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1. Introduction

To address the aviation sector’s sustainability
challenges, the European Union is driving the
development of disruptive technologies to mit-
igate CO2 and non-COs emissions. Within
the Clean Aviation framework, the HERWINGT
project aims to develop innovative wing tech-
nologies for the future Hybrid-Electric Regional
Aircraft (HERA), targeting a 50% reduction in
fuel burn and a 90% reduction in net emissions
by 2035 [2].

This thesis supports the manufacturing, assem-
bly, and experimental validation and testing of
a full-scale morphing aileron demonstrator, a
key component within the HERWINGT frame-
work. Addressing the "morphing paradox", the
requirement for low in-plane stiffness for low ac-
tuation efforts and high out-of-plane stiffness for
load-bearing, this prototype employs a compli-
ant S-glass fibre skin driven by electromagnetic
actuators via a modified Scott-Russell linkage.
To provide a solid background, the thesis intro-
duces various types of morphing technologies in
aviation and categorises them based on their ap-
plication areas. Furthermore, it includes a clear
distinction between active and passive morph-
ing materials, alongside an analysis of the main

state-of-the-art technological solutions in mor-
phing aileron applications.

To provide the necessary context for the experi-
mental campaigns, the thesis outlines the design
and functionality of the prototype, previously
developed by the research team [1].

The purpose of this executive summary is to out-
line the results in a structured manner. The
document begins with a concise section explain-
ing the main objectives and the overall func-
tionality of the demonstrator. Following this,
the summary presents the Coulomb-viscous fric-
tion model developed during the thesis, before
discussing the results of the static and dynamic
ground tests, performed to verify the alignment
with numerical predictions and to explore the
feasibility of adopting such a device for active
control purposes. The wind tunnel tests are then
outlined, with the preliminary results presented
with the aim of replicating static evaluations un-
der aerodynamic loads while formally assessing
the overall aerodynamic performance. Finally,
the conclusion reviews the achieved milestones
and briefly highlights future research develop-
ments.



2. Demonstrator overview and
objectives

The morphing aileron demonstrator comprises
two independent S-glass fibre ailerons integrated
into a dummy wing box, as illustrated in Fig-
ure 1.

Figure 1: Pressure-side view of the morphing
aileron demonstrator 3D model.

The complete model spans 2.5 metres, with each
active surface covering a span of 1 metre. These
ailerons are driven by two electromagnetic lin-
ear motors installed spanwise within the wing
box. The actuators connect to the lower skins
via two Scott-Russell kinematic mechanisms per
aileron. A detailed view of this internal actua-
tion system is provided in Figure 2. Conversely,
the upper skin is clamped at 70% of the chord
length, marking the start of the deformable por-
tion of the aileron.

Skin stroke Linear guides
Figure 2: Detailed view of the internal actuation
mechanism.

This prototype aims to exceed the performance
of classical hinged ailerons by improving aerody-
namic efficiency, reducing actuation forces and
increasing structural efficiency. Specifically, the
morphing structure must provide a lift incre-

ment equivalent to a reference deflection of +30°
on a conventional control surface [1]. The con-
tinuous and gapless profiles minimise parasitic
drag and aerodynamic noise during flight ma-
noeuvres. Furthermore, because the required lift
variation can be achieved with a smaller over-
all deflection, the actuation system has to coun-
teract less aerodynamic work and overcome a
lower structural elastic resistance. This intrin-
sic mechanical advantage, combined with an op-
timised material distribution, decreases the re-
quired actuation effort, permitting the installa-
tion of lighter motors.

In addition to these static benefits, the pro-
totype targets high-bandwidth dynamic perfor-
mance. Demonstrating its operational capabil-
ity up to 10 Hz would enable its application for
gust load alleviation or flutter suppression.

To overcome the morphing paradox introduced
in Section 1, the research team employed a
multi-objective optimisation process. The first
phase generated target external shapes opti-
mised to minimise both aerodynamic drag and
the required actuation loads. Subsequently,
the team designed an internal compliant struc-
ture capable of replicating these geometries
while minimising the least-square geometric er-
ror. This design provides the necessary flexibil-
ity for shape morphing while ensuring adequate
stiffness to maintain the undeformed configura-
tion without requiring continuous power.

The dynamic behaviour was also carefully tuned.
When the lower skin is free to slide, the first nat-
ural frequency is positioned within the actuation
bandwidth to reduce dynamic actuation forces
relative to static applications. Conversely, when
the actuation is locked, the natural frequency is
significantly higher. This prevents the system
from acting as a low-pass filter and ensures pre-
cise tracking of control commands without phase
delays.

3. Friction model identification

The characterisation of the friction acting on
the kinematic system within the operational
bandwidth was realised by adopting a Coulomb-
viscous mathematical model, analytically ex-
pressed as:

Ft(v) = Fesgn(v) + Fyv (1)

Developing this model served three fundamen-



tal purposes: configuring the motor controller’s
feed-forward pre-filters to improve dynamic
tracking accuracy, validating numerical predic-
tions by mathematically removing the estimated
friction from experimental force measurements,
and updating future numerical models with re-
alistic non-linear damping.

To identify the Coulomb F_. and viscous F,, co-
efficients, dynamic tests were conducted on the
bare mechanisms prior to the installation of the
compliant ailerons. The system was dynamically
excited using pure sinusoidal trajectories at var-
ious frequencies and amplitudes. By recording
the actual kinematics (position and velocity, via
an encoder mounted on the actuators) and the
total motor force via the Human-Machine Inter-
face, the pure friction force was isolated using
a time-domain dynamic equilibrium approach,
which subtracted inertial and gravitational con-
tributions from the total required force. The
elastic force and aerodynamic forces were inher-
ently null in this configuration.

To establish a robust parameter identification
procedure during oscillatory regimes, where hys-
teresis and non-linear effects can emerge, a
frequency-domain harmonic approximation was
implemented. By extracting the fundamental
amplitudes of the isolated friction force F, fynqg
and the velocity Vyyng via Fast Fourier Trans-
form, a linear regression was successfully applied
across all tested conditions. The slope of this
fitted curve directly provided the viscous coef-
ficient, while the Coulomb coefficient was ana-
lytically derived from the intercept. As an illus-
trative example, Figure 3 presents the linear re-
gression obtained for Axis 1, demonstrating the
high accuracy of the adopted model with a cor-
relation coefficient of R? = 0.9322.

4. Static ground tests

Following the friction model characterisation,
static ground tests were conducted under zero-
aerodynamic-load conditions to validate the
morphing capabilities of the prototype. The
actual deformed shapes were acquired using a
Qualisys® optical motion capture system, track-
ing a spanwise and chordwise grid of reflec-
tive markers. By driving the system through
a quasi-steady motion across its full operational
range, the physical deformation was measured
and compared against theoretical targets and Fi-
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Figure 3: Linear regression of the fundamental

friction force against fundamental velocity for

the inner aileron (Axis 1).

nite Element predictions.

The optical measurements confirmed an excel-
lent overall geometric agreement. The positive
deflection successfully reached the 14° target, ac-
curately following the theoretical shape. Con-
versely, the maximum negative deflection was
limited to —14°, marginally relaxing the orig-
inal —15° kinematic constraint. Figure 4 and
Figure 5 present the comparison between the
target, numerical and experimental shapes for
these extreme deflections, validating the struc-
tural design and the manufacturing process.
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Figure 4: Maximum deflection comparison.
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Figure 5: Minimum deflection comparison.



This quasi-static tracking also allowed for the
derivation of direct and inverse polynomial laws,
mapping the aileron rotation to specific mo-
tor stroke displacements. Implemented into
the Human-Machine Interface, these laws en-
able closed-loop control and real-time angular
feedback. However, this kinematic mapping is
strictly valid for static or quasi-static move-
ments. At this preliminary stage of the re-
search, the high-frequency dynamic response of
the compliant structure was not yet fully char-
acterised, as the focus remained on defining the
static baseline. Consequently, the specific struc-
tural attenuation and phase delays between the
motor stroke and the true aileron deflection were
addressed and quantified only in the subsequent
dynamic testing phase.

Finally, the static tests evaluated the required
actuation forces. Sweeping, in a quasi-static
manner, the mechanism from the minimum
to the maximum deflection and back revealed
a force hysteresis driven by mechanical fric-
tion. Applying the previously developed friction
model successfully eliminated this hysteresis for
small deflections around the neutral 0° position.
However, at larger deflections, the aileron ex-
erts higher transverse forces on the linear guides,
which locally increases the frictional loads. As
the friction model underestimates these normal
forces, the mathematical friction compensation
does not completely eliminate the hysteresis at
the edges of the cycle. Figure 6 compares the ex-
perimental motor force, both with and without
the mathematical friction compensation, against
the numerical data.
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Figure 6: Axis 1: motor force comparison with
and without friction compensation.

5. Dynamic ground tests

To assess the prototype’s suitability for high-
bandwidth applications, dynamic testing was
conducted over a frequency range of 0 to 10 Hz.
The morphing aileron was excited using sine
sweep signals at various target deflections to ver-
ify the robustness of the results across different
operating amplitudes. A primary objective was
to empirically demonstrate the reduction in ac-
tuation effort induced by structural resonance, a
phenomenon predicted during the design phase.
To ensure the safety of the experimental setup
during these preliminary campaigns, excitation
amplitudes were limited: sweeps up to 10Hz
were performed with amplitudes of 1.5, while
larger deflections of up to 3~ were restricted to
frequencies below 7 Hz.

As mechanical friction introduces non-linear
damping that masks this dynamic benefit, the
friction component was mathematically sub-
tracted from the total motor force using the pre-
viously derived Coulomb-viscous model. The
frequency response analysis revealed a distinct
anti-resonance peak in the required friction-
deducted motor force at approximately 5.4 Hz.
At this specific frequency, structural flexibility
and inertia act in synergy with the actuation,
significantly reducing the dynamic forces com-
pared to static holding requirements. To con-
firm that this force reduction is a physical char-
acteristic of the compliant aileron assembly, the
bare actuator was tested in isolation; as shown
in Figure 7, the response of the bare system lacks
this anti-resonance notch, proving that the ob-
served load reduction is driven by the dynamic
coupling of the compliant structure with the ac-
tuation system. This result confirms that having
an eigenmode within the dynamic bandwidth ef-
fectively lowers the actuation loads, a behaviour
consistently observed across all tested excitation
amplitudes.

Furthermore, the system exhibited excellent
kinematic tracking. @ The dynamic response
demonstrated no significant phase delays or
magnitude deviations (i.e., amplification or
attenuation) between the commanded motor
stroke and actual aileron rotation across the en-
tire 0 to 10 Hz bandwidth (Figure 8). The struc-
ture reacted accurately to high-frequency inputs
without instability, confirming its potential for
active control strategies.
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Figure 7: Frequency response of the actuation
force without friction, highlighting the attenua-
tion near the 5.4 Hz structural resonance.

6. Wind tunnel tests

The final experimental phase comprised wind
tunnel testing within the GVPM facility. This
campaign aimed to wvalidate the morphing
aileron’s performance under aerodynamic loads.
The demonstrator mounted in the test section is
illustrated in Figure 9.

fﬂ"

|\ POLITE el
MILANouSé?“Ct‘

Figure 9: Morphing aileron demonstrator at
minimum deflection, viewed from the pressure
side.

The thesis reports the preliminary results of
the testing campaign, focusing primarily on
the aerodynamic characterisation and the quasi-

Bode diagram
Magnitude

[dB]

9y
3

0 2 4 6 8 10
Phase
20 +
=
o
~
20 F—%1°10 - 10 - 0Hz |
0 2 4 6 8 10
[ [Hz]

Figure 8: Dynamic tracking performance: rela-
tionship between the commanded stroke and ac-
tual aileron deflection across the 0-10 Hz band-
width.

static actuation loads. Initially, the lift and drag
coefficients, alongside the aerodynamic polars,
were evaluated across various angles of attack
and aileron deflections. The free stream velocity
was specifically selected to ensure all structural
configurations safely remained within the load
limits of the aerodynamic balance.
Subsequently, the actuation forces were mea-
sured by commanding the ailerons through com-
plete deflection cycles at a suitably low actuation
speed. This quasi-static approach ensured that
the flow field could be treated as steady at each
instantaneous deflection angle. These force eval-
uations provided crucial insights into the limita-
tions of the previously developed friction model
when subjected to aerodynamic loading. Unlike
the wind-off scenario, the mathematical com-
pensation could not fully eliminate the force hys-
teresis, even at zero deflections where the base-
line model was initially tuned. This discrepancy
arises because the current formulation neglects
external aerodynamic loads. To improve fric-
tion estimation, future iterations of the model
must incorporate the variation in normal reac-
tion forces based on the instantaneous position
of the actuation mechanism, alongside the pro-
portional increase in these normal reactions in-
duced by the external pressure distribution.
Finally, the structural deformation under load
was recorded using a Siemens Digital Image Cor-



relation (DIC) system, exploiting a speckle pat-
tern applied to the aileron skin. From a static
perspective, these optical measurements are es-
sential to evaluate physical shape retention and
identify any deviations from the baseline wind-
off geometries. Furthermore, the DIC system
tracked surface variations over time to support
the dynamic evaluations in the presence of un-
steady aerodynamics. However, the comprehen-
sive data processing and analysis of these static
and dynamic optical measurements fall outside
the scope of this thesis due to time constraints,
remaining a primary subject for subsequent re-
search.

7. Conclusions and future de-
velopments

This thesis has demonstrated the feasibility of
full-scale morphing ailerons as an efficient al-
ternative to conventional hinged control sur-
faces. By integrating S-glass fibre compliant
skins with electromagnetic actuators and Scott-
Russell linkages, the prototype achieved target
aerodynamic profiles and validated the proposed
structural design principles.

Experimental campaigns provided a perfor-
mance baseline for the system. A Coulomb-
viscous friction model was developed to account
for internal dissipative forces. This model was
implemented in the control logic as a feed-
forward pre-filter to improve tracking accu-
racy. It was also used to mathematically re-
move the friction contribution from the exper-
imental motor forces, enabling a direct correla-
tion with the numerical model, which yielded
matching results. Furthermore, ground tests
confirmed high-bandwidth kinematic accuracy
and demonstrated that structural resonance at
5.4 Hz reduces the dynamic actuation effort. Al-
though the structural anti-resonance was ini-
tially masked by internal friction, subtracting
the modelled friction from the experimental ac-
tuation forces isolated the phenomenon, reveal-
ing the expected dynamic behaviour. This out-
come highlights that to avoid offsetting the dy-
namic advantages of the resonant system, dis-
sipative forces must be accounted for and miti-
gated during the design phase.

Finally, the wind tunnel campaign established
an aerodynamic baseline and allowed the analy-
sis of actuation forces under aerodynamic loads.

Future work will focus on achieving a compre-
hensive numerical-experimental correlation to
refine the predictive accuracy of the numerical
model. This process includes implementing the
derived friction data to introduce realistic non-
linear damping, and post-processing the Digital
Image Correlation data to verify shape retention
under steady and unsteady aerodynamic condi-
tions. Additionally, since the wind tunnel tests
showed that external pressure distributions alter
the internal mechanical friction, the current fric-
tion model requires further refinement: it must
be extended to account for load-dependent nor-
mal reactions and kinematic variations as a func-
tion of the aileron rotation angle and the ex-
ternal aerodynamic forces. Ultimately, this re-
search establishes a solid foundation for the in-
dustrial maturation of continuous-morphing ar-
chitectures for next-generation regional aircraft.
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