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Abstract— This work addresses the rapidly-prototyped de-
sign of a small Tricopter/Fixed-Wing Vertical Take-Off and
Landing UAS with solar-recharge-capability, capable of re-
peatedly landing, recharging, and taking off, without need for
physical intervention or externally placed maintenance devices
or platforms. The design uses Fused Deposition Modeling 3D
printing to rapidly prototype and fabricate the majority of the
aircraft structures and parts. Provisions are made for carrying
high-level single board computing solutions, or other similar
payloads. Details are provided for mechanisms, aerodynamic
geometry, solar cell integration and manufacturability. The
design is analyzed to estimate inertial moments, aerodynamic
performance, and static and dynamic stability. Simulation mod-
els for the Gazebo and RealFlight environments are provided,
targeting Software-In-The-Loop architectures that run the
ArduPilot and PX4 flight stacks. A flight testing methodology
is developed, and results are presented with multiple prototype
vehicles constructed. We finally contribute all production defi-
nitions, files, and models as open-access resources, with the goal
of supporting and promoting migratory/swarming behavior and
autonomy research.

I. INTRODUCTION

A significant body of work related to Unmanned Aerial

Systems (UAS) research over recent years has been dedicated

to address the needs of multi-envelope aircraft design and

control [1–8] in order to facilitate versatile aerial robot plat-

forms which can accomplish combined operational profiles.

As a contribution to this field, the MiniHawk-VTOL is pre-

sented within this work: A small (sub-meter wingspan, sub-

kg mass) Vertical Take-Off and Landing (VTOL) platform,

integrating a pair of forward-tilting rotors and a third fixed

rotor on the tail, allowing the aircraft to function under both

the fixed-wing as well as the stable hovering flight profile.

The primary goal of this proposed design is however

to inaugurate the field of migratory UAS research. We

define a migratory UAS as any flying robot that has in situ

energy harvesting capabilities (such as utilizing integrated

solar cells), sufficient ground and aerial locomotive ability

for takeoff and landing without human intervention, and

adequate sensor capabilities and processing to autonomously

navigate unstructured environments. The MiniHawk-VTOL

is designed to integrate solar cells embedded in the top

wing surface, and combined with its VTOL capability, and

sufficient internal volume and payload ability for a perception
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Fig. 1. Solar-Wing variant of the MiniHawk-VTOL. The wing top surface
is excavated for the conformal integration of the Maxeon™ solar cell series,
including wiring conduit tunnels (hidden).

system, satisfies the basic requirements to develop migratory

behavior.

An important distinction to note in the definition of migra-

tory behavior is that it is not synonymous with continuous

flight operation, as discussed in [9]. A migratory vehicle only

needs energy sufficiency, not energy superiority as featured

by most High-Altitude Long-Endurance vehicles such as the

Sky Sailor referenced above, or the Airbus/Qinetiq Zephyr

to cite another example. The work by Sherbrooke University

with the SUWAVE [10, 11], is a perfect example of a

migratory UAS, with its mission cycle alternating between

charging on the surface of one lake, taking off vertically, and

flying to the next lake in its route, and landing to recharge

and repeat the sequence. A terrestrial version of this mission

cycle is proposed by [12], and this is precisely what the

MiniHawk-VTOL is designed to accomplish.

As acknowledged in [13], when attempting to produce a

viable open-access VTOL aircraft definition, the manufactur-

ing process is just as important as the design. The MiniHawk-

VTOL avoids the risks and costs associated with milling

molds and the time required to do composites material layup

and fabrication. This is accomplished by having the entire

aircraft 3D printed, which is a common and well understood

process which only requires a printer and feedstock. Changes

to the design do not result in a cascade of re-crafting of

molds and related tools, as the structural definition is directly

fabricated with no intermediate production steps.

A finished example of the MiniHawk-VTOL is shown in

Figure 1. The design (with and without provision for top-

surface solar cells) is offered for typical VTOL experimen-
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tation. The production files, build instructions and all other

artwork are hosted on a GitHub repository at [14].

The rest of this paper is structured as follows. Section II

presents the vehicle design, including mechanism geometry

and manufacturability considerations. Section III provides

performance analysis and predictions. Section IV presents

supported simulation ecosystems of our contributed open-

source models, and Section V reviews the supported flight-

stack avionics and presents experimental results with the

fully developed vehicle.

II. AIRCRAFT DESIGN

This work presents significant extension over prior work

on hybrid aerial vehicle design [15]. Relevant examples of

the state of the art in tricopter tilt-rotor vehicle design can

be found in [13, 16], with modeling approach demonstrated

in [17, 18].

A. Requirements

The following requirements are observed for the design of

the MiniHawk-VTOL:

1) The primary functional requirement is that this must

be a Tricopter Tiltrotor Fixed-Wing VTOL.

2) The secondary functional requirement is that the Max-

eon™ Solar Cell Series be implemented on the wing

surface, enabling migratory behavior experimentation.

3) A payload performance requirement: After essential

avionics and propulsion are accommodated, an addi-

tional payload mass of 140g, with a bounding box of

120mm by 60mm by 30mm, must be supported.

4) A process requirement is that this aircraft must be

Fused Deposition Modeling (FDM) 3D-Printed, utiliz-

ing a 0.4mm nozzle with 0.2mm layer height.

The requirement for a Tricopter Tiltrotor topology was

driven by past experience, mainly to try to minimize aerody-

namic drag in forward-flight, and to reduce costs. In forward-

flight, a Tricopter Tiltrotor only has a single stopped rotor,

and can have the forward-tilting pair of rotors optimized for

forward-flight while retaining modest hover lift capability.

The payload definition was chosen so that the most

common companion computers, such as the Raspberry Pi,

the Nvidia TX2, and their peers can be flown onboard the

aircraft. The volume can also be allocated for a larger battery.

Figure 2 shows the notional payload cross-section.

B. Design Decisions and Metrics

1) Structure and Component Mass Allocations: The

MiniHawk-VTOL accommodates most flight controllers that

use a 30.5mm grid hole mounting pattern. The Matek

WING Series and the mRo PixRacer Pro both demonstrate

acceptable fit. 60g is assumed for the flight control avionics,

including R/C receiver. The MiniHawk-VTOL uses a 3-cell

1300mAh battery, typically 125g. Four Hitec HS-5065MG+

servos are used, at roughly 12g each (substituting with HS-

65HB is also acceptable). The forward pair of motors are

DYS BE1806-2300KV, each 20g, and the associated ESCs

are Spedix ES20 Lite, at 12g each. The rear motor may

Fig. 2. Section View of the Fuselage. The payload volume is shown in
blue, resting on top of the battery, shown in grey.

be any standard drone racing motor, with DYS BE2206-

2000KV selected as nominal, with a mass of 35g, and

utilizing the same Spedix ESC. Including propellers and

linkage mechanisms, the no-payload systems total is rounded

up to 360g. The additional payload mass of 140g finalizes

the notional systems mass estimate to 500g.

The aircraft total mass was unknown at the beginning

of the design process, and it was expected that it would

fluctuate between initial estimates and final product. To

start, it was estimated that the airframe structures would be

50% of the systems mass total, giving a structures goal of

250g, and 750g as the estimated final vehicle mass. These

estimates were low when compared to the final values of the

constructed vehicle (see Section II-D.2), but they provided

a starting point from which the rotor sizing and aircraft

wing geometry could be drawn. Also note that solar cells

are lumped into the structures estimate.

2) Rotor Sizing and Thrust Allocations: Rotor thrust al-

locations during hover were drawn to be roughly 28% thrust

for each forward rotor, and 44% thrust contributed from the

rear rotor. Each rotor’s motor drives a 5-inch (127mm) 3-

blade propeller, with the option of using a 6-inch (152mm)

for the rear propeller. The forward rotor propeller pitch is

chosen for a pitch speed of 20 to 25 m/s, while the rear

rotor is optimized for hover and has a lower pitch. The rotor

positions form a bounding circle with a circumference of

315mm, with its center resting near the intended Center of

Mass.

3) Aerodynamic Geometry: With rotor positions and di-

ameters known, the aircraft planform (wing shape) was

decided next. The main two constraints on wing design are

avoiding the discs of the rotors, and accommodating the

solar cell requirement. Also, the Center of Lift for the wing

should coincide with the Center of Lift from the rotors. A

“flying wing” with moderate sweep is most conducive to

fitting the area of the wing within the discs of the rotors,

but it was decided to use the “plank” planform, with zero-

degrees wing-sweep angle for the quarter-chord line. This

decision allows the nacelles supporting the front rotors to be

as short as possible. The initial Center of Mass calculations

also supported the plank planform as being more favorable to

correct balance and Center of Lift agreement with the rotors.

For the solar wing requirement, the Maxeon™ Series was

specified due to its flexibility, enabling conformal embedding
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The rotor tilt linkage has a non-linear relationship between

the driving servo arm angle and the motor tilt angle. The

linkage lengths are selected such that when the vehicle is in

the hover condition, the motor tilt angle transfer function is

roughly linear, with respect to servo input. The Input-Output

relationship curve is shown in Figure 5. The equation for tilt

angle is θoutput = (−0.000126)·θ3servo+(0.016071)·θ2servo+
(0.038604) · θservo − 0.991229, where input and output are

in degrees. The total tilt travel is typically 87 degrees (servo

traveling 95 degrees), allowing for yaw control by differen-

tially tilting each rotor up to +/- 4 degrees to contribute a

torquing moment on the airframe. This differential tilt margin

is non-symmetric; a stable trimmed hover requires some bias

to counter torque from the rear rotor, which means yaw

commands for one direction may saturate sooner than the

other. Typically, there is sufficient yaw authority for both

directions that this artifact is not encountered.

Fig. 5. Motor Tilt Linkage Plot. Tilt angle of zero corresponds to forward-
flight (front motor flush inside nacelle, canted down 3.0 deg). A tilt angle
of 83 degrees is colinear with the rear rotor thrust axis.

Using the linkage to control the motor tilt angle requires

an important consideration for tilt servo torque strength. The

torque on the servo, Tservo, is roughly related to the thrust,

Frotor, by the equation Tservo = Frotor ∗ (L1a/L1b) ∗ L2.

The values of L1a, L1b, and L2 are the offsets between motor

thrust axis and tilt axis, tilt axis and linkage ball-joint, and the

servo arm, respectively. These measurements are 14.5mm,

16mm, and 19mm respectively. For Frotor less than 5N, this

is less than 0.09 Nm, which is within the torque rating of

the HS-5065MG+ (0.18 Nm), with considerable margin.

C. Feature Implementation up to Outer Mold Line (OML)

The body cavity is sized to contain the battery, avionics,

and the primary payload. The avionics are directly accessible,

and the empennage/tail has a cutout to alleviate wasted thrust

effort, and to strengthen the structure.

The wings have two variations: The Solar-embedded vari-

ant for the Maxeon™ Series as described above, and a

Non-Solar wing for typical flight testing. Wire conduits are

contained completely within each wing, such that the top and

bottom surfaces are uninterrupted. Each wingtip contains a

pocket for a single SMD 5050 LED. A wire conduit runs to

the pocket, allowing for a 3- or 4-wire addressable device to

be driven.

The vertical stabilizer projected area was undersized ini-

tially, and the design subsequently had strakes added during

the course of flight testing. Each fin terminates on the top

surface without intersecting the solar cell area partitions.

The hatch, or lid, is designed to seal to the lip formed in

the upper body cavity. A mild hook catches the inside of the

rear lip with mechanical friction, allowing for installation

and removal by hand. Several hatch variations exist for

different use conditions, such as video telemetry transmission

or GPS+Pitot-Probe.

D. Post-OML Tweaks and Manufacturability

The aircraft must have various geometry modifications for

it to work correctly. These are consequences of selecting

FDM as the fabrication method. These issues are related to

the process itself, the material used, or the constraints of the

printing device.

1) FDM Process Issues: FDM uses an extruded filament

of thermoplastic material to additively form a part. As a

consequence of the additive process, the thermoplastic must

be supported and avoid overhangs or severe slopes. A normal

FDM workflow will typically generate support material for

these overhangs, but in many instances, this is very inefficient

or compromises the part being fabricated. Also of critical

observation is that parts printed have a grain, or layer

orientation, which introduces an anisotropy to the part.

Acknowledging the overhang problem, the MiniHawk-

VTOL is sectioned into various pieces, such that each piece

can be printed from a level print bed, as is intrinsic to most

3D printers. The servo pockets in the wing are vaulted with

a draft angle that prevents overhang droop, and various other

overhangs are drafted to alleviate the issue. The empen-

nage/tail pieces have explicit overhang support definitions,

which are sacrificial and are removed after fabrication.

The inherited anisotropy property is addressed for most

sections by aligning the strength axis to the layer direction;

such is the case with the nacelle and empennage/tail pieces.

However, for other parts such as the wings, the layer direc-

tion must be aligned such that the wing surface is a smooth

closed loop for each layer, forfeiting the improved strength

that could otherwise be enjoyed.

For the wing elevons, small gaps were introduced at the

boundaries between the control surface and the structure of

the wing trailing edge. These are 0.2mm in width, corre-

sponding to a single layer omission assuming the wing is

printed from root to tip. This will generally aid in separating

or breaking the elevons free, by presenting a mild gap

between layers.

The moving parts on the MiniHawk-VTOL have had

tolerance offsets applied to moving/sliding surfaces, such as

the nacelle motor pocket. These tolerances were found by

trial and error after many iterations.

2) Print Material Issues: The MiniHawk-VTOL uses a

living hinge scheme for the elevons. This is re-enforced with
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Fig. 12. A photo of the Creality CR-10 printing the left wing of the
solar-wing prototype.

Fig. 13. Flight-Test Vehicle (front) and Solar Prototype (rear). Note the
enlarged vertical stabilizer surfaces and strakes added on the Flight-Test
vehicle to improve directional stability. The Flight-Test vehicle also features
a folding rear propeller for improved forward flight drag.

effect (1 meter is sufficient). The roll or pitch axis are

mechanically constrained, with the centerline as close to

the vehicle Center of Mass as possible. Each test using this

suspension should be performed at the hover throttle setpoint,

as evidenced by the load on the suspension dissipating.

Initially, all PIDs should be zero or minimal; for each axis

(roll and pitch), PIDs can be tuned by hand, or through the

Ziegler–Nichols Method [27]. The yaw PIDs are left zeroed

or minimal, as these are best tuned in a free-flying condition.

2) Free Hover Testing: After tuning on the suspension, the

vehicle is test-flown from a level surface. The yaw PIDs are

tuned until the aircraft can depart the surface and maintain

directional stability, again by hand or using the Ziegler-

Nichols Method. The aircraft can then be flown above ground

effect and PIDs more finely tuned until hover is stable. The

aircraft should mildly weathervane into the relative wind.

3) Constrained Pitch Axis Transition Tuning: Flight

stacks such as ArduPilot require an airspeed measure-

ment/estimate for the transition algorithm to work. As such,

it is difficult or impossible to discover the controller behavior

by constraining the aircraft in the pitch axis and commanding

the VTOL tilt sequence to forward-flight. Flight stacks that

do not integrate airspeed in the VTOL transition may benefit

from this activity otherwise. This is specifically useful for

developing a PID gain schedule for each point in the VTOL

condition angle between hover and forward-flight.

4) Forward-Flight Transitions and Forward-Flight Tun-

ing: If the Center of Mass is correctly positioned, the vehicle

should be dynamically stable in the pitch axis, as shown in

Section III. Nonetheless, pitch stability augmentation is very

useful if the vehicle is flown by hand, as it is very sensitive to

inputs and disturbances in that axis. Transitions to forward-

flight should be smooth for both directions.

Fig. 14. Step Response for Roll, Pitch and Yaw in Betaflight.
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B. Betaflight Results

Following the method prescribed above, the MiniHawk-

VTOL was originally flight tested using the Betaflight flight

stack. This used the Matek F722-WING flight controller, run-

ning a modified version of Betaflight with VTOL mixers and

gain scheduling added. Figure 14 shows the step response

from a flight test where the vehicle was fed aggressive inputs

for roll, pitch and yaw for system characterization.

The VTOL transition in Betaflight was developed far

enough that the vehicle could enter and exit forward-flight

abruptly; more work remains to polish the mixing and gain

scheduling.

C. ArduPlane Results

The ArduPilot/ArduPlane flight stack was implemented

on the MiniHawk-VTOL using the mRo PixRacer Pro. The

Tricopter/Fixed-Wing hybrid that the MiniHawk-VTOL may

be classified as is supported “out-of-the-box” by the firmware

[26], with all behaviors configured by user-configurable pa-

rameters. The RealFlight parameters found in the simulation

environment were used as initial configuration.

Fig. 15. Forward-flight low-pass

Figure 15 shows the vehicle in forward-flight running the

ArduPlane flight stack. Figures 16 and 17 show the attitude

during a VTOL transition to forward-flight and back to hover

over a period of 5 seconds.

Fig. 16. Transition Roll and Pitch Attitude Plot

Fig. 17. Transition Yaw Attitude Plot

D. PX4 Results

The PX4 flight stack is hardware-compatible with most

ArduPilot hardware, but differs from the ArduPilot ecosys-

tem in how VTOL mixing is implemented, among other

features. The MiniHawk-VTOL is most similar to the E-flite

Convergence™, which is available as a preset in PX4. The

setup process is detailed in [25], with ‘13012 convergence’

selected for the SYS AUTOSTART parameter.

VI. CONCLUSIONS

This paper addressed the design and build process of

the MiniHawk-VTOL, a rapidly prototyped Tricopter/Fixed-

Wing hybrid aircraft. Relevant validation and analysis stud-

ies were presented. Additionally, various collateral results

including real-world flight testing and simulation models are

covered. The developed aircraft has fully compatibility with

major flight stacks such as ArduPilot and PX4, and provides

sufficient volume and payload margin for hosting single-

board computers and similar payloads onboard. The sum of

the developed knowledge, tools, and models have been open-

sourced for the robotics community to access. In the future

we plan to investigate the directions of autonomous path-

planning and perception in realistic mission profiles [28–32]

by leveraging our relevant contributions.
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