implementation. The steps of this process are
summarised in figure 15.

4.1. Manufacturing approach

The wing design comprised four parts (a) top skin, (b) bot-
tom skin, (c) wing box and spars, (d) morphing TE. The wing
skin was manufactured by vacuum-curing wet-laid glass fibre
inside top and bottom polyurethane moulds. This manufactur-
ing and assembly process is shown in sub-figures (A)–(D) of
figure 15. The top skin was made in one pass, with the ply
dropping incorporated at the TE (figure 15(A)). Due to the cut
incorporated for the TRIC sliding edge, the bottom skin was

made in two curing steps, the wing box skin and the morph-
ing TE. Figures 15(B), (C) and 16 show the joining process
and the assembly of various components in two wing halves.
Figure 15(D) shows the final integration process. The skin
seam along the trailing and LE were additionally reinforced
with a fibre-glass wrapped foam wedge.

4.2. Elastomeric skin assessment

During the assessment of various silicone skin configura-
tions, it was established that high-density slits, as shown in
figure 14(a), did accommodate sufficient skin shearing to
allow opposite actuation of adjacent modules within desired
limits. It was observed that gradually increasing the gap
between the adjacent modules and decreasing the slit dens-
ity allowed more skin shearing, as suggested in section 3.4.
Further, prototyping and testing using a 3D-printed jig valid-
ated the final elastomer design with a fully silicone-filled gap
leading to the best results (figure 14(c)). The prototyping jig
shown in figure 17was actuatedwith twoVolzDA-22-12-4112
servos and represented the connection between the adjacent
modules. The jig was used to test the maximum deflection in
Bend Up/Down and Twist morphing of various silicone skin
samples from theWacker Elastosil series. The moisture curing
rubber silicone Wacker E41 [44] provided the best comprom-
ise between flexibility and bonding durability.

Once the silicone material and configuration were finalised
from the jig, a manufacturing procedure was established to
reproduce the design. A combination of 3D printed PLA (Poly-
lactic Acid), and Teflon tape was used as a mould and release
agent, respectively, defining the curvature between the mod-
ule gaps. In the left and right of figure 15(D), the application
process of the silicone is shownwith themodules facing down-
ward and the silicone applied from inside.

After curing the silicone and the final assessment of the
elastomeric skin on the wing demonstrator, it was established
that the joint was stiffer in shear than anticipated from the
numerical analysis explained in section 3.4. A feasible limit
for the actuation was found to be between±25◦. Themanufac-
tured demonstrator was subject to morphing characterisation
tests explained, and further discussion is made in section 5.4.

4.3. DIC setup

A DIC static measurement was conducted on the top and bot-
tom surfaces of the morphing modules, to validate the design
and assess the capability of the wing demonstrator to attain
the static target morphing shapes without aerodynamic load
present.

4.3.1. Measurement procedure. The DIC test setup is
shown in figure 18. The measurement system consisted of a
Vic-3D stereo Q400 system and two cameras equipped with
15mm focal length lenses [45]. The wing was placed upright.
The top and the bottom skin of two morphing modules (mod-
ules 1 and 2) were covered in a speckle pattern. To capture
the out-of-plane deformations, the two cameras were placed
frontally, facing the patterned surfaces. Due to the lack of
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Figure 15. Wing manufacturing and integration process.

Figure 16. Assembly and integration of smart sensors, actuators
and components in the wing.

Figure 17. Testing jig components.

visible overlap between the top and bottom skin needed for
reconstruction, the measurements were obtained separately
for the top and bottom surfaces with identical incremental
actuation steps. The top and bottom surface measurements of

Figure 18. Vic3D DIC measurements system with two cameras.
Reproduced with permission from [31].

Figure 19. Top and bottom DIC measurement area. Reproduced
with permission from [31].

the corresponding actuation steps were later merged manu-
ally during the post-processing to align the top and bottom
surfaces.

The areas where the deformations were measured are indic-
ated by the red patches in figure 19. The trailing 130mm por-
tion and 190mm portion of the wing’s lower and upper surface
were analysed. The measurement area spanned 200mm on the
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Table 2. DIC measurement test matrix.

Trial 1 Trial 2

Condition δa1 (◦) δa2 (◦) δa1 (◦) δa2 (◦) Shape

S.Bend Down (−) −25 −25 −25 −25

S.Bend Up (+) +25 +25 +25 +25

A.Bend Down (+/−) −25 −25 +25 +25

A.Bend Up (+/−) +25 +25 −25 −25

top and 250mm on the bottom surface in the span-wise direc-
tion, centred on the module.

A measurement test matrix was designed to reflect the
morphing design limits of the airfoil (shown in table 2). Both
modules’ maximum allowable actuation limits were chosen
between positive 25◦ and negative 25◦. The latter correspon-
ded to the lower bound of approximately−4.5mm chord-wise
travel (Bend Down) within the guided slot, as established from
the FEMmodel. The upper bound (Bend Up) was also limited
to 4.5mm (25◦) after evaluating the allowable stretch in the
resulting silicone skin for continuous operation.

The actuators were commanded in steps of 5◦ according to
the scheme in table 2. In this table, a single actuator’s Bend Up
and BendDown deflection corresponds to+25 and−25◦ actu-
ation inputs, respectively. In total, four cases were considered,
(a) Bend Down, (b) Bend Up, (c) Differential Bend Down and
Differential Bend Up (d). In the symmetric arrangement, both
modules moved in the same direction (both up or down), and
in the asymmetric case, the modules moved opposite to each
other (one up and one down). The latter cases were designed to
assess the impact of the elastomer skin on the morphed shape,
as due to the differential actuation, stretching and shearing was
expected to take place in the elastomer. The DIC static meas-
urements were repeated twice for the symmetric case (trial 1
and trial 2) and compared with the prediction generated by the
numerical model developed earlier.

The numerical model did not include the elastomer skin.
Hence it is expected that the numerical results show the best
possible morphing case, where the elastomeric skin does not
affect the morphing displacement of the module. The meas-
urements for the asymmetric case were conducted similarly in
two trials and compared to the symmetric cases.

4.3.1.1. Calibration procedure. The DIC measurements
were transformed into the same reference frame used in the
numerical model to perform comparative analyses. This was
achieved by orienting the TE of the measured surfaces in line
with the span-wise axis of the numerical model. A rotation
about this axis was then performed to ensure that the unde-
formed surfaces aligned with the undeformed analysis model.
The DIC stereo camera setup was calibrated with a standard
calibration target of a 30mm circular grid pattern. Verification
of the DIC calibration was conducted on the top surface by
comparing the TE tip deflections measured with DIC against
deflections measured with a Vernier height gauge.

Furthermore, repeatability assessment was performed of
the commanded morphed shape and the baseline shape in
rest. The commanded actuator input configuration generated a
repeatable morphed shape in both tests. Similarly, assessment
of the baseline shape was performed to ensure commanded
shapes arrived at the same baseline in the unloaded case (at
rest). This assessment was found to correspond well to the
expected NACA 6510 airfoil.

5. Results and discussion

The results and discussion are organised into three sections.
First, the verification of the FSI tool and evaluation of non-
linear structural effects are presented in sections 5.1 and 5.2.
Then the outcome of the design optimisation is discussed in
section 5.3. Finally, the validation of the morphing design is
presented in section 5.4. In this last section, DIC measurement
was conducted on the top and bottom surfaces of the morphing
wing to assess the capability of attaining static target shapes.

In sections 5.1–5.3 aerodynamic load was applied as a pres-
sure distribution generated by XFOIL to perform the struc-
tural design optimisation and asses the convergence of the
framework. The comparison of the simulated and measured
shapes on themanufactured wing in section 5.4 was performed
without aerodynamic load.

5.1. FSI framework verification

A key aspect in the FSI framework and, in particular, the
system coupling between the FEM and aerodynamics was to
determine: (a) the required resolution of both meshes to elim-
inate discretisation effects due to the selected mesh density
and (b) convergence criteria for the model to exit the FSI
loop. Furthermore, an assessment was necessary of non-linear
structural effects during large deformations. This was done by
comparing linear and non-linear solutions in the FSI loop in
section 5.2. The assessment was performed with aerodynamic
loads applied on the structure.

5.1.1. Model convergence. The variation in deformations
was analysed at each iteration as was indicated previously in
figure 6, section 3.1, to evaluate the convergence of the FSI
loop. The change in themagnitude of deformation is calculated
at each node, where the sum of these differences represents the
total deformation variance of the system at each iteration.
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Figure 20. Aerodynamic mesh convergence study of the lift
coefficient. Reproduced with permission from [31].

Multiple analyses were run to a high iteration count with 2D
XFOIL analysis to obtain a satisfactory convergence bound.
The change in lift coefficient and actuator input loads was
monitored between each iteration in addition to the deform-
ation variance. It was found that when the total deforma-
tion variance of the system was below 0.01, the variation
in the lift coefficient was less than 0.0001, which represents
0.012% of the total CL of baseline NACA6510. The actuation
loads showed a variance of approximately 0.25% of peak load
(approximately 0.15 N for all subcases)

With these negligible variations in lift and loads, the con-
vergence performance was considered sufficient for the accur-
acy of this analysis, and the convergence bound was set
with a deformation variance of 10−5. Setting this bound
means that the simulation terminates once the deformation
variance ⩽10−5.

5.1.2. Mesh convergence. A mesh convergence study was
conducted on both meshes to determine a suitable resolution
for the aerodynamic and structural mesh,

The meshes were refined consecutively, starting from the
aerodynamic mesh, followed by the structural mesh with the
aerodynamic mesh fixed. For the aerodynamic mesh, three
morphed states of the airfoil were analysed: (a) XFOIL’s
default NACA6510, (b) undeformed structural mesh slice, and
(c) deformed structural mesh slice. Peak Bend Up (30mm),
Bend Down (20mm), and Twist (±20mm) were considered
for the structural mesh study. The analysis was completed at
zero angle-of-attack and velocity of 30 m s−1.

Results of the mesh resolution studies are presented in
figures 20 and 21. For both meshes, convergence was evalu-
ated by tracking the∆CL value. The convergence of the actu-
ator input load was also assessed for the structural mesh.

As observed from figure 20, the 2D aerodynamic mesh con-
verged at 140 nodes in a chord-wise direction. Therefore the
default node XFOIL count of 160 nodes was maintained for
future analyses. With this setting, the structural mesh con-
verged beyond having 1500 elements. As the run time was suf-
ficiently short, the mesh resolution was increased to apply ply
dropping adequately, with more design freedom and accuracy.

Figure 21. Structural mesh convergence study [31].

Figure 22. Comparison of linear and non-linear deformation for the
case Bend Up [31]. (see if the act loads can be included).

This was achieved by increasing the mesh seed size to 10mm,
corresponding to 3360 elements.

5.2. Evaluation of non-linear solution

To study the impact of large deformations on the morphing
surface and asses the validity of the linear FEMmodel, a com-
parison analysis was performed with a non-linear structural
solver.

The comparison was performed by switching the linear
static analysis (NASTRAN SOL101) to non-linear static ana-
lysis (NASTRAN SOL106). Since the analyses are performed
statically, only the final deflected (converged) shape is con-
sidered, corresponding to the Bend Up, Bend Down and Twist
cases.

Peak Bend Up/Down and Twist cases were evaluated at
zero angles of attack and wind speed of 30 m s−1. Mesh dens-
ities were kept in accordance with the outcomes of the mesh
convergence study.

Comparison of lift coefficients is presented in table 3 [31].
Here in the last two columns, tlin indicates the average exe-
cution times of linear solution in seconds, and ∆tnon-lin, the
average percentage increase of non-linear solution for each
subcase. The benchmarking is performed over 10 FSI loops
at 3◦ AoA and default meshing. A comparison of linear and
non-linear deformations is presented in figure 22, indicated
by a blue and red-dashed line, respectively. The difference
in deformation is minimal, as can be seen by overlapping
blue and red-dashed lines; however, differences of 3%–6% is
observed for the in CL, with the highest difference in Bend Up
case.

Assessment of the actuation loads showed a 3% difference
in the Bend Up case, with 140.7N and 136.4N for linear
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Table 3. Comparison of linear and non-linear fem model for given design cases [31].

Subcase CLlin (—) CLnon-lin (—) ∆CL (%) tlin (s) ∆tnon-lin (%)

Bend Up −0.277 −0.296 −6.589 31.2 370
Bend Down 1.464 1.423 2.801 36.5 271
Twist 0.823 0.847 −2.916 42.7 165
Unmorphed 0.825 0.825 — — —

and non-linear cases, respectively. In the Bend Down case,
the loads were −80.4N and −74.2N, respectively, yielding
an 8% difference. The loads are obtained for non-optimised,
constant-thickness skin; hence lower loads are expected in
the final optimised design, as discussed in more detail in
section 5.3.2.

It must be noted, that the execution times for non-linear
cases presented in table 3, are significantly higher. The per-
centage increase in time versus linear is between 165%–370%,
which is undesirable for batch analysis. More importantly,
the relatively small differences between linear and non-linear
solutions will not significantly change the design regarding the
required actuation load, as a margin is imposed for peak loads.
This is discussed in the next section. Therefore, linear analysis
is considered valid for design optimisation.

5.3. Design outcome

The optimisation routine described in section 3.3 was per-
formed for the subcases Bend Up, Bend Down, and Twist
(table 1) to generate the final laminate design for the morph-
ing concept. Aerodynamic loads were applied in the analysis
to ensure the skin was sized for the PLOADs, such that the
deformations due to aerodynamic loads would be accounted
for and the actuation forces were predicted correctly. Further-
more, the FSI framework described in the design methodology
in section 3 was used to finalise the actuator selection.

5.3.1. Laminate design. During the optimisation process,
the approach where the plies gradually dropped with the ply
orientation fixed at ±45 allowed sufficient flexibility chord-
wise to eliminate the kinks when morphing the control sur-
faces. Orienting the fibres along the span minimises the actu-
ation force; however, this also compromises the chord-wise
strength. The±45 ply orientation provided the best comprom-
ise between the actuation force, bending stiffness and torsional
stiffness. Furthermore, this configuration allowed symmetric-
ally balanced ply drops and was easy to manufacture from
readily available woven plies. Several composite materials
were investigated, and fibre-glass designated US 7630 (MIL-
Y-1140H) presented satisfactory results and was selected for
use in the final design [46].

Figure 23 shows the undeformed morphing surface over-
laid with the optimised thickness distribution. The colour map
shows the number of plies required in each design region to
build the morphing surface laminate.

Figure 23. Ply dropping sequence.

The deformed morphing surfaces for the three subcases are
presented in figure 24. They are superimposed on an unde-
formed surface to visualise the degree of deformations tak-
ing place. The colour map again represent the relative vertical
deformations of the system.

5.3.2. Actuator loads. From the results of the optimisation
routine, the peak actuation loads and the deflection range were
determined. In table 4, the required input parameters for the
three subcases are listed. Herein, the Fa and xa indicate the
actuation load and the horizontal deflection of actuator one,
respectively.

The actuation load ranges from −60N to +61N. The
deflection range of the actuator ranges from−4.5 to+6.5mm.
The resulting lift coefficients range from −1.7 to +2.2. This
information aided in the selection of a suitable actuator for the
application.

The deflection range, xa, of the free edge of the morphing
surface is shown in figure 25.With this information, the torque
arm and rotation range, δmax

act , of the servo could be set to cal-
culate the torque requirements from the actuator. The actuator
kinematic model was implemented according to the FBD illus-
trated in figure 7.

The design aimed to minimise the torque arm and increase
the available actuation force Fa. This also resulted in an
increased required range of rotation to cover the entire hori-
zontal travel range. The range of rotation was limited to 40◦

to ensure that the linkage forces remained in the linear range.
The relation of linkage force to δmax

a , defined by the
equation (1), is presented in figure 26 [31]. Herein, it can be
observed that the ratio of the linkage force relative to the actu-
ator force rapidly moves further away from the 1:1 ratio bey-
ond 40◦ of rotation. A higher linkage to actuator force ratio is
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Figure 24. Deformed morphing surfaces for subcases, Bend Up
(top), Bend Down (middle) and Twist (bottom). Reproduced with
permission from [31].

Table 4. Actuator peak forces for various subcases. Reproduced
with permission from [31].

Subcase Fa1 (N) Fa2 (N) xa1 (mm) xa2 (mm) CL (—)

Bend up 61 61 6.5 6.5 −1.7
Bend down −60 −60 −4.5 −4.5 2.2
Twist −50 23 4.5 −4.5 0.85

Figure 25. Horizontal travel range. Reproduced with permission
from [31].

beneficial in actuation leverage. However, examining the FBD
illustrated in figure 7 it can be deduced that the larger ratio
comes at the price of reduced linear travel for higher rotation
angles; therefore,±40◦ was maintained as the maximum rota-
tion range. For this range of rotation, the torque arm required
for 7mm of horizontal travel was 10mm.

Figure 26. Linkage force as a function of servo rotation [31].

Figure 27. Torque versus horizontal travel, Bend Down and Bend
Up considered [31].

The actuation loads were evaluated for the entire morphing
range by incrementing horizontal travel at the actuation points,
from −7mm to 7mm, in 1mm increments to determine the
actuator torque requirements. Only symmetric actuation was
considered, as loads were most adverse in this scenario. The
analysis was conducted at 30m s−1. To ensure most adverse
aerodynamic loads were considered within the stall limits of
the airfoil, the AOA was set to +5◦ for Bend Down cases
and −12◦ for Bend Up cases. The data from these analyses
are presented in figure 27. It can be seen that torque increases
in a non-linear fashion, with peak torque requirements being
nearly 45Ncm for Bend Up and −60Ncm for Bend Down.
Note that, at zero travel, the lines do not coincide, as the ana-
lyses for the two cases were done at two different angles of
attack.

For the peak loads presented in table 4, the peak torque
required to actuate all morphing shapes at V∞ = 30 m s−1

is ±60 Ncm. An operating margin of ≈35% of peak actu-
ator torque was considered for continuous actuation at max-
imum free stream velocity and 1 Hz continuous sinusoidal
actuation frequency at maximum rotation limits for the actu-
ator selection. These requirements were selected to ensure the
servo would not be used at 100% capacity during operation
and would cope with the gust load alleviation task. These
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Figure 28. Volz da-22-12-4112 performance parameters in relation
to control objectives [47].

requirements resulted in ±80 Ncm torque and 160 ◦ s−1 con-
tinuous actuation at maximum load and maximum rotation
limit (±40◦).

With these two requirements, the selection was made
between the available actuator models of the servo manufac-
turer Volz [47]. This servo supplier was chosen due to the
real-time actuator load and position feedback needed for the
controller design. Volz DA 22-12-4112 was selected as it met
both the continuous torque and bandwidth requirements within
the available range of actuators. Figure 28 shows the per-
formance specification data of the actuator published by the
manufacturer [47]. The green region indicates the continu-
ously operational range of the servo. As seen, the required
peak torque requirement and the bandwidth indicated with a
blue-dotted box fall within the servo’s continuous operation
range. At the peak torque of±80 Ncm, the actuator is capable
of delivering a continuous speed of 210◦ s−1, which corres-
ponds to tracking of 1.3 Hz sinusoidal signal at 40◦ peak rota-
tions. This is indicated by the maximum operational limit, the
red-dotted box. The effectiveness of the gust load alleviation
can be the highest near the region indicated by the dotted white
line (maximum load and speed).

5.4. Morphing validation

A DIC static measurement was conducted on the top and bot-
tom surfaces of the morphing modules to validate the design
of static target morphing shapes. The validation of morph-
ing shapes was performed without applied aerodynamic loads
neither in the experiment nor in the numerical simulation.

The results between the DIC and the numerical model were
compared by comparing the TE tip deflection and the air-
foil shape. First, the symmetric cases shall be discussed in
section 5.4.1, where both modules moved in the same dir-
ection. Then, the mechanical losses in the morphing system
are discussed in section 5.4.2, and reflections are made on
the simulation model. Finally, in section 5.4.3 the asymmet-
ric cases are discussed, where the modules moved opposite to
each other and the impact of the elastomer is significant.

Figure 29. Comparison of tip deflection between numerical model
and DIC measurement of symmetrical and asymmetrical cases
[25,−25]◦.

Figure 30. Comparison DIC and initial simulation prediction peak
Bend Up and down symmetrical cases.

5.4.1. Morphing assessment (symmetric). Figure 29 shows
tip deflection for the entire actuation range for two trials in
both symmetric (red, blue), asymmetric cases (purple, yellow)
and estimation of the numerical model (black dotted).

Examining figure 29 for the symmetric case, the immedi-
ate observation yields that the linear curve predicted by the
initial numerical model significantly overestimates the experi-
mental tip deflection. This is observedmore clearly in figure 30
which shows a comparison of measured and simulated peak tip
deflections (top row) and 3D shape (bottom row).

The numerical model shows a linear slope between the
actuator input range of±25◦ .While this linear trend is upheld,
in the 0◦ to −25◦ range, the experimental curves have a much
shallower slope than the prediction. On the opposite interval,
the linear trend exhibits a dead-band for the actuator displace-
ment between 0◦ and 5◦ in trials 1 and 2. The slope mis-
match and the dead-band observations suggest that mechan-
ical losses occur between the actuator input and the morphing
shape, which the numerical model does not adequately cap-
ture. Consequently, this means that the morphed TE may fall
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Figure 31. Backlash effect observed in Bend Up and Bend Down.

short of delivering the maximum expected lift increment when
subject to a free stream velocity. A more in-depth analysis was
set up to investigate the mechanical losses in the system during
actuation, explained in the following sections.

5.4.2. Mechanical loss. After an initial evaluation of the
numerical model, the mechanical system was observed more
closely to investigate the potential source of mechanical losses
during actuation. To this end, a visual inspection is performed
during the Bend Up and Bend Down actuation strokes, and the
image frames are processed with an image fusion algorithm
shown in figure 31.

In this figure, composite difference images are created of
the image sequences at the maximum strokes of the actuator
(±25◦ actuator input), which correspond to Bend Up (bottom
row) and Bend Down (top row) cases. The purple region indic-
ates changes concerning the baseline position (zero ◦ actuator
input). The image frame captures the cross-section view of
the mechanism, where the linkage arm is attached to the skin
interface via a triangular pickup component. The purple areas
clearly show the twisting of pickup and bulging in/out occur-
ring. The primary cause of this behaviour is attributed to the
moment offset introduced as the servo arm pushes the vertex
of the pickup and the relatively significant stiffness difference
between the aluminium pickup body and the composite skin.

Observing the zoomed section of the bottom skin in
figure 32 measured with the DIC, the findings from the visual
inspection are confirmed. Here, the out-of-plane deforma-
tion of the bottom section of the skin near the lip is shown
in peak Bend Up and Bend Down cases, in figures 32(A)
and (B), respectively. Firstly, the lip bulges out during the
bend upstroke and caves in during the Bend Down, reducing
tip deflection. This behaviour is highlighted in the annotated
cross-sectional view in figure 32 for both cases. The bulging
out effect is observed clearly in figure 33, which shows the
out-of-plane deflection in the 2D contour map for the Bend
Up case in the top row of the figure. Secondly, from the 3D

Figure 32. Bottom skin behaviour during peak Bend Up and Down
with DIC in 3D view.

Figure 33. Comparison of symmetric Bend Up case for bottom
surface.

view of the Bend Up case, it is observed that the bottom skin
deforms unevenly along the span. This is revealed in better
detail in the contour map of the chord-wise deflection shown
in the bottom row of figure 33. As seen, the isolines are skewed
towards the one end of the module, and the magnitude of
chord-wise travel is nearly twice lower compared to the initial
simulation.

5.4.2.1. Revised model. The undesired out-of-plane
deformations observed in the measurements suggest that
the actuator stroke is not fully converted to a chord-wise
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Figure 34. Comparison DIC and simulation peak Bend Up and
Down symmetrical cases with corrected mapping.

translation of the skin; instead, a significant part of the stroke
is lost in twisting and bending of the bottom skin. From the
perspective of the motion system, this behaviour can be char-
acterised as backlash. This phenomenon is attributed to clear-
ance inaccuracies and lost motion in mechanical systems,
which can be partially compensated by increasing the actuator
stroke. However, due to inaccuracies, the numerical model
cannot adequately capture this complex behaviour and predict
the tip deflection.

Adopting greater detail of actuation components and inter-
faces in the numerical model, e.g. accounting for guiding lip
and the servo pickup, is a potential approach that can better
estimate tip deflection. However, this will come at a high com-
putational cost. Since the measured mapping follows a reas-
onably linear trend, shown in figure 29, a cost-efficient way to
improve the prediction at peak input can be done by adjusting
the linear mapping between the actuator input and tip deflec-
tion. Figure 34 shows the comparison between the revised
model and the DIC measurements in symmetric, peak Bend
Up and Down. The revised model yields a good agreement in
deflection. However, the bulging out effect cannot be captured
as shown in the airfoil shape in the top row. Consequently,
this effect will be most apparent in the dead-band region,
0◦–5◦, where the linear trend does not hold, as shown in
figure 30.

No aerodynamic load was applied in the experiment or
in the numerical simulation to validate the morphing shapes.
However, the design study, presented in sections 5.1–5.3, con-
sidered the aerodynamic load to ensure that the selected actu-
ator couldmeet the required actuation load design targets. This
approach, combined with the margin reserved for cord-wise
translation, resulted in a conservative selection of the actuat-
ors, where a sufficient margin was ensured for (a) the actu-
ation load and (b) the actuation stroke (servo rotation of up to
40 deg). Therefore, additional stiffness added due to manufac-
turing imperfections or the contribution of the elastomer can
be accounted for by closing the control loop between the con-
trol surface deflection and actuator stroke. In the closed-loop

Figure 35. Comparison asymmetric cases top surface.

control, the additional load and stroke budget can be used to
meet the commanded tip deflection by observing the real-time
tip deflection.

Robust, sensor-based control methods, such as the Incre-
mental Nonlinear Dynamic Inversion, capable of mitigating
model uncertainties through sensor feedback, are a suitable
candidate [38]. In terms of sensors, embedded strain gauges,
optical-fibres, or camera tracking can be used [48, 49].

5.4.3. Morphing assessment (asymmetric). The impact of
the elastomer was assessed by evaluating the asymmetric cases
measured by DIC, indicated by yellow and purple colours
for trials 1 and 2, respectively, in figure 29. The modules
were actuated in the opposite direction, generating tension and
shearing in the elastomer skin. No comparison ismadewith the
numerical model, as themain subject of interest was to observe
the impact of the silicone skin on the experimental model. In
trials 1 and 2, backlash is observed, but the trials show good
agreement. The main difference between the symmetric cases
is lower tip deflection. In particular, the peak tip deflection is
significantly lower (≈0.065mversus≈0.012 for trial 1) for the
interval 0◦–25◦, corresponding to module 1 bending upwards
and module 2 downwards.

Observing the out-of-plane deflection in figure 35 for trial
one on the top surface, Bend Down (bottom row) shows reas-
onable agreement; however, in the Bend Up case, the deforma-
tions are significantly reduced. The same measurement on the
bottom surface, shown in figure 36, reveals a substantial bul-
ging out effect; this is indicated with the highlighted annota-
tion. This suggests that the actuation energy is consumed at
peak deflection in bulging out of the skin rather than shear-
ing the silicone skin. This also suggests that a better balance
between the elastomer stiffness and the wing skin stiffness
is needed to allow more shearing in the critical connecting
areas.
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Figure 36. Comparison of peak asymmetric cases bottom surface.

6. Conclusion and outlook

A novel distributed morphing concept is presented, which
addresses the drawbacks of the initial TRIC concept and
allows variation of lift distribution locally along the span. The
laminate design is optimised with an FSI optimisation frame-
work taking into account the ply orientation, laminate thick-
ness, laminate properties and actuation loads. Furthermore, a
numerical and experimental study is performed to select a suit-
able elastomer design for inter-modular connection.

The desired morphing flexibility and manufacturability are
met by a laminate design with fixed ±45◦ ply orientation and
gradual ply thickness dropping. The inter-modular connection
is bridged with a wide silicon patch design, which impacts
the actuation loads and flexibility the least. The manufactur-
ability of the concept is demonstrated by the realisation of the
modular wing demonstrator. The finalised concept is validated
for the commanded target shapes with DIC measurements and
visual characterisation.

A linear trend is observed during symmetric Bend Up and
Down actuation, agreeing with the simulation. However, the
validation study of the concept revealed a significant sensit-
ivity to the backlash in the sliding interface and added stiff-
ness due to the addition of the elastomer. Consequently, the
peak deflections are lower than anticipated from the model.
The measured input-output mappings are used to correct the
model, improving peak deflection estimation. To improve the
agreement with the manufacturedmorphingmodule, the struc-
tural stiffness of the numerical model should be updated with
updated geometry, thicknesses and material properties. Fur-
thermore, adding greater detail of the actuation components
and interactions of the interfaces, such as the guiding lip and
the servo pickup, can help to reflect the compliance of the real-
life mechanism.

However, a significantly more complexmodel is required to
capture the combined effect of backlash accurately and added
stiffness of the elastomer, particularly at the lower input range.

Capturing and integrating these effects in the design process,
cost-efficiently, presents a challenge worth investigating in
further studies.

While for the validation of the morphing shapes, no aero-
dynamic load was applied in the comparative analysis in both
numerical and experimental results, the aerodynamic load was
considered in the design study to ensure that the selected actu-
ator could meet the required actuation load design targets. The
approach resulted in conservative actuator selection, where a
sufficient margin was accounted for in the actuation load and
actuation stroke. Therefore, the additional actuation and stoke
budget can be used to meet the commanded deflection with
closed-loop control and account for stiffness added by manu-
facturing imperfections or the contribution of the elastomer.

In this regard, mitigating the backlash effect opens another
opportunity for research that can be exploited with the current
concept. A sensor-based compensator in the closed-loop con-
troller, relying on accurate position measurements from the
integrated sensors, is a possible approach. Finally, a further
subject of ongoing research is investigating the impact of a
more flexiblewing structure on torsion and span-wise bending.
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