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Abstract

Hybrid Unmanned Aerial Vehicles (UAVs) integrate features from both
fixed-wing and multirotor UAVs. The fixed wings efficiently distribute
aerodynamic loads while combining aerodynamic properties with the
multirotor configuration. A tiltrotor mechanism is necessary to
facilitate the transition between hover and forward flight modes. This
research focuses on developing a comprehensive tiltrotor propulsion
system for a fixed-wing aircraft. Two methodologies were employed:
software simulation and experimental testing. A restricted flight test
was conducted using a test rig to observe the drone's behaviour at
various throttle levels, revealing that each motor produced 2.12 kg of
thrust, resulting in a total thrust of 6.12 kg. The drone successfully lifts
off atits maximum take-off weight of 3.1 kg. Five potential materials for
the components supporting the front and rear motors were tested
through simulations, with Polymaker's PolyTerra PLA, a modified
polylactic acid material, proving to be the best option. It demonstrated
maximum equivalent von Mises stress values of 4.0122 MPa for the
front motor supports and 2.8205 MPa for the rear motor supports,
along with minimal deformations of less than 0.01 mm. Therefore, the
results demonstrate that Polymaker's PolyTerra PLA is an optimal
material for the support components of the front and rear rotors,
ensuring structural reliability and suitability for hybrid vertical take-off
and landing (VTOL) fixed-wing drones, as evidenced by its exceptional
performance under simulated and experimental conditions.

1. Introduction

Unmanned Aerial Vehicles (UAVs) have grown across numerous industries as military [1-4], agriculture [5-7],
surveillance [8-10], and others. Fixed-wing aircraft and helicopters with rotary motors are the two primary forms
of UAVs. Fixed-wing aircraft are powered by turbine jet engines or propellers to move forward. They are widely
used for both military and commercial applications since they can travel farther and produce less noise than
traditional aircraft. But normal flight is dependent on the conditions of take-off, and they are unable to hover
around easily [11]. Rotating motor UAVs can fly in a stationary hover and have greater precision in smaller spaces;
however, because they typically have four or more motors operating in them, their battery life is shorter. Despite
this, they can perform take-offs and landings without requiring large terrain [12]. To overcome these limitations,
hybrid vertical take-off and landing (VTOL) fixed-wing drones have been developed. These drones are designed
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to seamlessly transition between vertical take-off and landing to forward flight, combining the best features of
both aircraft types. It resulted in the creation of tilt-rotor, hybrid, and fixed-wing VTOL aircraft [13]. The fixed-
wing/quadcopter hybrid's efficiency, range, and flying duration can all be increased by its ability to glide during a
cruise with a minimal thrust-to-weight ratio [14].

Tilt rotors allow the hybrid UAVs to convert from one flight mode to another, enhance their manoeuvrability,
and permit the aircraft to be configured to meet mission requirements [15]. Tilt rotor technology has been the
subject of extensive research and development in the field of unmanned aerial vehicles. Previous studies have
focused on the aerodynamic efficiency and control mechanisms of tilt rotor systems, aiming to enhance the overall
performance and versatility of hybrid UAVs with fixed-wing capabilities [16]. Additionally, researchers have
explored the integration of tilt-rotor technology with advanced flight control systems to further optimise the
operational capabilities of these hybrid aircraft [17]. These efforts have contributed to the advancement of tilt-
rotor technology and its potential for revolutionising the capabilities of hybrid UAVs in a wide range of
applications. The most alluring aspect of hybrid aerial vehicles is their ability to achieve significantly higher
cruising speeds than conventional rotorcraft when in aircraft mode and to hover like a helicopter, all because of
the adjustable rotor tilt angle. Therefore, one of the best concepts for fusing the advantages of rotorcraft and fixed
wings in a range of uses is the tiltrotor aircraft [18].

This study aims to develop a tiltrotor hybrid drone that can take off and land vertically (VTOL) and have the
aerodynamic stability of a fixed-wing drone. This will be achieved by designing a tiltrotor propulsion system on a
fixed-wing model. The tiltrotor system will allow the drone to transition from a multirotor drone to a fixed-wing
drone and efficiently fly long distances using an unmanned remote-control system [19]. In this design, the cruise
motor is used for hovering and forward flight, although it is supplemented with a separate powered lift system.
This keeps the efficiency loss of the cruise propulsion system within allowable limits while minimising the large
weight and volume increase for a customised propulsion system. Five different materials will be proposed as
suitable materials for the drone motor. These materials will undergo simulations to test their performance to
ensure the best material for this newly developed drone.

2. Methodology

2.1 Drone Prototype

The tiltrotor hybrid drone is equipped with three motors. Two of these motors, positioned in front of the left and
right sides of the wing, are fitted with tilting mechanisms. The third motor is fixed and located at the rear of the
drone, as illustrated in Fig. 1. The tilting mechanism changes the flight mode from hover to cruise and vice versa.
The airframe body uses the Mini Skywalker model [20], which is made from polystyrene foam, as shown in Fig. 2,
while the wing is supported by a spar made from carbon fibre. The motor used is a 700 - 400KV Tarot 650 KV
brushless DC motor paired with a propeller size 14-inch diameter carbon fibre propeller fitted on the tilting and
fixed rotor system. In addition, the maximum lift-to-drag ratio for this drone during cruising is 12.

Tilting rotor

system (Right) Tilting rotor

system (Left)

Fig. 1 CAD view of tricopter VTOL drone prototype with tilting Fig. 2 Fully assembled VTOL drone
rotor system prototype
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Fig. 3 (a) Actual; and (b) Schematic diagram of tilting rotor system design

Fixed rotor
(Rear)

() (b)

Fig. 4 Rear rotor attached to the (a) actual connector housing; and (b) CAD design of the drone tail

A tilt mechanism design, shown in Fig. 3, enables the front motor to tilt 90 degrees during the changing flight
mode from the hover to cruise or forward flight, illustrating the assembly of the rear motor to the drone's body.
The motor is attached to a connector housing, which is then mounted to the drone’s body. The housing is
composed of two connector parts and two connector plates. Four M3 screws are used to secure each connector
part and the two connector plates. Additionally, both sides of the connector parts are fastened with two M4 screws
to secure them firmly to the drone.

The total weight of all the prototypes, including the payload, adds up to 3 kg as shown in Table 1. This weight
is an overestimation, as it is preferable to have excess power rather than underestimating it [21]. As a general
rule, the total thrust produced by all motors should be at least double the drone’s total weight [22]. A 2:1 or 3:1
thrust-to-weight ratio is just nice for a drone to have better control and extra room for payload in the future [23].
Therefore, for a 2:1 thrust-to-weight ratio, this drone's propulsion system must generate more than 6 kg of thrust.

Table 1 Drone weight specification

Items Weight (kg)
Airframe 0.25
Battery 0.22
Propulsion system and servo 1.53
Total Drone Weight 2.00
Maximum Payload Weight 1.00
Total Target Flying Weight 3.00
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2.2 Restricted Flight Test on a Test Rig

Fig. 5 illustrates the setup for testing the drone's propulsion system using a test rig. In this arrangement, the drone
is mounted on the rig to allow for both vertical and rotational movement. The vertical movement simulates the
drone's ability to ascend and descend, allowing for thrust measurement relative to its weight. In contrast, the
rotational movement tests yaw control and how the propulsion system manages directional changes and flight
stability. These movements are crucial for simulating flight conditions and evaluating the drone's control and
propulsion capabilities in a controlled environment. The data gathering system is attached to the test rig, which
captures critical information during the test, such as thrust, torque, and power consumption. This data is essential
for analysing the performance of the propulsion system under different conditions.

Rotational Movement

<

.
Data Gathering

-~

Fig. 5 Schematic diagram of drone with test rig

2.3 Structural Analysis Setup

The suitability of PolyTerra PLA as a material for 3D printing the connector plate for the tilting rotor and the
connector housing for the fixed rotor systems was evaluated using the Static Structural Analysis module in Ansys
Mechanical software. The CAD models for the motor support of the tilting mechanism and the connector housing
were created using SolidWorks, with designs based on the actual dimensions of the existing drone. These models
were then imported into Ansys Workbench for the structural analysis. Several parameters were adjusted to
optimise the results. First, fixed supports were applied at the front and rear of the drone to prevent any
displacement or movement. The drone's maximum thrust was setat 2.12 kg (21.2 N), used as the force parameter
with the assumption of no wind resistance or drag. Finally, a downward force was applied to the contact surface
of the connector plate, and the thrust was evenly distributed across the three screws and the surface.

Details of "Fixed Support" it w IO X DetallatRborce: = e o N N [w] R
- Scope =l| Scope
Scoping Method | Geometry Selection Scoping Method | Geometry Selection
Geometry 6 Faces Geometry 1 Face
- Definition || Definition
Type Fixed Support Type Force
Suppressed Ho Define By Vector
Applied By Surface Effect
Magnitude | 21.2N (ramped)
Direction Click to Change
Suppressed Ho
Fig. 6 Support for front drone Fig. 7 Force for front drone
Details of "Force" coomnasmmnnni w 1O X
| Scope /| Scope
Scoping Method | Geometry Selection Scoping Method | Geometry Selection
Geometry b Faces Geometry 1 Face
| Defnition =) Defirdion
Type Fixed Support ;yp: ‘ZO:E
Suppressed HNo efine B s
Applied By Surface Effect
| [ERTTONEN 212N (ramped) j
Diraction Click to Change
Suppressed HNa
Fig. 8 Fixed support for rear drone Fig. 9 Force applied on the connector housing
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Fig. 6 shows the CAD design of the connector plate for the front motor, as imported into Ansys Mechanical,
and Fig. 7 illustrates the forces acting on that support, indicated by the red-highlighted geometry face. Fig. 8
presents the CAD design of the connector housing for the rear motor, while Fig. 9 depicts the force applied to the
surface of the connector housing, shown as a hidden green dotted surface.

Five materials were used in the simulation results: structural steel, PolyTerra PLA, aluminum alloy 6061,
carbon steel 1020, and low alloy steel 4140, as shown in Table 2. Structural steel was the default material for the
simulation, while PolyTerra PLA was the material used for 3D printing connector plates and connector housing.
The other three materials serve as alternatives in case structural failure occurs with PolyTerra PLA. These
materials can be added from the Engineering Data Sources in Ansys Workbench. Tensile strength is required for
the safety factor in the simulation, making it essential to obtain a tensile strength value of 20.9 MPa.

Table 2 List of materials used for the simulation

Material Description

Aluminium alloy, = Data compiled by Ansys Granta, incorporating
wrought, 6061, T6 various sources, including JAHM and Mag Web

Carbon steel, Data compiled by Ansys Granta, incorporating
1020, annealed various sources, including JAHM and Mag Web
Low alloy steel, Data compiled by Ansys Granta, incorporating
4140, normalized. various sources, including JAHM and Mag Web
Polyterra PLA Young’s Modulus: 1882 +/- 141MPa

Tensile Strength: 20.9 +/- 2.0MPa
Bending Strength: 39.6 +/- 1.1MPa
Charpy Impact Strength: 5.7 +/- 0.4Kj/m?

Structural Steel Fatigue Data at zero mean stress comes from 1998
AMSE BPV Code, Section 8, Div 2, Table 5-110.1

3. Results and discussion

3.1 Performance of the Propulsion System

Using the mission planner, the arming throttle can be determined by testing the motor with different throttle
inputs, setting the throttle percentage, and observing the motor's rotation. If the motor rotates, it indicates that it
is armed, establishing the minimum throttle required to arm the motor. As shown in Table 3, the results indicate
that all motors are armed and spinning at 25% throttle. Therefore, it can be concluded that the arming throttle
should be set above 25%.

A tachometer was used to measure the motor's RPM, which varies according to the throttle input. Table 4
shows that at 30% throttle, all motors are armed. The rear motor achieves the desired speed with a lower input
because it is the only motor positioned at the rear of the aircraft. Consequently, the proportion of input to output
is greater compared to the two front motors. The results also indicate that a small throttle input is sufficient to
initiate motor rotation.

Table 3 Throttle and motor behaviour

Throttle (%) Motor
Left Right Rear
20 Unarmed Armed Unarmed
21 Unarmed Armed Unarmed
22 Unarmed Armed Unarmed
23 Unarmed Armed Unarmed
24 Armed Armed Unarmed
25 Armed Armed Armed
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Table 4 Throttle and RPM of motor

Throttle (%) RPM of Motor
Left Right Rear
20 0 1166 0
30 1701 1980 1592
40 2816 2900 2500
50 3350 3660 3226
60 4560 5045 4410

Table 5 Throttle and motor thrust

Throttle (%) Average Thrust (kg)
30 0.85
40 1.03
50 1.21
60 1.39
70 1.58
80 1.77
90 1.95
100 2.12

The minimum thrust for this drone is determined by calculating the thrust required during steady cruising
flight. The thrust required during level cruise can be determined by the balance of aerodynamic forces, where
thrust (T) equals drag (D) and lift (L) equals weight (W). For a drone with a maximum take-off weight of 3.1 kg
and a lift-to-drag (L/D) ratio of 12, the drag force can be calculated using the relationship D = W(L/D), which
results in a required thrust of approximately 0.25 kg. Since the drone has a tri-motor configuration, the thrust
contribution per motor would be approximately 0.083 kg. However, in practical flight conditions, a higher thrust
capacity will be necessary to compensate for factors such as wind resistance, turbulence, and additional flight
control adjustments.

The thrust generated by the motor is measured using an in-house-built thrust test rig. The motor is mounted
on the test rig and tested at different throttle levels. As shown in Table 5, the maximum total thrust the drone can
generate is 2.12 kg per motor, resulting in a total of 6.36 kg. This gives a thrust-to-weight ratio of 6.36 kg to 3.1
kg, which equals 2.05. Therefore, this thrust is sufficient to provide lift during take-off and landing, as the
maximum thrust is more than double the drone’s weight. The maximum thrust value, determined to provide a
base for material strength analysis using Ansys Mechanical software, is crucial for selecting a material for the
connector plate of the tilting rotor and the connector housing of the fixed rotor systems. The material must be
lightweight and low-cost while being strong enough to withstand the load from the maximum thrust.

3.2 Tilt Rotor Mechanism

Fig. 10, Fig. 11, and Fig. 12 show the tiltrotor system in hover mode, transitioning from hover to forward flight,
and forward flight mode, respectively. In Fig. 10, the drone is in hover mode, where the tiltrotor system maintains
a vertical orientation for stable hovering, balancing the thrust from the front and rear motors. In Fig. 11, the
transition stage is depicted, where the front motors are gradually tilting forward to shift the drone from hovering
to forward flight. This transition is smooth and stable, allowing the drone to adjust its flight mode efficiently.

Fig. 10 Tilt rotor system in hover mode
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Fig. 11 Tilt rotor system during transition

Fig. 12 Tilt rotor system in forward flight mode

Fig. 12 shows the drone in full forward flight mode, with the rotors achieving horizontal orientation for
forward propulsion. The results indicate that the tiltrotor mechanism achieves a stable and smooth transition
between hover and forward flight, validating the mechanical design and control strategy. The servo system
effectively counters gyroscopic moments generated by the large, fast-spinning rotors, a critical requirement noted
in [24]. This ensures operational smoothness and allows for potential upgrades with more powerful motors to
enhance payload capacity.

The restricted flight test demonstrated that the drone successfully lifted off with a throttle input of
approximately 60% to 70%. The drone, weighing 3.1 kg and equipped with three rotors, generated sufficient
thrust for a stable take-off within this throttle range. The average thrust per rotor was measured at 1.39 kg at 60%
throttle and 1.58 kg at 70% throttle input, while the maximum thrust per rotor was 2.12 kg, as shown in Table 5.
Collectively, the thrust provided adequate lift for a stable take-off. Based on the guideline that the total thrust
should be atleast double the drone’s total weight for efficient VTOL performance [22], the combined thrust output
meets this requirement, indicating the tiltrotor system's capability to fulfill the thrust demands for this hybrid
VTOL drone.

3.3 Material Analysis

The results for the total deformation of the rear and front motors, shown in Fig. 13 - Fig. 20, are summarised in
Tables 6 and 7 for data analysis. Table 6 presents the simulation results for the front motor, including maximum
total deformation, maximum directional deformation along the Z, Y, and X axes, and maximum equivalent stress
for PolyTerra PLA, Aluminum Alloy 6061, Carbon Steel 1020, and Low Alloy Steel 4140. Consistent with the data
[25], Carbon Steel 1020 exhibited the least deformation across all axes and the highest equivalent stress, making
it suitable for load-bearing applications. In addition, Table 7 presents the simulation results for the rear motor
under the same conditions. Again, Carbon Steel 1020 demonstrated the least deformation and the highest
equivalent stress among the materials.

Fig. 13 Total deformation of the front motor’s Fig. 14 Total deformation of the front motor’s
connector plate (PolyTerra PLA) connector plate (Aluminium alloy 6061)
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Fig. 15 Total deformation of the front motor’s Fig. 16 Total deformation of front motor’s
connector plate (Carbon steel 1020) connector plate (Low alloy steel 4140)

Fig. 17 Total deformation of the rear motor’s Fig. 18 Total deformation of the rear motor’s
connector housing (PolyTerra PLA) connector housing (Aluminium alloy 6061)

Fig. 19 Total deformation of the rear motor’s Fig. 20 Total deformation of the rear motor’s
connector housing (Carbon steel 1020) connector housing (Low alloy steel 4140)

Table 6 Performance of the front motor

PolyTerra Aluminum Carbon Steel Low  Alloy

PLA Alloy 6061 1020 Steel 4140
Max. Total Deformation (mm) 3.5865 73 1.8903 ¢~* 8.3734¢7> 8.3704 ¢~>
Max. Directional Deformation Z-axis (mm) 5.0444 ¢~ 2.8398 ¢~ 1.4255¢7° 1.4251e7°
Max. Directional Deformation Y-axis (mm) 3.9784 ¢~* 1.3395¢75 5.2701 e 5.2682 ¢~
Max. Directional Deformation X-axis (mm) 1.3326¢73 1.0489 ¢~* 4.8939¢7> 4.8922 75
Max. Equivalent Stress (von-Mises) (MPa) 4.0122 1.5721 1.7040 1.7040
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Table 7 Performance of the rear motor

PolyTerra Aluminum Carbon Steel Low  Alloy

PLA Alloy 6061 1020 Steel 4140
Max. Total Deformation (mm) 1.1182¢73 2.7251e™* 1.3889 ¢ 1.3895 ¢
Max. Directional Deformation Z-axis (mm) 1.1491e* 1.9825¢e5 1.1285e7° 1.1273 e~°
Max. Directional Deformation Y-axis (mm) 2.0318e¢7° 4.8215e™7 3.2108 77 3.2099 e~
Max. Directional Deformation X-axis (mm) 2.2333e7° 6.0237 e~ 3.3560 e~ 3.3550 7"
Mazx. Equivalent Stress (von-Mises) (MPa) 2.8205 1.9373 1.5519 1.5520

PolyTerra PLA exhibited higher deformation and equivalent stress values in both motor configurations
compared to the metallic counterparts. However, the material remained structurally adequate, with a minimum
safety factor greater than one for both the front motor connector plates and the rear motor connector housing.
The equivalent von Mises stress values were 4.0122 MPa for the front motor part and 2.8205 MPa for the rear
motor part, both well below the PolyTerra PLA yield strength of 20.9 MPa (Table 2), indicating no risk of material
failure under the tested conditions. This suggests PolyTerra PLA can be safely used when the maximum thrust per
rotor is 2.12 kg.

From a comparative perspective, minimal differences were observed between Carbon Steel 1020 and Low
Alloy Steel 4140 in terms of total deformation, directional deformations along the Z, Y, and X axes, and maximum
equivalent stress. The Young's modulus of Carbon Steel 1020 (2.125 MPa) closely matches that of Low Alloy Steel
4140 (2.125 MPa), differing by only 1 kPa. However, Carbon Steel 1020 demonstrated significantly higher tensile
strength (1015 MPa) compared to Low Alloy Steel 4140 (393 MPa). As tensile strength is a critical factor in
determining material yielding under mechanical stress [26], Carbon Steel 1020’s superior tensile strength
highlights its suitability for load-bearing components, while the higher ductility of Low Alloy Steel 4140 provides
better resistance to sudden impact loads [27], making it suitable for applications requiring toughness.

4. Conclusions

The development and evaluation of the tiltrotor propulsion system for a hybrid VTOL fixed-wing drone presented
in this study successfully demonstrated both structural reliability and aerodynamic efficiency. The tiltrotor system
effectively facilitated smooth transitions between hover and forward flight modes, as confirmed through
experimental testing on a restricted flight test rig. The propulsion system was capable of generating a maximum
thrust of 6.12 kg, ensuring sufficient lift for stable take-off with a maximum take-off weight of 3.1 kg, meeting the
recommended thrust-to-weight ratio of 2:1 for efficient VTOL performance.

Material analysis confirmed that PolyTerra PLA, among the tested materials (Aluminum Alloy 6061, Carbon
Steel 1020, and Low Alloy Steel 4140), exhibited adequate structural performance for the motor support
components. With a maximum von Mises stress of 4.0122 MPa for the front motor and 2.8205 MPa for the rear
motor, both well below the material's yield strength of 20.9 MPa, PolyTerra PLA demonstrated sufficient
mechanical strength with a safety factor exceeding the critical threshold. Minimal deformations observed further
support its viability for lightweight UAV structures. Overall, the findings validate the structural integrity and
operational effectiveness of the tiltrotor propulsion system. The combination of experimental testing and
simulation analysis confirms the suitability of PolyTerra PLA for supporting the front and rear rotors in hybrid
VTOL fixed-wing drones.
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