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ABSTRACT

The aeronautical community is increasingly focusing on innovative multi-propeller electric Vertical Take-Off and
Landing aircraft for Advanced Air Mobility. This paper presents the development and validation of methodologies
and tools to support the early-stage design of such aircraft. In particular, it focuses on the design of an experimental
wind tunnel test rig featuring an electric Lift-Thrust Unit (eLTU) equipped with a tilting mechanism that enables
smooth transition between helicopter (H/C) mode and airplane (A/P) mode and independent control of the rotor speed.
The test rig integrates a load cell and strain gauges to measure the loads generated by the eLTU under various flight
conditions, as well as encoders to track the motion of the tilting mechanism. A numerical aeroelastic model has been
developed to guide the rig design and to analyze the coupled aerodynamic and structural behavior of the eLTU and
tilting system. Preliminary correlation results from tests conducted without wind are presented, demonstrating the
robustness and reliability of the experimental setup in preparation for future wind tunnel campaigns.

INTRODUCTION

The integration of electric propulsion systems into rotary-
wing aircraft has broadened the possibilities for innovative
vehicle architectures. These novel designs offer several po-
tential benefits, including improved safety through propulsion
system redundancy, zero emissions with fully electric power,
and a simplified drive system that could lower production
and maintenance costs while improving overall reliability. As
highlighted in recent literature (Refs. |, 2), despite the diver-
sity of these novel air vehicle architectures, they share com-
mon features such as multiple LTUs, tilting capability, and
variable RPM for thrust control. Notable examples of aircraft
exploiting these features include the S4 by Joby Aviation and
the Aero3 by Dufour Aerospace, the latter featuring a tiltwing
configuration equipped with multiple rotors.

In recent years, increasing attention has been given to the im-
pact of these features on the aeroelastic response of LTUs and
the resulting load generation mechanisms. For instance, Zil-
letti et al. (Refs. 3,4) designed and tested a setup to charac-
terize the static and dynamic load generation mechanisms of
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one (Ref. 3) and two (Ref. 4) electrical LTUs mounted on a
common structure. Their findings revealed that a stiff rotor
could generate significant oscillatory loads over a broad fre-
quency range, with magnitudes comparable to the correspond-
ing static loads, particularly in edgewise airflow conditions.
Building on this research, this paper focuses on the prediction
of the loads of the same LTU of (Ref. 3) equipped with an ac-
tuated tilting mechanism in different wind conditions.

In the development of tilting lift-thrust units (LTUs), a range
of architectures adopted by leading manufacturers has been
reviewed to evaluate their respective advantages and limita-
tions. Two distinct design philosophies have emerged from
this analysis. The first involves mechanically complex sys-
tems aimed at optimizing LTU conversion while simultane-
ously addressing other design objectives, such as minimizing
aerodynamic blockage by optimizing the rotor disk with re-
spect to the wing (Ref. 5). The second approach emphasizes
simplicity, favoring more compact and simpler mechanical so-
lutions (Ref. 6). While the former can accommodate multiple
performance requirements, the latter offers clear benefits in
terms of mechanical simplicity, scalability, and manufactura-
bility. In line with the study’s objectives of compactness, man-
ufacturing simplicity, and minimal mechanical complexity, a
simplified four-bar linkage mechanism was chosen.

In electrically powered aircraft, tilting mechanisms are typ-
ically actuated using electromechanical actuators (EMAs).
These actuators are inherently rotational, as they are gener-
ally driven by rotary electric motors. In linear EMAs, this ro-
tational motion is converted into linear displacement through
mechanisms such as roller-screw assemblies. Although linear



actuators offer benefits, such as high linear force output, pre-
cise position control, and inherent self-locking capabilities, a
rotary EMA was chosen for this study. This selection aligns
with previously defined design requirements of scalability,
compactness, and reduced mechanical complexity character-
istics, commonly associated with rotary actuation systems.

TEST RIG DESIGN

Tilting mechanism optimization

A multibody model of the LTU system has been developed to
investigate how different arrangements of the selected kine-
matic architecture affect the actuator sizing requirements, par-
ticularly in terms of actuation torque. As shown in Figure 1,
the multibody model consists of a set of rigid bodies (depicted
in gray) representing the different elements of the system:

1. Propeller;
2. Motor-load cell assembly;
3. Tilting plate;

4. Rod;

5. Actuator.

The red parts denote the components anchored to the ground.
The rigid bodies are connected by means of hinges as
schematically shown in Figure 1 by the blue dots (A,B,C,D).
A control moment is applied at hinge C to simulate the actua-
tion, while rotation is measured at hinges C and D to monitor
the mechanism’s motion. Due to the symmetry of the system,
the motion of the model is constrained within the XZ-plane.

Motor-Load
cell assembly

AlTilting plate

Figure 1. Mechanism architecture.

The green geometrical parameters highlighted in the
schematic represent the key design variables considered dur-
ing the design process. The overall design workflow, illus-
trated in Figure 2, can be divided into four main steps:

Step 1 - Generation of design space:

The key design parameters are selected as the primary de-
sign variables. A set of feasible mechanism configurations is
identified, ensuring compliance with the maximum allowable
overall dimensions of the system.

Step 2 - Mechanism feasibility:

Each configuration is evaluated to verify its geometric feasi-
bility.

Step 3 - Unitary load simulation:

For each configuration deemed feasible, an initial simulation
is performed in which the actuator is driven with a prescribed
rotational input, while a unitary torque load is applied at the
LTU hinge point D. The objective of this simulation is to eval-
uate the configuration’s mechanical advantage (MA), as de-
fined in Equation 1.
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The simulation runs until either the maximum simulation time
is reached or the LTU completes its full transition. A con-
figuration is considered a valid candidate for the final design
step if the mechanical advantage remains above a predefined
threshold throughout the motion and the target end position is
successfully achieved.

Step 4 - Actuator sizing:

The final step consists of a dynamic simulation in which
a prescribed motion is applied to the actuator, this time
under a complete set of LTU loads representative of the
most demanding wind tunnel conditions. These loads are
obtained from post-processed data collected during the wind
tunnel test campaign described in (Ref. 3), and are expressed
as functions of the LTU tilting angle. To capture the full
dynamics of the system, the rotor disk is modeled to spin at
its nominal rotational speed, thereby accounting for inertial
effects. Gravitational forces are also included in the model.
The peak actuator load observed during the simulation is
recorded and used for comparative evaluation across all
candidate configurations.

At the end of the design process, the configuration that mini-
mizes the actuator torque requirement is selected. Its robust-
ness to small variations in the design parameters, such as those
that may arise during manufacturing and assembly, has been
evaluated. A final verification of the mechanism and the en-
coders installation has been carried out on a 3D printed model.
The results of the simulations have also led to the selection of
an off-the-shelf actuator matching the torque requirement.

Test rig description

The experimental rig developed for this study is based on the
design parameters obtained from the design process described
in the previous section. Figure 3 shows the LTU mounted on
a six-axis load cell supported by the four-bar linkage mecha-
nism actuated by the tilting actuator.
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Figure 2. Mechanism optimization workflow.
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Figure 3. Wind Tunnel Test Rig.
The test rig is equipped with three 12-bit absolute encoders,

used to measure the following parameters:

1. The angular velocity of the propeller, obtained by differ-
entiating the angular position measured via I?’C commu-
nication.

2. The tilting angle of the LTU, o (measured via analog
signal).

3. The actuator angle, 3 (measured via analog signal).

One method for estimating actuator torque is to measure the
current drawn and multiply it by the actuator’s torque con-
stant. However, due to the high gear reduction ratio of the
actuator (187:1), the torque required at the motor shaft is rel-
atively low, resulting in minimal current draw. This makes
the current measurement unreliable for accurately determin-
ing the output torque. Therefore, a half-bridge strain gauge
has been installed on the rod connecting the actuator’s servo
arm to the tilting plate to directly measure the axial force,
which can be used to infer the torque delivered by the actu-
ator.

The communication between the control electronics and
the tilting actuator is established via the UART protocol.
To prioritize real-time performance, only essential param-
eters required for the motor control are transmitted, while
non-critical telemetry data is minimized or omitted. The
control system is implemented using two dedicated STM32
microcontrollers, with one assigned to the LTU motor control
and the other to the tilting actuator. Custom PCBs have been
developed to enhance system robustness and reliability.

The LTU motor is controlled using a closed-loop
Proportional-Integral (PI) speed controller, with feed-
back derived from the propeller’s angular position measured
by an absolute encoder. The controller output generates a
PWM signal, which is transmitted to the Electronic Speed
Controller (ESC) via a dedicated channel. The reference
speed is set by a separate control board based on an Arduino,
equipped with an LCD interface. This setup enables remote
operation of the test rig, allowing the reference signal to
be adjusted from a dedicated control room. The same
control architecture is applied to the tilting actuator. In this
case, the reference position is also provided by an external



Arduino board, while the STM32 microcontroller initiates
a proportional position control loop integrated within the
actuator. Communication with the actuator is handled via
the RS485 protocol, with command frames transmitted using
the STM32’s UART interface through a dedicated transceiver
module. Motion profiles are executed by sending a sequence
of reference positions to the actuator at fixed time intervals.
This approach enables the actuator to follow a predefined
motion trajectory within a set time window. As a result, the
proportional gain of the controller must be carefully tuned:
it must be high enough to ensure sufficient bandwidth for
tracking the trajectory within the required timing constraints,
yet low enough to avoid excessive responsiveness that could
lead to irregular motion or repeated stopping.

NUMERICAL MODEL

LTU numerical model

The blade structure was modeled using MBDyn, a general-
purpose multibody dynamics analysis software (Ref. 7), and
validated against data available from previous work (Ref. 3).
The blade is modeled using six elastic beam elements (beam3
in MBDyn) positioned along its elastic axis, complemented
by twelve lumped masses that replicate the mass and inertial
properties of each corresponding blade section.

The axial rotation joint is added to constrain the mast rotating
node with the fixed grounded node and to impose the angu-
lar velocity for the propeller rotation; the mast is then con-
nected to the hub rotating node through linear and torsional
springs (deformable displacement joint and deformable hinge
in MBDyn) to correctly represent the elastic properties of the
mast. Each blade is connected to the hub via a six-degree-of-
freedom linear spring and a cantilevered flexible beam (beam?2
element in MBDyn) rigidly constrained at the hub. The stiff-
ness properties of these elements have been tuned to match
the eigenmodes of the propeller.

The MBDyn structural model was validated against the Gy-
roX3 model and the experimental data reported in (Ref. 3).
Table 1 compares the first three in-vacuum eigenfrequencies
of the propeller at zero RPM, showing excellent agreement.

The blade aerodynamics were initially modeled in MBDyn us-
ing the strip theory module embedded in the multibody code,
which enables the assignment of aerodynamic elements to
each structural beam. To achieve higher fidelity, an aerody-
namic model of the propeller was subsequently developed in
DUST—an aerodynamic vortex particle solver (Ref. 8)—us-
ing 23 lifting-line elements. The DUST aerodynamic model
is shown in Figure 4.

Figure 5 shows the validation results for static torque and
thrust against the propeller RPM for a wind speed of 16 m/s
and 40 degrees tilt angle (all data were non-dimensionalized
using the maximum angular velocity tested, along with the
highest aerodynamic thrust and torque measured during the
experimental campaign from (Ref. 3)). Overall, all tools show
good agreement with the experimental data for static load pre-
dictions.

SN

Figure 4. DUST model of the propeller.

The latter aeroelastic model has been obtained by integrating
the structural MBDyn and aerodynamic DUST models using
the open-source coupling tool PreCICE (Ref. 9). This frame-
work ensures a tight coupling scheme, enabling continuous
data exchange between the two solvers during the simulation,
as described in (Ref. 10). The coupled MBDyn-DUST model
is expected to be essential for capturing the aeroelastic dy-
namic loads, as these arise from the complex interaction be-
tween the structural dynamic response and the aerodynamic
forces on the propeller.

Tilting mechanism model

Initially, the mechanism was considered rigid and conse-
quently modeled using ideal joints. Specifically, the input
shaft was anchored to the ground through clamped joints,
which defined the fixed reference frame. Rotation was intro-
duced via an axial rotation joint about the vertical axis, driven
by the analytical solution of the four-bar linkage. The result-
ing motion was transmitted to the mechanism through a se-
ries of revolute and total joints, representing the kinematics of
the four-bar system. The total joints constrain two degrees of
freedom while allowing rotation about a single axis.

To model the load cell’s compliance, a deformable displace-
ment joint was included. Its stiffness in the z-direction was
calibrated to match the first natural frequency of the load cell,
yielding a stiffness value of k = 1.48 x 107 N/m.

Together, these elements reproduce the behavior of a classical
four-bar linkage whose input rotation is converted into a con-
trolled output rotation delivered to the tilting plate. Moreover,
to correctly model the inertia of the experimental setup, the
masses of all other system components are included in addi-
tion to the blades: the hub mass, the engine, the supporting
structures and the six-component balance. Based on the ge-
ometry of the tilting mechanism, the kinematic relationship
between the actuator angle 3 and the tilt angle o was derived.
The analytical relationship was then used to determine the ac-
tuator’s velocity profile required to achieve a constant tilt rate
of & = 3°/s.

RESULTS

Tilting Mechanis model correletion

First, the relationship between the actuator angle 8 and the
LTU tilting angle « is examined. Figure 6 compares the ex-
perimental, simulated, and analytical tilting angles as func-
tions of the actuator angle, demonstrating excellent agree-
ment.



Description GyroX3 [Hz] MBDyn [Hz] Error [%]
1% Bending out-of-plane 59.3 58.6 -1.20
1¥" Bending in-plane 216.9 2194 +1.15
2" Bending out-of-plane 295.7 294.4 -0.40

Table 1. Comparison of eigen frequencies in vacuum at Q = ) RPM.
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Figure 5. Aerodynamic validation of the different models
with experimental results.

The mechanical advantage, defined in Equation | with @; = 8
and @, = @, is computed to further validate the correlation
between experimental and simulated models. The angular
speeds of the experimental data are obtained via numerical
differentiation followed by filtering. Figure 7 illustrates the
resulting MA values obtained from the experimental data and
MBDyn.

Except for the initial phase, where the mechanical advantage
falls below 1, the mechanism consistently requires a lower ac-
tuator moment than the resisting moment throughout the con-
version maneuver, confirming its efficiency.

Following mechanism validation, the full test rig was assessed
during the conversion maneuver. Direct actuator torque mea-
surement was not feasible, as already mentioned; instead,
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Figure 6. Kinematics of the tilting mechanism.
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the four-bar mechanism’s rod was instrumented with a half-
bridge strain gauge to capture axial force, enabling indirect
validation of the actuator torque. The initial validation was
performed in hover (V.. = 0 m/s) at Q = 42% RPM over a
complete H/C—A/P-H/C conversion. Figure 8 compares the
measured axial force with the MBDyn numerical simulations,
with negative values indicating compression. The axial force
is well captured during conversion. Notably, the experimental
results exhibit a hysteresis effect, likely due to propeller wake
ingestion during the H/C-A/P conversion maneuver, which
modifies aerodynamic loading and thus the axial force on the
rod. To verify this hypothesis, coupled MBDyn-DUST simu-
lations—accounting for unsteady wake and interactional aero-
dynamics—are currently underway.

Another tested condition in hover (V.. = 0 m/s) at full rota-
tional speed (2 = 100% RPM) is shown in Fig. 9. Again, the
results show strong agreement. In this condition, the mean
axial force is lower than in the previous case and reaches zero
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Figure 9. Axial force for V., = 0 m/s Q = 100% RPM.

at two tilt angles, indicating that specific combinations of tilt
angle and propeller RPM require little to no actuator effort.
This load equilibrium—when static aerodynamic forces from
the LTU balance the weight—may trigger freeplay nonlinear-
ities and Limit Cycle Oscillations, potentially explaining the
high-frequency oscillations observed in Fig. 9.

Finally, the control torque is reconstructed through the rod ax-
ial loads obtained from the MBDyn simulation models. Fig-
ure 10 shows the actuator torque for the latter aerodynamic
condition. As expected, when the rod force reaches zero, the
corresponding torque also crosses the x-axis. The increasing
amplitude of the force oscillations further confirms that the si-
multaneous zero-force and zero-torque condition can trigger
small imperfections within the mechanism.

Preliminary loads correlation

Finally, the propeller aerodynamic loads in hover were mea-
sured using the load cell and compared with the simulated
forces and moments from MBDyn and DUST. The force in
the z-direction corresponds to propeller thrust, while the x-
and y-components represent in-plane forces. Because the
propeller, engine, and part of the supporting structure are
mounted on the load cell and tilt with the assembly, their grav-
itational forces are included in the measurements. To isolate
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Figure 10. Control torque for V., = 0 m/s Q = 100% RPM
obtained in MBDyn.

the aerodynamic thrust, the gravity component—whose pro-
jection varies during the conversion maneuver—was removed
during post-processing. This component was obtained from a
conversion maneuver at 2 = 0 RPM using the loads measured
along the z-axis. Figure 11 shows the non-dimensional thrust
and torque at Q = 42% RPM, compared with predictions from
MBDyn and DUST.
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Figure 11. Thrust and torque for V., = 0 m/s and Q =42%
RPM.

With null freestream velocity, the aerodynamic loads are con-
stant through the entire conversion maneuver, as expected.
For completeness, the corresponding plot at Q = 100% RPM
is shown in Figure 12.

CONCLUSIONS

1. The experimental setup, equipped with all necessary sen-
sors and instruments, has been thoroughly tested, and the
results show a strong correlation with numerical model
simulations. This agreement confirms both the reliability
of the sensors and the ability of the numerical model to
accurately represent the physical behavior of the system.
The force measured in the connecting rod has been used
for correlation purposes, allowing the numerical actuator
torque to be considered reliable.
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2. The experimental results exhibit a hysteresis effect dur-
ing the conversion—reconversion maneuver, likely at-
tributable to propeller wake effects. To confirm this hy-
pothesis, coupled MBDyn—DUST simulations incorpo-
rating unsteady wake and interactional aerodynamics are
currently in progress.

3. Notably, when the control torque approaches zero or
small values, high-frequency oscillations are observed.
This behavior is attributed to the tilting mechanism being
unloaded, making it more susceptible to small imperfec-
tions that can trigger limit cycle oscillations.

Future work will investigate the static and dynamic loads dur-
ing conversion at different freestream velocities and correlate
the results with the numerical model. The long-term objective
of this study is to predict the dynamic behavior of the system
in the presence of free-play within the mechanism.
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