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 a b s t r a c t

This paper presents a novel methodology for continuous parameterisation of movables, which takes advantage 
of the ability of the doublet lattice method to describe aerodynamic forces using downwash. The movables are 
described in the continuous space using a downwash distribution generated using a B-spline surface. The pa-
rameterisation allows for any number of control surfaces to be positioned along the trailing edge of the wing. 
A high aspect ratio strut-braced wing aircraft model has been used to determine the handling qualities and 
manoeuvre load alleviation performance at different flight conditions, demonstrating and assessing the method-
ology for modelling movables distributions. The results in the paper demonstrated a successful application of a 
novel continuous movable parameterisation methodology, which can be applied to an aircraft for which only 
the planform and initial structural parameters are known. Furthermore, the results obtained with the continuous 
parameterisation advocate for the use of movables which can change their shape in the spanwise direction.

1.  Introduction

The drive for greater fuel efficiency and reduced emissions is pushing 
modern aircraft toward lighter, more flexible wing designs. Such flexi-
bility introduces strong aerodynamic–structural interactions that can de-
grade performance if not properly managed. Active control systems ad-
dress this challenge by dynamically adjusting wing movables to achieve 
optimal aerodynamic shapes, thereby improving control, reducing drag, 
alleviating structural loads, and enhancing performance across the flight 
envelope [1].

Several studies explored the use of active control for performance 
enhancements. Examples are the works by Sanghi et al. [2–4] who in-
vestigated the influence of the position of leading edge (LE) and trailing 
edge (TE) movables. Another example is Wunderlich and Siebert [5] 
who investigated the usage of the TE movables to improve cruise flight 
performance to find a fuel burn reduction ranging between 0.5% to
1.7% depending on the flight conditions. The works by Riso et al. [6] 
and Ma et al. [7] focused on the influence of aileron positioning on air-
craft handling qualities (HQ). Considering active load control, Muradas 
et al. [8,9] optimised the position of an aileron deflected to 15° and 
wing structure for manoeuvre load alleviation (MLA) considering HQs 
to find a 3% load reduction compared to the reference, while Pusch et 
al. [10] investigated the optimal position of two ailerons for gust load 
alleviation (GLA) considering HQs using control co-design to find a 9% 
reduction in root bending moment (RBM) compared to a wing with the 
reference aileron positions.
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The works discussed above parameterised the movables in a dis-
crete fashion by specifying the spanwise extend of each movable. This 
methodology is similar to industrial movable sizing processes as shown 
by Reckzeh [11]. Furthermore, the chord of the movable is also a de-
sign variable, which is especially important for the high lift devices 
(HLDs) [12]. However, the available chord fraction is generally limited 
by the internal wing structure [9,10].

Furthermore, the works presented above improved the aircraft’s per-
formance at one flight point. On the other hand, Handojo et al. [13–15] 
considered multiple different flight points during the structural and con-
trol co-design optimisation for MLA and GLA using a fixed movable lay-
out. Similar work was also performed by Binder et al. [16], who sized 
the structure using a fixed movable layout and investigated the effect 
of simultaneously applying active control and structural sizing. Binder 
et al. [16] found that the largest reduction in mass could be achieved 
through the application of MLA, with the addition of structural tailor-
ing and GLA providing further mass reductions. The work by Bona and 
Risse [17] has shown a collaborative approach to sizing the wing and its 
movables, considering different flight points along a mission trajectory. 
However, they considered load alleviation as a secondary function of 
the movable system, which, as shown by Binder et al. [16], can lead to 
suboptimal use of the movables. 

When considering flight conditions at the design point, the flexi-
bility can be accounted through aeroelastic tailoring or active control. 
However, the wing cannot be fully optimised for the entire flight enve-
lope because of conflicting structural and control requirements [18,19]. 
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List of Symbols

Symbol Description/Units
𝐀𝐈𝐂 aerodynamic influence coefficient matrix
𝑐 chord [m]
𝐶AoA angle of attack constraint
𝐶defl downwash constraint
𝐶𝜂 elevator deflection angle constraint
𝐶𝑖 constraint
𝐶𝐿 lift coefficient
𝐶loads limit load constraint
𝑐mov chordwise fraction of movable region
𝐶𝑝 roll rate constraint
𝑐ref reference chord [m]
𝐃CP downwash values at the control points
𝐃𝑖
𝑗𝑘 differentiation matrices

𝑓 ratio of bending moment
𝐹𝑧 shear force [N]
𝑗 downwash collocation point
𝑘 box reference point
𝑙 load acting point
𝑀 number of spanwise panels in the movable region
𝑀𝛽 hinge moment [Nm]
𝑀𝛽,all total hinge moment [Nm]
𝑀𝛽,MLA hinge moment during MLA [Nm]
𝑀𝛽,roll hinge moment during roll [Nm]
𝑀𝑥 bending moment [Nm]
𝑀clean

𝑥,𝑐 bending moment at location c for a clean wing 
[Nm]

𝑀MLA
𝑥,𝑐 bending moment at location c during MLA [Nm]

𝑁 number of chordwise panels in the movable 
region

𝑁𝑖,𝑝(𝑥), 𝑁𝑙,𝑞(𝑦) B-spline basis functions of degree 𝑝 and 𝑞
𝑛𝑧 load factor
𝐩𝑖,𝑙 B-spline control points
𝐏a𝑘 total aerodynamic forces [N]
𝐏a, g𝑘 gust aerodynamic force [N]
𝐏a, s𝑘 steady aerodynamic forces [N]
𝐏a, us𝑘 unsteady aerodynamic forces [N]
𝐏𝑐,l,𝐏𝑐,u limit loads [N, Nm]
𝑝max maximum achievable steady-state roll rate [°/s]
𝑞 pitch rate [°/s]
𝑞∞ free-stream dynamic pressure [Pa]
𝑟 moment arm [m]
𝑠 Laplace variable
𝐒𝑘𝑗 aerodynamic integration matrix
𝑈∞ free-stream velocity [m/s]
𝑉𝑖 objective function
𝐯𝑗 flow component normal to the panels [m/s]
𝐰𝑗 downwash vector [m/s]

w𝑗,ail aileron downwash [m/s]
𝐰𝑗,cam downwash due to camber and twist of the 

aerofoils [m/s]
𝐰𝑗,cs downwash due to control surface deflection 

[m/s]
w𝑗,f flap downwash [m/s]
w𝑗,fn flaperon downwash [m/s]
𝐰𝑗,rbm downwash due to rigid body motion [m/s]
𝐰𝑗,u̇f downwash due to flexible structural motion 

[m/s]
𝐰𝑗,uf downwash due to flexible structural deformations 

[m/s]
𝑥𝑖 knots of B-spline
𝐗 knot vector
𝐘 knot vector
𝑦𝑙 knots of B-spline
y1 spanwise start position [m]
y2 spanwise stop position [m]
Γ𝑗 circulation strength [m2/s]
𝜹 control surface deflection [°]
Δ𝐜p complex differential pressure coefficient
Δycp spanwise B-spline control point spacing [m]
𝜀 control effectiveness
𝜂 elevator deflection [°]
𝜉 aileron deflection [°]
𝚽𝑘𝑥 movable mapping matrix

List of Acronyms
Acronyms Description
AoA angle of attack
CFD computational fluid dynamics
DLM doublet lattice method
GLA gust load alleviation
HLD high lift device
HQ handling qualities
HTP horizontal tailplane
LE leading edge
MLA manoeuvre load alleviation
MTOW maximum take-off weight
PrP Prandtl-Plane
RANS Reynolds-averaged Navier-Stokes
RBM root bending moment
RFA rational function approximation
SLSQP sequential least squares programming
TE trailing edge
TRIC translation induced camber
UHARW ultra high aspect ratio wing
UVLM unsteady vortex lattice method
VCCTEF variable camber continuous trailing edge flap
VLM vortex lattice method
XDSM extended design structure matrix

Therefore, instead of resisting the flexibility of the aircraft structure, em-
bracing it and changing the wing shape actively over the whole flight 
envelope using continuous movables would be more natural, such that 
the performance gap between the optimal configuration and the current 
cruise configuration can be reduced [20].

Continuous movables can be split into two main groups. The first 
group compromises morphing concepts, such as NASA’s variable camber 
continuous trailing edge flap (VCCTEF) concept [21–23] and TU Delft’s 
translation induced camber (TRIC) concept [19,20,24,25]. These sys-
tems continuously modify their shape in both the spanwise and chord-
wise directions, providing high flexibility for drag minimisation, load 

alleviation, and shape control. The second group are distributed discrete 
movables which only degree of freedom is the deflection angle, but are 
positioned along the trailing edge (TE) in multiple section. Examples 
of the application of these distributed discrete movables are the works 
by Stanford [26,27], who investigated their use for load alleviation and 
flutter suppression, and found a trade-off between mass of the movable 
system and the structural mass.

The mentioned works considered wings with internal fuel storage, 
which limits the design space available to the wing movables. The use 
of novel fuels, such as hydrogen, creates dry wings, because of the high 
pressure storage requirements [28]. The absence of wing fuel tanks
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expands the available structural and geometric design space for trailing-
edge movables, offering new opportunities for aerodynamic and load op-
timisation. To efficiently explore this enlarged design space, a method 
capable of representing both conventional discrete and continuously de-
formable movables is required.

Despite significant research on active control being performed, no 
existing framework allows for the representation of continuous and dis-
crete movables for the exploration of the enlarged design space. This 
paper addresses this gap through the introduction of a novel B-spline 
based parameterisation methodology that allows for the continuous rep-
resentation of TE movables in the chordwise and spanwise directions. 
Instead of optimising movable deflection, the B-spline based parameter-
isation directly optimises the downwash distribution associated with the 
movables. This approach allows the number of movables to be defined 
during post-processing rather than predetermined during optimisation, 
thereby providing a flexible and scalable framework for performance 
and load optimisation.

To demonstrate the proposed methodology, an ultra-high aspect ra-
tio strut-braced wing aircraft is used as a test case. The method’s capa-
bility is assessed by evaluating handling qualitiess (HQs) and manoeu-
vre load alleviation (MLA) performance across multiple flight points, 
demonstrating its ability to simultaneously consider varying conditions.

The remainder of this paper is structured as follows. Section 2 in-
troduces the aerodynamic modelling and the novel continuous parame-
terisation methodology. Section 3 presents the optimisation framework, 
while Section 4 defines the design problem. Results are presented and 
discussed in Section 5, after which the key findings and concluding re-
marks are given in Section 6.

2.  Continuous movable description

This section discusses a novel parameterisation methodology pro-
posed to model the movables. First, the aerodynamic modelling ap-
proach is presented, followed by an explanation of the continuous pa-
rameterisation methodology. The section closes with a discussion on 
the estimation of the hinge moment, which is used as an indicator of 
the movable system mass, as the higher the hinge moment, the larger 
the movable system mass becomes.

2.1.  Aerodynamic modelling of movables

Several different methods are available to model movable aerody-
namics, such as empirical listings of the lift and moment coefficients for 
a known movable deflection angle [29,30], the unsteady vortex lattice 
method (UVLM) [31,32], the doublet lattice method (DLM) [10,33], or 
the use of computational fluid dynamics (CFD) [34,35].

All of the methods listed have different pros and cons. For exam-
ple, the empirical listing is very fast but only works after estimating the 
required movable surface area and the corresponding aerodynamic co-
efficients as a function of control surface deflection [29]. In contrast, 
CFD simulations allow for different movable sizes and include nonlin-
ear flow effects such as flow separation, but they are computationally 
expensive. One can include the nonlinear flow effects through the use 
of empirical methods, but this is only available for a limited set of mov-
able sizes and deflections [29,30]. Finally, UVLM and DLM can model 
movables of different sizes, but neither of them can account for flow 
separation.

In the end, DLM was chosen as it determines the aerodynamic forces 
using downwash. Fig. 1 shows the discretisation of the aircraft lifting 
surfaces using trapezoidal panels. The aerodynamic force generated by 
the downwash is acting at load acting point, 𝑙, which is located at the 
quarter chord of the panel. The downwash is applied at downwash col-
location point, 𝑗, which is located at the three-quarter chord point [36]. 
Finally, Fig. 1 shows the box reference point, 𝑘, located at the panel’s 
mid-chord. The movement of 𝑘 determines the required induced down-
wash.

Fig. 1. Geometrical DLM mesh with different points (𝑙, 𝑘, 𝑗). Adapted from 
Voß [33].

For quasi-steady aerodynamics the solution of DLM is equivalent to 
vortex lattice method (VLM) [33,36–38]. Hence, the derivation given 
by Katz and Plotkin [39] can be followed.

By applying the flow tangency condition at 𝑗, the flow component 
normal to the panels, 𝐯𝑗 , can be determined, which is normalised by the 
free-stream velocity, 𝑈∞, to create the downwash vector, 𝐰𝑗 , as shown 
in Eq. (1) [10,33].

𝐰𝑗 =
𝐯𝑗
𝑈∞

(1)

Combining Eq. (1) with the aerodynamic influence coefficient matrix, 
𝐀𝐈𝐂, which relates 𝐰𝑗 to the circulation strength, Γ𝑗 , on each panel, 
leads to the complex differential pressure coefficient, Δ𝐜p, described as 
follows [36].
Δ𝐜p = 𝐀𝐈𝐂𝐰𝑗 (2)

The Δ𝐜p allows for the determination of the lift vector at 𝑙. To map the ef-
fect of the 𝐰𝑗 to the lift vector at 𝑘, the aerodynamic integration matrix, 
𝐒𝑘𝑗 , is used. Combining 𝐰𝑗 , 𝐒𝑘𝑗 , the 𝐀𝐈𝐂, and the free-stream dynamic 
pressure, 𝑞∞, allows for the determination of the steady aerodynamic 
forces, 𝐏a, s𝑘 , as follows [33,36]:

𝐏a, s𝑘 = 𝑞∞𝐒𝑘𝑗𝐀𝐈𝐂steady
(

𝐰𝑗,rbm + 𝐰𝑗,cs + 𝐰𝑗,uf + 𝐰𝑗,u̇f + 𝐰𝑗,cam
)

. (3)

To determine the total steady aerodynamic force at each panel, de-
scribed using 𝐏a, s𝑘 , different steady downwash sources must be consid-
ered. These sources are due to the rigid body motion, 𝐰𝑗,rbm, the flexible 
deformation, 𝐰𝑗,uf, the flexible motion, 𝐰𝑗,u̇f, the control surface deflec-
tion, 𝐰𝑗,cs, and the aerofoil camber, 𝐰𝑗,cam.

𝐏a, s𝑘  enables the trimming of the aircraft and the calculation of loads 
for manoeuvres such as pull-up, push-down, or roll. To be able to per-
form gust analyses both the gust aerodynamic force, 𝐏a, g𝑘  and unsteady 
aerodynamic forces, 𝐏a, us𝑘  need to be added to the steady aerodynamic 
forces to get the total aerodynamic forces, 𝐏a𝑘, seen by the aircraft:

𝐏a𝑘 = 𝐏a, s𝑘 + 𝐏a, g𝑘 + 𝐏a, us𝑘 . (4)

The forces associated with 𝐏a, g𝑘  are determined using the gust proper-
ties as described in CS25 [40]. The 𝐏a, us𝑘  component is necessary to 
allow for the inclusion of unsteady aerodynamic characteristics asso-
ciated with short and sudden events, such as a gust encounter. These 
forces are determined in the frequency domain, but to obtain the un-
steady forces in the time domain, the rational function approximation 
(RFA) is used [33,37].

Through the summation in Eq. (4), the steady and unsteady compo-
nents of the downwash sources presented in Eq. (3), as well as additional 
terms related to the gust encounter, are accounted for. Hence, the total 
aerodynamics can be described as
𝐏a𝑘 = 𝑞∞𝐒𝑘𝑗𝐀𝐈𝐂𝐰𝑗 . (5)
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Fig. 2. Different methodologies to model movables. 

Eqs. (3) to (5) show that the interesting component for movable alloca-
tion is

𝐏a, cs𝑘 = 𝑞∞𝐒𝑘𝑗𝐀𝐈𝐂𝐰𝑗,cs. (6)

As both the 𝐒𝑘𝑗 and the 𝐀𝐈𝐂 are functions of the panel discretisation 
applied to the aircraft, they can be considered constant. In contrast, 
downwash due to control surface deflection, 𝐰𝑗,cs is a parameter that 
can be assigned to every panel individually.

For rigid movables, the downwash due to their deflection is deter-
mined as follows. As shown by the example in Fig. 2a, all DLM panels 
associated with the movable get assigned a 𝐰𝑗,cs that is dependent on 
control surface deflection, 𝜹, with the downwash value being calculated 
using

𝐰𝑗,cs =
(

𝐃1
𝑗𝑘 + 𝑠

𝑐ref∕2
𝑈∞

𝐃2
𝑗𝑘

)

𝚽𝑘𝑥𝜹. (7)

In this equation, the differentiation matrices, 𝐃𝑖
𝑗𝑘, are used to transform 

the panel velocities and displacements from the reference point at 𝑘 to 
a downwash at 𝑗. 𝐃1

𝑗𝑘 relates the steady rotation to the 𝐰𝑗,cs, whereas 
𝐃2
𝑗𝑘 does this for the unsteady rotation [10,36]. The remaining variables 

in Eq. (7) are the Laplace variable, 𝑠, the reference chord, 𝑐ref, the free-
stream velocity, 𝑈∞, and movable mapping matrix, 𝚽𝑘𝑥 [10].

2.2.  Continuous movable modelling

Using continuous movables, such as morphing concepts, or dis-
tributed discrete movables, allows for the creation of the optimal wing 
shape for different flight points [18,19,41]. However, morphing mov-
ables do not necessarily have a constant 𝜹 around their hinge axis, 
as can be seen when comparing Fig. 2a and b, therefore the mov-
able modelling methodology described in Eq. (7) can not be used
anymore.

One method to describe continuous movables is the use of B-splines 
to provide a smooth description of the different geometric shapes. An 
example of this method is shown in Fig. 2b, where the B-spline describes 
the morphed the camber line, which in turn influences the outer mould 
line. In contrast, the proposed methodology directly describes the mov-
able’s downwash in the continuous space using B-spline surfaces. An 
example of the downwash application is shown in Fig. 2c.

The downwash distribution is defined using:

wcs(𝑥, 𝑦) =
𝑚
∑

𝑖=0

𝑛
∑

𝑙=0
𝑁𝑖,𝑝(𝑥)𝑁𝑙,𝑞(𝑦)𝐩𝑖,𝑙 , (8)

which uses the B-spline control points, 𝐩𝑖,𝑙, and the B-spline basis func-
tions of degree 𝑝 and 𝑞, 𝑁𝑖,𝑝(𝑥), 𝑁𝑙,𝑞(𝑦), that are generated using the 
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Fig. 3. Effect of curve order on B-spline behaviour.

Cox-de Boor recursion formula [42]: 

𝑁𝑖,0(𝑥) =

{

1 if 𝑥𝑖 ≤ 𝑥 < 𝑥𝑖+1
0 otherwise

(9a)

𝑁𝑖,𝑝(𝑥) =
𝑥 − 𝑥𝑖

𝑥𝑖+𝑝 − 𝑥𝑖
𝑁𝑖,𝑝−1(𝑥) +

𝑥𝑖+𝑝+1 − 𝑥
𝑥𝑖+𝑝+1 − 𝑥𝑖+1

𝑁𝑖+1,𝑝+1(𝑥) (9b)

where 𝑥𝑖 are the knots inside the knot vector 𝐗, which are a set of pa-
rameters that determine how and where the control points influence the 
B-spline curve. For the basis function 𝑁𝑙,𝑞(𝑦) used in Eq. (8), the proce-
dure shown in Eqs. (9a) and 9b is also followed. However, in this case, 
the 𝑥𝑖 are replaced with the 𝑦𝑙 from the knot vector 𝐘, and the degree 𝑞
is used.

To ensure that the Cox-de Boor recursion formula can be used, the 
number of control points must be equal to or greater than the order of 
the curve [42]. Furthermore, the degrees 𝑝 and 𝑞 are one less than the 
order of the curve. Hence, the minimum number of control points is 
degree + 1.

To model the reflex behaviour presented in Fig. 2b using the down-
wash distribution, Fig. 3 shows that four chordwise control points are 
necessary to model the positive and negative downwash seen by the 
reflex movable. Furthermore, to create a smooth changing distribution, 
which is not piecewise linear, the degree of 𝑝 and 𝑞 must be at least two, 
with the B-spline being of order three. Fig. 3 furthermore shows that a 
higher-order B-spline reduces the effect of the control points, meaning 
the required reflex behaviour cannot be modelled without adding more 
control points. Hence, the decision was taken to use the second-degree 
basis functions, with the corresponding B-spline being of order three.

To determine the downwash distribution, the 𝐩𝑖,𝑙 are distributed over 
the wing. The 𝐩𝑖,𝑙 and knots are distributed inside the movable region, 
whose parameterisation is indicated in Fig. 4. The parameterisation con-
sists of spanwise start position, y1, the spanwise stop position, y2, the 
chordwise fraction of movable region, 𝑐mov, expressible as a fraction 
of the chord, c, and the spanwise B-spline control point spacing, Δycp. 
These are user defined variables that allow for the inclusion of positional 
constraints, that are, for example, given by the wing structure. Within 
the movable regions, the downwash values at the control points, 𝐃CP is 
specified, from which the movable position can be determined.

To allow for the different types of movable functions, such as ailerons 
or flaps, a flaperon is created. It is modelled using two overlapping 
downwash surfaces. Fig. 5 shows the downwash contributions of the flap 
surface in blue and the aileron surface in red. The total movable con-
tribution, indicated in black, is determined by summing the two down-

Fig. 4. Parameterisation of the movable regions. Light gray: wing; Dark gray: 
movable region. 

wash surfaces and applying these to the DLM mesh by evaluating the 
downwash distribution at the collocation point of each panel:
𝐰𝑗,cs = wcs(𝑥𝑗 , 𝑦𝑗

)

. (10)

2.3.  Hinge moment determination

To perform a trade-off between movable size and the corresponding 
movable loads on the optimisation objective, a parameter that describes 
the effect of the movable size and motion on the mass of the movable 
system needs to be considered. The parameter is necessary to prevent 
the trivial solution of the bigger the movable, the larger the load allevi-
ation capability. This paper proposes the hinge moment as a parameter 
to evaluate the effect of different movable sizes, with a larger hinge mo-
ment requiring larger actuators, leading to an increased movable system 
mass. This parameter has been inspired by the work of De Breuker and 
Werter [43], who developed a methodology to determine the mass of a 
morphing movable system.

In this case, the magnitude and location of the aerodynamic force on 
each DLM panel is used to represent the movable system mass. Using the 
location of each panel associated with the movable and the position of 
the hinge axis, the moment arm, 𝑟, can be determined. Using the param-
eters indicated in Fig. 6, the hinge moment, 𝑀𝛽 , at spanwise position, 𝑗
is calculated as follows:

𝑀𝛽 𝑗 =
𝑁
∑

𝑖=0

|

|

𝑃𝑘,𝑖
|

|

𝑟𝑖 (11)

where 𝑁 is the number of chordwise panels in the movable region.
To get the hinge moment of the whole movable system, 𝑀𝛽 𝑗 is 

summed over the whole movable region

𝑀𝛽 =
𝑗=𝑀
∑

𝑗=0

|

|

|

𝑀𝛽 𝑗
|

|

|

=
𝑗=𝑀
∑

𝑗=0

|

|

|

|

|

|

𝑁
∑

𝑖=0
𝑃𝑘,𝑖𝑟𝑖

|

|

|

|

|

|

(12)

with the number of spanwise panels in the movable region indicated us-
ing 𝑀 . In Eq. (12), the absolute value of 𝑀𝛽 𝑗 is used to prevent neigh-
bouring spanwise positions with different 𝑀𝛽 𝑗 bringing the total 𝑀𝛽 
value to zero. This is necessary, as to create a region with 𝑀𝛽 𝑗 values of 
opposite signs, the movable system still needs actuators, which influence 
the movable system mass.

3.  Downwash optimisation framework

An optimisation framework was created to apply the proposed mov-
able parameterisation. The XDSM [44] illustrating the general layout 
and corresponding dataflow is shown in Fig. 7.

The framework, created using openMDAO [45], consists of two 
loops. The inner loop optimises the downwash distribution for the HQ 
constraints. The results from this loop are passed as a set of constraints 
to the outer loop, which performs the MLA optimisation. Each loop uses 
the sequential least squares programming (SLSQP) algorithm included 
in the openMDAO ScipyOptimizeDriver [45] to perform the optimisa-
tion.
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Fig. 5. Downwash contributions to flaperon. Blue: Flap-like behaviour; Red: Aileron-like behaviour; Black: Flaperon behaviour.

Fig. 6. Movable region used for hinge moment determination. 

The B-splines are generated using the NURBS-Python package de-
veloped by Bingol and Krishnamurthy [46], which is used inside the 
optimisation loops. The downwash distribution is mapped to the DLM 
panels using Eq. (10), with the corresponding downwash at each DLM 
panel serving as an input for the aeroelastic analysis.

For the aeroelastic analysis, the open-source code LoadsKernel is 
used. LoadsKernel has been developed at DLR Institute of Aeroelastic-
ity, and allows for the calculation of quasi-steady and dynamic manoeu-
vre loads, unsteady gust loads in the time and frequency domain, and 
dynamic landing loads based on a generic landing gear module. The 
quasi-steady and unsteady aerodynamics are modelled using DLM, with 
the structural behaviour modelled using a modal representation of the 
structure, that is obtained through a modal analysis [33,37].

4.  Design problem formulation

The following section presents the design problem. First, the aircraft 
model and flight points are discussed, followed by the definition of the 
movable regions. To close the section, the optimisation problem is for-
mulated.

4.1.  Aircraft model

The aircraft model used throughout the analysis is a strut-braced, 
hydrogen-fueled ultra high aspect ratio wing (UHARW) aircraft, with a 
passenger capacity and range similar to typical single-aisle aircraft. The 

Table 1 
Aircraft parameters [47].
 Parameter  Value
 Span 62m
 Length 50m
 Aspect Ratio 25
 Wing Sweep at quarter chord 26.2°
 Number of DLM panels  1840
 Strut attachment location 50% semispan, 50% chordwise

Table 2 
Flight points considered during optimisation.
 Mach number  Altitude [m]  Dynamic pressure [kPa]
0.20 0.0 2.8
0.30 152.4 6.3
0.40 1524.0 9.4
0.45 3048.0 9.9
0.55 4572.0 12.1
0.60 6096.0 11.7
0.69 7620.0 12.5
0.78 9144.0 12.8
0.78 11277.6 9.2

model has been created by ONERA during the UPWING project1 [47]. 
An overview of the model is shown in Fig. 8, which illustrates the struc-
ture in blue, the DLM panels in grey, and the red dots indicate some of 
the locations of load extraction for visualisation purposes. The aircraft 
properties are listed in Table. 1. As can be seen in Fig. 8, the DLM panels 
are only applied to the wing and tail.

The shear force, bending and torsional loads are extracted at 31 
equally distributed cross-sections in each wing half. Only the right wing 
is considered for symmetric manoeuvres, since the loading is symmet-
rical on the aircraft. In contrast, the loads are extracted on the left and 
right wings during rolling manoeuvres.

During the optimisation process, different flight points are consid-
ered, which are presented in Table.  2. The considered the flight points 
range from low-speed approach to cruise conditions. The mass of the air-
craft was set at maximum take-off weight (MTOW) for all flight points. 
Because the aircraft is fuelled using hydrogen, the non structural mass 
of the aircraft is centred within the fuselage, and hence, has a minimal 
impact on the roll intertia of the aircraft.

1 https://www.clean-aviation.eu/research-and-innovation/clean-aviation/
clean-aviation-projects/up-wing
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Fig. 7. XDSM for downwash optimisation for HQ and MLA. 

Fig. 8. Aircraft model [47]. The structure is blue, the DLM mesh is grey, and the red dots indicate load extraction points. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article).

Table 3 
Movable region parameters.
    Parameter  Value  
 y1 0% semi-span  
 y2 100% semi-span 
 𝑐mov  0.2 c  
 Δycp 3m  

The geometric definition for the movable regions used throughout 
the optimisation is presented in Table. 3. The parameters correspond to 
the parameterisation presented in Fig. 4.

4.2.  Objective function

In this paper, the objective function, 𝑉𝑖, consists of two components. 
The first component allows for the inclusion of the movable system 
weight estimation through the consideration of 𝑀𝛽 , with the second 
objective being related to the reduction of wing loads during pull-up 
manoeuvres.

The first objective is the 𝑀𝛽 during roll and MLA, which is defined 
as:

𝑉1 ∶ 𝑀𝛽,all = 𝑀𝛽,roll +𝑀𝛽,MLA (13)

where the hinge moment during roll, 𝑀𝛽,roll, is summed with hinge mo-
ment during MLA, 𝑀𝛽,MLA, to create the total hinge moment, 𝑀𝛽,all. 
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Table 4 
Constraint overview.
 ID  Value
𝐶loads 𝐏c, l ≤ 𝐏𝑐 ≤ 𝐏c, u

𝐶defl

⎧

⎪

⎨

⎪

⎩

0 ≤ w𝑗,f ≤ 0.55
−0.4 ≤ w𝑗,ail ≤ 0.4
−0.4 ≤ w𝑗,fn ≤ 0.55

𝐶𝑝 𝑝 ≥ 15 ◦∕s
𝐶AoA −10◦ ≤AoA≤ 10◦

𝐶𝜂 −15◦ ≤ 𝜂 ≤ 15◦

The different hinge moments for the HQ and MLA components are de-
termined using the methodology described in Section 2.3.

The second objective is to alleviate the wing loads during a pull-up 
manoeuvre. The goal for MLA is to reduce the wing bending moment 
seen during the manoeuvres. Hence, the objective function is defined 
as:

𝑉2 ∶ 𝑓 =
𝑀MLA

𝑥,𝑐

𝑀clean
𝑥,𝑐

(14)

where the ratio of bending moment, 𝑓 , is minimised. To determine 𝑓 , 
the bending moment at location c during MLA, 𝑀MLA

𝑥,𝑐 , and the bending 
moment at location c for a clean wing, 𝑀clean

𝑥,𝑐 , are necessary. Through-
out this paper, the root bending moment (RBM) is used for the deter-
mination of 𝑓 , as this is one of the main drivers behind wing structural 
weight [10,48].

To create the multi-objective optimisation objective, the objective in 
Eq. (13) is scaled, after which both objectives are summed together with 
equal weights. For the scaling of Eq. (13), the maximum achievable 𝑀𝛽 
is used. Whereas for Eq. (14), the scaling was performed when 𝑓 was 
determined. Hence, the multi-objective optimisation considers both the 
movable system weight and RBM reduction as equal contributors during 
the optimisation.

4.3.  Optimisation problem formulation

The overall optimisation problem considered can be formulated as
min
𝐃CP

(

𝑉𝑖
)

such that 𝐶loads…𝐶𝜂 are satisfied. (15)

where the 𝑉𝑖 is described in Section 4.2, An overview of the constraints, 
𝐶𝑖, is given in Table. 4, with a detailed description of each constraint 
presented below. The design variables are 𝐃CP, which are discussed in 
Section 2.2.

Throughout the optimisation, five constraints are considered. The 
first is the limit load constraint, 𝐶loads, which is related to the limit 
loads seen by the aircraft during a manoeuvre. It ensures that the air-
craft’s structural limit loads are not exceeded during the application of 
downwash. The second is the downwash constraint, 𝐶defl, which lim-
its the downwash value at the control points. It is necessary because 
DLM overestimated the authority of the movable, as it cannot account 
for flow separation. The roll rate constraint, 𝐶𝑝, ensures that the lat-
eral manoeuvrability specified by regulations is achieved. The final two 
constraints are the angle of attack constraint, 𝐶AoA, and elevator deflec-
tion angle constraint, 𝐶𝜂 , which are also necessary because DLM cannot 
model flow separation, hence, no stall occurs.

To determine the limit loads, 𝐏𝑐,l,𝐏𝑐,u, extreme manoeuvres are sim-
ulated using representative steady trim cases performed on the aircraft 
without any wing movables. The subscript c indicates cirital load loca-
tions, examples of which are the bending moment, 𝑀𝑥, and shear force, 
𝐹𝑧, at the wing root. An overview of the manoeuvres used to compute the 
limit loads, which have been inspired by Pusch et al. [10], is shown in 
Table. 5, where the question marks indicate the parameters (pitch rate, 
𝑞, elevator deflection, 𝜂, and aileron deflection, 𝜉) which are varied to 
match the given load factor, 𝑛𝑧, and maximum achievable steady-state 

Table 5 
Trim table with manoeuvres used to compute limit 
loads. Manoeuvres taken from Pusch et al. [10].
 ID  Name 𝑛𝑧 𝑝 𝑞 𝜂 𝜉

 M0  Level flight  1  0  0  ?  0
 M1a  Push-over −1 g  0  ?  ?  0
 M1b  Pull-up 2.5 g  0  ?  ?  0
 M2a  Roll and push  0 𝑝max  ?  ?  ?
 M2b  Roll and pull 2

3
⋅ 2.5 g 𝑝max  ?  ?  ?

roll rate, 𝑝max. In this case, the trimming around the pitch axis is per-
formed using the horizontal tailplane (HTP).

For the determination of 𝐶defl, Eq. (7) shows that the main driver 
behind the downwash value seen by the DLM panels is 𝜹; hence, the 
movable deflection needs to be limited through a downwash limit.

The downwash constraint 𝐶defl limits the effective deflection angles 
of the flaperon system to prevent unrealistic aerodynamics in DLM. Sep-
arate constraints are applied to flap downwash, w𝑗,f and aileron down-
wash, w𝑗,ail, and their combined effect flaperon downwash, w𝑗,fn. Maxi-
mum deflection are set to 45° down for flaps and ± 35° the ailerons. Val-
ues which are intentionally higher than typical design ranges [29,49] 
to account for multi-element high-lift systems that achieve a greater 
Δ𝐶𝐿 [11,12,29,50] than the plain flap used in the parameterisation 
framework.

For the implementation of 𝐶𝑝, the regulatory requirements are used. 
They describe roll performance as the time necessary to accomplish a 
60° bank angle reversal [40]. In general, by specifying a 𝑝max of 15 °/s, 
the handling quality requirements are fulfilled, and is an approach that 
consistent with prior studies [10,48]. Because actuator dynamics and 
inertia effects are not explicitly modelled, no additional handling quality 
constraints are applied.

Finally, to prevent overestimation of the lift performance, due to the 
absence of flow separation modelling, the angle of attack (AoA) and 
elevator deflection, 𝜂, are limited through 𝐶AoA, and 𝐶𝜂 , for which the 
limits are ± 10°, and ± 15° respectively. These limits have been selected, 
as one can assume attached flow within these values [29].

The feedback coupling between the HQ and MLA optimisation, in-
dicated in Fig. 7, is created by subtracting the downwash distribution, 
determined inside the HQ optimisation to satisfy the 𝐶𝑝 constraint, from 
𝐶defl.. This step creates 𝐶defl., 2, which contains the downwash budgets 
for MLA. An example of this step is given for a B-spline control point in 
Eq. (16).
−0.4 −min

(

wHQ𝑗
)

≤ 𝑤𝐶𝑃
𝑗 ≤ 0.4 −max

(

wHQ𝑗
)

(16)

5.  Results

This section presents the results obtained using the optimisation 
problem described in the previous section. First, the HQ results are pre-
sented in Section 5.1, followed by the MLA results in Section 5.2.

5.1.  Handling qualities

The HQ analysis is the first step in the optimisation loop, providing 
constraints to the MLA optimisation. To that end, Eq. (15) is solved for 
the minimal 𝑀𝛽,roll for a fixed geometric parameterisation of the mov-
able region as presented in Table.  3. The design variables available are 
the 𝐃CP, discussed in Section 2.2.

Figs. 9 and 10 shows the optimised downwash and corresponding lift 
distribution for five representative flight points. These points have been 
selected because they represent the low-speed takeoff and approach con-
ditions, the climb-out and descent phases, and the cruise phase. Other 
flight points listed in Table. 2 exhibit similar trends and are omitted 
for clarity, as their dynamic pressures are encompassed by the plotted 
results.

Aerospace Science and Technology 177 (2026) 112842 

8 



S. de Boer, R. De Breuker and J. Sodja

Fig. 9. Downwash distribution for 15 °/s right roll at different 𝑞∞. Downwash distributions plotted for the flaperon (Total) and its contributing components. Seen 
from above.

The downwash distribution in Fig. 9 represents the intended posi-
tion and deflection of the movables. When a downwash value is plotted 
in red, the downwash distribution represents a downward deflection, 
whereas an upward deflection is plotted in blue.

To achieve the 15 °/s right roll, a downward downwash is ap-
plied to the left wing, whereas an upward downwash is applied to 

the right wing by the aileron surface. The corresponding lift dis-
tribution, plotted in Fig. 10, shows the upward downwash load 
on the left wing, and the downward downwash load on the right 
wing. The downwash loads locally increase and decrease the total 
lift, resulting in the required rolling moment to meet the roll-rate
requirements.
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Fig. 10. Spanwise lift distributions for 15 °/s right roll at different 𝑞∞. Solid lines indicate lift distribution generated through downwash application. Dashed lines 
indicate total lift distribution.

Fig. 11. Spanwise location of centre of pressure during roll for different 𝑞∞.

Besides the roll-rate constraint, the optimiser must also satisfy the 
trimming constraints 𝐶AoA and 𝐶𝜂 respectively. First of all, this is 
achieved through a change in the AoA of the aircraft. However, in case 
the limits of the 𝐶AoA and 𝐶𝜂 are reached, the high lift device (HLD) 
are used, using the method described in Section 2.2. The magnitude of 
the downwash associated with the HLDs is a design variable in the same 
way as the aileron downwash. Inspecting the downwash distributions in 
Fig. 9 or the centre of pressure location in Fig. 11, shows that the HLD 
downwash is only necessary for a 𝑞∞ of 6.3 kPa or less.

The result in Fig. 9 show that the optimiser placed the HLD down-
wash in the inboard regions of the wing, even though it had the abil-
ity to place it anywhere within the movable region. The reasons for 
this location are twofold. First of all, the centre of pressure of the 
ailerons needs to be far enough outboard to generate the required 
rolling moment to satisfy the 𝐶𝑝 constraint. Secondly, due to the use 
of a constant chord fraction of the movable region, the absolute mov-
able chord is largest in the inboard region, allowing for the largest lift
increase.

Comparing the downwash and lift distributions in Figs. 9 and 10, it 
can be seen that the downwash associated with the ailerons is moving 
inboard with the increasing dynamic pressure, whereas the downwash 
corresponding to the HLDs is moving outboard. This behaviour is shown 

in Fig. 11, which also shows the position of the centre of pressure asso-
ciated with all movables.

The reason for the movement of the aileron centre of pressure is 
again twofold. First of all, the moment arm needs to be large enough to 
generate the required rolling moment. Secondly, the wing outboard of 
the wing-strut intersection, at 50% semi-span, is behaving like a very 
flexible cantilever, as can be seen in Fig. 12. Because of the large flexi-
bility of the outboard region, the control effectiveness of the ailerons is 
significantly impacted when the 𝑞∞ is increased. The strut-attachment 
location has the largest torsional stiffness, hence, being able to provide 
the largest amount of control effectiveness. A similar rationale explains 
the movement of the HLD toward this region.

Comparing the centre of pressure of the ailerons and HLDs to the 
centre of pressure of the combined downwash distribution in Fig. 11, 
it can be seen that the total centre of pressure is centred around the 
strut attachment location for the whole 𝑞∞ range. At a 𝑞∞ below 4 kPa, 
the total centre of pressure is driven by the downwash associated with 
the HLDs, whereas above this 𝑞∞, the aileron downwash is driving. 
This is in line with expectations, as at the lowest 𝑞∞, the HLDs are 
generating the largest force. This is caused by their respective chord 
and applied downwash value. It is also interesting to mention, that for 
the whole 𝑞∞ range, the centre of pressure associated to all movables 
is centred around the strut attachment location. This is again caused 
by the high torsional stiffness in this region, minimising the torsional
deformation.

In summary, the position of the aileron and HLD downwash is de-
termined by the required rolling moment, enforced by constraint 𝐶𝑝, as 
well as the trimming constraints 𝐶AoA and 𝐶𝜂 . At higher 𝑞∞, HLDs are no 
longer required for trimming, allowing the aileron downwash to move 
inboard as the required moment arm decreases.

5.2.  Manoeuvre load alleviation

In the second step of the optimisation loop, the MLA analysis is per-
formed. By updating the downwash limits using Eq. (16), the effect of 
the HQ analysis is included in the optimisation.

Fig. 13 shows the optimised downwash and corresponding lift distri-
butions for three representative flight points, which satisfy the 𝐶𝑝 con-
straint and retain a deflection budget for MLA. Other flight points within 
the 𝑞∞ range exhibit similar behaviour and are omitted for clarity.
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Fig. 12. Deformation of the wing along 50% c during right roll at different 𝑞∞.

Downward deflection is indicated in red and upward deflection in 
blue, consistent with the HQ results. Fig. 13b shows the spanwise lift 
distributions: the dotted line indicates the total aerodynamic load with-
out MLA. The dashed line indicates the total aerodynamic load with 
MLA, whereas the solid line indicated the aerodynamic load generated 
by the applied downwash.

Compared to the reference case, total lift decreases outboard of 15m 
semi-span and increases in the inboard region. As the aircraft must re-
main trimmed at the specified load factor, 𝑛𝑧, the integral of the redis-
tributed total lift is equal to the reference lift. As the centre of pressure 
of the lift redistribution is moving inboard, the moment arm is reduced, 
which in turn reduces the applied RBM. To achieve the lift redistribu-
tion, an upward downwash is applied in the outboard region, while a 
downward downwash is applied in the inboard region, as is illustrated 
in Fig. 13.

Inspecting Fig. 13a, it can be seen that the downwash applied by 
the optimiser is at its respective positive and negative limits. This be-
haviour is expected, as the optimiser maximises the inboard movement 
of the centre of pressure, hence, achieving the greatest impact on the 
lift distribution. This behaviour has also been observed by Kier [51].

Furthermore, Fig. 13a shows that even though the continuous mov-
able parameterisation allows a chordwise downwash variation, which 
can be achieved using a morphing movable, the optimiser did not use 
this ability during the optimisation process. The lack of chordwise down-
wash variation is due to the large sweep of the wing. Hence, the effect 
on the total lift distribution of the chordwise variation in downwash 
along the 𝑐mov of 20% c is small compared to the effect of the spanwise 
downwash variation, and hence, the spanwise downwash variation is 
preferred.

Another phenomenon in Fig. 13a is that increasing 𝑞∞ moves the split 
between positive and upward downwash inboard and adds downward 
downwash near the wing tip. Although downward downwash is applied 
at the tip to increase local lift (see Fig. 13b), a negative downwash load 
is used.

To investigate the appearance of the positive downwash in the tip 
region, and determine if control reversal is present in the tip region, the 
change in total lift due to a change in downwash at a single downwash 
control point is investigated for 𝑞∞ = 12.8 kPa and 𝑛𝑧 = 2.5 g. Within 
this investigation the definition of control reversal is the reduction of 
total lift, when a positive (downward) deflection/downwash is applied. 
The starting point of the investigation are a clean wing which is expe-
riencing the aforementioned flight conditions. The results are shown in 
Fig. 14, which shows the total lift variation due to a local downwash 

increase of 0.1 for a rigid and flexible aircraft in Fig. 14a, and the cor-
responding control effectiveness, 𝜀, distribution in Fig. 14b. In Fig. 14a, 
both the rigid and flexible aircraft results show that the closer one gets 
to the tip, the smaller the change in total lift is. This behaviour is as ex-
pected, as the movable area reduces towards the tip, as a constant 𝑐mov 
is used.

Investigating the difference between the flexible and rigid aircraft 
results, indicated in blue in Fig. 14a, shows that the difference up to 
50  percent semi-span remains constant. This is in line with expectations, 
as this region is supported between the wing root and the wing-strut in-
tersection and therefore has a large torsional stiffness. Outboard of 50% 
semi-span, the difference is increasing, which is caused by the washout 
behaviour of the cantilever wing section. The largest difference is found 
in the 22m to 31m region, where the flexible aircraft also experiences 
a reduction in total lift. Because of the reduction of total lift in the out-
board region, it can be concluded that this region is operating in the 
control reversal regime.

To further support, the statement that the optimiser is actively ex-
ploiting control reversal, the 𝜀 is determined using the following equa-
tion:

𝜀 =

(

𝜕𝐿
𝜕𝐰𝑗

)

flex
(

𝜕𝐿
𝜕𝐰𝑗

)

rigid

. (17)

The spanwise variation of 𝜀 is shown in Fig. 14b. It can be seen that 
in the 10m to 15m semi-span range, the value of 𝜀 is increasing, which 
is explained by the larger torsional stiffness of the wing due to the wing-
strut attachment in this location. Furthermore, in the 22m to 31m semi-
span region, it can be seen that the 𝜀 is negative. Hence, this region is 
experiencing control reversal, which the optimiser is actively exploiting.

To further investigate the spanwise variation of the downwash distri-
bution, as well as the increase in total lift in the tip region, the MLA op-
timisation has been performed on a movable region where y2 is changed 
to 85% semi-span with no changes to the other movable region parame-
ters. The results for this optimisation are shown in Fig. 15, with Table.  6 
comparing the amount of RBM reduction which can be achieved. In the 
table, "Partial TE" indicates the movable region with y2 = 85% semi-
span, whereas "Full TE" indicates the movable region with y2 = 100%
semi-span.

The behaviour shown in Fig. 15 is similar to the behaviour shown by 
the full TE in Fig. 13. However, it is interesting to note that downward 
downwash does not appear in the tip region. Hence, it can be concluded 
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Fig. 13. Downwash and spanwise lift distribution for MLA at different 𝑞∞. 

Table 6 
RBM reduction for different dynamic pressures.
   𝑞∞ [kPa]  Full TE [%]  Partial TE [%] 
 9.4 7.6 8.5  
 11.7 23.6 23.4  
 12.8 30.5 29.1  

that in this case the wing is not experiencing control reversal. This is 
supported by the fact that the reduction in total lift, shown in Fig. 15, 
is achieved using an upward downwash load.

Comparing the lift distributions in Figs. 13b and 15b, it can be seen 
that for the lowest 𝑞∞, at 9.4 kPa, the centre of pressure is actually fur-
ther inboard for the partial TE than for the full TE, which results in 
the larger RBM reduction for the partial TE shown in Table.  6. For the 
higher 𝑞∞, the larger span of the TE movable allows for a larger RBM 
reduction.

The observed differences are caused by the wing’s flexibility, with 
the control effectiveness in the tip region, outboard of 85% semi-span 
being small or even negative for certain flight conditions. This can be 
concluded from the out-of-plane and twist deformation presented in 
Fig. 16, which shows large deformations for both the reference and MLA 
case. Comparing the deformations for full and partial TE, it can be seen 
that both the out-of-plane and twist deformations show different be-
haviours from 25m semi-span. Comparing the displacements, it can be 
seen that for the full TE, the movables are able to reduce the deforma-
tions; however, the order of magnitude and shape of both deformations 
are similar for the full and partial TE results. Hence, the movables out-
board of 15% semi-span cannot provide a larger amount of RBM reduc-
tion, causing the difference to vary between 0.1 to 1.4 percentage points 
as seen in Table.  6.

To conclude on the MLA results, the behaviour of the optimised 
downwash distribution is driven by the reduction of the RBM, which 
drives the centre of pressure inboard as far as possible, while the 𝐶AoA 
and 𝐶𝜂 constraints limit this movement. For the full TE case, this meant
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Fig. 14. Spanwise distribution of total lift variation due to a change in downwash, and corresponding control effectiveness distribution at 𝑞∞ = 12.8 kPa and 𝑛𝑧 = 
2.5 g.

Fig. 15. Downwash and spanwise lift distribution for MLA at different 𝑞∞. Movable region from 0% to 85% semi-span.

Aerospace Science and Technology 177 (2026) 112842 

13 



S. de Boer, R. De Breuker and J. Sodja

Fig. 16. Deformations along 50% chord. 

that the outer sections of the wing where experiencing control reversal. 
For the partial TE, the wing had enough torsional stiffness to prevent the 
occurance of control reversal. Furthermore, although the framework al-
lows for chordwise variation of downwash, the optimiser did not utilise 
this capability. This is because of the large sweep of the wing and the 
20% c of the movables, which causes the effect on the lift distribution of 
the chordwise variation in downwash to be small compared to the span-
wise variation; hence, a spanwise variation in downwash is preferred. Fi-
nally, comparing the RBM reduction for the full and partial TE movable 
regions, it can be seen that the differences between the two optimised 
downwash surfaces are equal to or less than 1.4 percentage points. The 
small differences are caused by the wing’s flexibility, with the outboard 
region having low control effectiveness; hence, it makes a negligible 
contribution to the RBM reduction.

6.  Conclusion and outlook

The work presented in this paper introduced a novel methodology for 
continuous parameterisation of movables, which uses direct assignment 
of the downwash to the doublet lattice method (DLM) panels to model 
the movable layout. The parameterisation has been applied to a high 
aspect ratio strut-braced wing aircraft to demonstrate the capability of 
the framework.

The results presented in this paper demonstrate the successful appli-
cation of the continuous parameterisation. They demonstrate the ability 
of the parameterisation to be applied to an aircraft for which only the 
planform and initial structural parameters are known, allowing it to be 
used to explore the optimal positions of the movables.

Several notable results were observed. First of all, the optimal down-
wash distribution for handling qualities (HQ) and manoeuvre load alle-
viation (MLA) changes with free-stream dynamic pressure, 𝑞∞. For this 
aircraft model, the movable position required for HQs are driven by the 
required amount of high lift device (HLD) downwash, to ensure the air-
craft remains trimmed, combined with the required moment arm gener-
ated by the aileron downwash. As 𝑞∞ is increased, the centre-of-pressure 
for both the HLD and ailerons downwash shifted toward 50% semi-span 
due to increased torsional stiffness at the strut attachment, enhancing 
control effectiveness in this region.

For the MLA results, an interesting phenomenon is that the optimiser 
has not used the ability of varying the downwash in the chordwise di-
rection. Due to the large sweep of the wing, the chordwise variation in 
downwash is small compared to the spanwise variation. Hence, to re-
duce the root bending moment (RBM) as much as possible, a spanwise 
variation of downwash is preferred to meet all the specified constraints.

The effect of reducing the spanwise extent of the movable regions 
was evaluated by changing spanwise stop position, y2, to 85% semi-span 
(Partial trailing edge (TE)). It was found that for the current aircraft, the 
differences in RBM reduction between the movable region along the full 
and partial TE were less than or equal to 1.4 percentage points, indicat-
ing that the additional effect of the outer 15% semi-span contributes 
negligibly to RBM reduction due to wing flexibility.

Overall, these results demonstrate the versatility of the continuous 
movable parameterisation framework, which can be applied to a given 
wing planform with specified structural parameters while allowing user-
defined positional constraints.

Both the HQ and MLA results were obtained using a 1:1 weighting 
factor between the RBM reduction and the total hinge moment, 𝑀𝛽,all. 
However, different weighting factors for the two objectives may result 
in different movable layouts. Hence, when applying the presented pa-
rameterisation methodology to an aircraft for which the movable layout 
needs to be determined, a trade-off study between the different objec-
tives must be performed.

Furthermore, currently it is assumed that the chordwise downwash 
distribution can be modelled using the methodology presented in this 
paper. However, this assumption requires the implementation of con-
straints on the values inside the downwash vector, 𝐰𝑗 . To validate the 
constraint values, future work will require the comparison of the achiev-
able complex differential pressure coefficient, Δ𝐜p, using the B-spline 
downwash distribution, with the Δ𝐜p that can be modelled using a 
higher fidelity method that can capture flow separation, to determine if 
the corresponding aerofoil shape is physically representable. One way 
to do this, would be to perform an inverse design process using the DLM
Δ𝐜p within a higher fidelity method, for example a Reynolds-averaged 
Navier-Stokes (RANS) solver.

Besides the aforementioned points, future work will extend the 
framework to unsteady analyses, such as gust encounters. This will allow 
for the consideration of gust load alleviation (GLA) during the optimisa-
tion of the movable layout. Furthermore, coupling HQ, MLA, and GLA in 
a single optimisation loop would enable the study of combined manoeu-
vres and gust effects on aircraft loads. Furthermore, the effect of differ-
ent types of unconventional aircraft, such as Prandtl-Planes (PrPs), can 
be investigated. Furthermore, the results presented are determined us-
ing linear aerodynamics, which generally overestimate the performance 
that can be obtained. Hence, including a higher-fidelity aerodynamics 
method through a hybrid analysis combining DLM with computational 
fluid dynamics (CFD) data is expected to improve the performance esti-
mates obtained using the presented framework.
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