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ABSTRACT

Ground-aerial robots can extend endurance, versatility, and robustness by combin-
ing wheeled motion with flight, yet many flying-rolling robot designs add actuators
that increase weight and reduce efficiency. Morphobots mitigate this by using multi-
purpose actuators and body shape change to switch modes on the ground, but un-
predictable vehicle-ground interactions can be an obstacle to robust operation. This
dissertation develops the Aerially Transforming Morphobot (ATMO), a quadcopter
that reconfigures in flight to land on wheels, enabling reliable air-ground transi-
tions, mode switching without the hindrances of ground-morphing, and improved
agility. We present ATMO’s design and performance characterization, analyze its
dynamics—revealing transformation-induced couplings incompatible with standard
quadcopter control—and introduce a model-predictive control framework that stabi-
lizes ATMO through aerial transformation to execute dynamic transitions. We then
compare this approach with a learning-based controller that uses deep reinforcement
learning for end-to-end morpho-transition, validating both experimentally. Finally,
we revisit ATMO’s design using aerodynamic principles to expand morphing flight
through wake vectoring, showing that passive structures in the rotor wake substan-
tially increase available thrust authority. Overall, we demonstrate that aerial shape
change improves agility and reliability, highlighting a new direction for research in
ground-aerial robotics.
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PREFACE

In a world where Arti�cial Intelligence (AI) has fundamentally changed how we ob-

tain information, write software, or solve scienti�c problems, collective imagination

is captivated by what's next. Can the magic of AI be brought into the physical realm?

Robotics and the sciences surrounding it are ideally poised to answer this question.

A world populated by safe, autonomous robots holds the potential to fundamentally

revolutionize society, removing the need for humans to perform laborious tasks,

vastly multiplying industrial productivity, improving care for the sick or elderly, and

transporting goods and people with higher e�ciency.

Investment in humanoid robotics has accelerated, and, coupled with progress to-

ward general-purpose embodied intelligence, promises substantial impact. At the

same time, form should match function: not every task bene�ts from human-like

morphology, and there is signi�cant room for purpose-built autonomous systems

that interact with the physical world in ways humans cannot.

Take drones, for example�these systems deliver substantial bene�ts due to their

ability to navigate the airspace, reach and manipulate objects at great heights, and

take o� and land in severely constrained environments. Drones are already delivering

real impact for advanced delivery systems and disaster response operations, as

well as surveying, gathering, and distributing critical environmental information.

However, �ying robots remain limited by energy requirements, payload capacity,

and manipulation and maneuvering capabilities that are still in their infancy. There

are clearly important gains to be made in the design of �ying robotic systems, as well

as in the algorithms that enable useful physical interaction while ensuring safety

near humans.

Addressing these limitations calls for robotic platforms that o�oad long-duration

work to an energetically frugal ground mode while reserving �ight for access,

surveillance, and repositioning. Ground-aerial robots embody exactly this division

of labor and are therefore well poised to increase the reliability and scope of au-

tonomous missions. In this thesis we establish a new class of ground-aerial robots

capable of aerial shape change and develop methods that leverage this shape change

to enhance air-ground mobility.
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C h a p t e r 1

INTRODUCTION

Figure 1.1: From the �rst powered �ight to �ight on Mars : a selection of unmanned
aerial vehicles (UAVs) at di�erent stages of their evolution. Top row: Samuel
Langley's Aerodrome No. 5 (1896), The Bréguet-Richet Gyroplane (1907), The
Kettering Aerial Torpedo "Bug" (1917). Bottom row: Yamaha R-50 (1987), DJI
Phantom 1 (2013), NASA Mars Ingenuity Helicopter (2021).

1.1 Aerial Robotics: From Early Pioneers to Powered Flight on Mars

The Wright brothers' 1903 Flyer is rightly celebrated as the �rst manned, powered,

heavier-than-air �ight, marking the birth of modern aviation. Less widely noted is

that unpiloted powered �ight preceded this milestone: in 1896 Samuel Langley's

Aerodrome No. 5 �ew successfully [1]�seven years earlier. Powered by a compact

steam engine driving two forward-facing propellers, the Aerodrome was launched

from a catapult and �ew without in-�ight control, relying on its airframe con�gura-

tion and a negative dihedral angle�modeled after the soaring of birds�for passive

stability. Viewed through a robotics lens, this �ying machine is a credible antecedent

of the modern aerial robot, �a system capable of sustained �ight with no direct hu-

man control and able to perform a speci�c task� [2]. Although the vocabulary of

robotics would only emerge in the early twentieth century, the ambition to build
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self-regulating �ying machines was already clear.

Building on the early explorations of �ying machines, rotorcraft experiments were

a natural next step. The Bréguet�Richet Gyroplane (1907) adopted a quad-rotor

arrangement with counter-rotating propellers to balance the drag torque. Although

stabilization and closed-loop control were still nascent, it demonstrated the feasibility

of heavier-than-air lift by powered rotors, and can thus be credited as the precursor

of modern quadcopter technology [3]. In parallel, unmanned �xed-wing systems

were developed with operational aims in mind. World War I e�orts such as the

Kettering �Bug� (1918) reframed unmanned �ight as a repeatable, pre-programmed

procedure. The aircraft was launched from a track and stabilized by pneumatic and

electrical controls, to ultimately guide it toward a target [4].

Widespread industrial adoption of unmanned aerial vehicles arrived much later. An

early example was Yamaha's R-50/RMAX unmanned helicopters, released in the

late 1980s�1990s. These were primarily used for agricultural spraying, surveying,

and monitoring, establishing durable civil use cases [5]. Two decades later, the DJI

Phantom (2013) was the �rst quadcopter that popularized the use of aerial robotics,

by o�ering a ready-to-�y quadcopter equipped with automatic control, GPS, and

camera capabilities�normalizing routine operation by non-experts and accelerating

research and commercial adoption [6, 7].

Taken together, these examples mark a path from experimentation by early pioneers

to routine civil use and widespread industrial adoption. In 2021, NASA/JPL's

Ingenuity, extended this trajectory beyond Earth by achieving the remarkable feat

of powered, controlled �ight on Mars [8]. This expedition demonstrated how

autonomy, propulsion systems, and mechanical design could be adapted to radically

di�erent, and often unknown environments. The �nal tally; Ingenuity survived for

a total of seventy-two unpiloted �ights on another planet.

This achievement inspires a continued e�ort in developing robotic systems with

improved autonomy, endurance, and robustness. Here on Earth, terrestrial missions

often demand capabilities that �ight alone cannot supply�endurance over long

traverses, safe operation near people and infrastructure, and reliable interaction with

the ground. Indeed, predictions on the future of autonomous robotic systems point

to the fact that many challenges facing today's autonomous systems may be relieved

if we combine aerial and terrestrial capabilities [9, 10]. In the next section, we

turn to the development of ground-aerial robotic systems, systems that leverage both

modes of locomotion to broaden their operational envelope beyond single-mode



3

�ight.

1.2 Ground-Aerial Robotics

Ground aerial robotic systems are ideally poised to increase the reliability and scope

of autonomous robotic missions. Whilst robots specially adapted to single locomo-

tion types like quadcopters or legged robots may achieve excellent performance in

their respective domains, they su�er from fundamental disadvantages. Aerial robots

face important limitations due to battery life and payload capacity, whilst ground

robots have limited ability to explore the aerial domain. Combining ground and

aerial locomotion modes thus promises to deliver increased versatility, helping to

transform applications such as last mile delivery [11, 12] or space exploration [13,

14].

The Bene�t of Wheeled Locomotion

One way of achieving ground locomotion is by using wheels or rolling. Wheeled

robots bene�t from a low amount of energy consumed per unit distance traveled.

This property, otherwise known as a low cost of transport [15], makes them ideal

candidates for missions requiring long endurance.

Figure 1.2 shows theoretical estimates indicating that the overall range of a wheeled

vehicle can be as much as ten times greater than an equivalent �ying vehicle. As

the fraction of time spent in �ight grows, the bene�t declines. For example, when

spending 10% of time in �ight, the maximum improvement in range is just below

six times. A vehicle that spends 30% of time in �ight sees an improvement in

range between two and three times, depending on the ground speed. Although these

estimates rely on simpli�ed forward-�ight and rolling-resistance models (detailed

in Appendix A), similar estimates of the bene�t of wheeled locomotion have been

obtained experimentally [16]. Since wheeled-locomotion control is also much

simpler than other locomotion types, for example walking or crawling, robots that

combine �ying and wheeled ground motion are becoming increasingly relevant to

applications requiring long-endurance robotic autonomy.

Flying-Driving/Rolling Robots

These bene�ts have motivated researchers to develop novel �ying-driving robot

designs, varied in both their form factor as well as the choice of propulsion and

actuation. The main challenge from a design point of view is �nding how to

e�ectively combine wheels and propellers into one economical and low-weight
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Figure 1.2: Range improvement when using bi-modal ground aerial locomotion
compared to single-mode �ight. The improvement in range, I(E6; U), is plotted as
a function of the ground driving speed E6 for a few representative U values, i.e. the
proportion of total time spent on the ground. In �ight, the robot is assumed to �y at
the speed that minimizes the cost of transport. The model uses parameters like mass,
rotor diameter, number of rotors, and drag coe�cient that are representative of the
Aerially Transforming Morphobot presented in Chapter 2. For a full derivation the
reader is referred to Appendix A.

package. A common approach found in the literature is to use passive wheels and

achieve rolling by spinning the propellers when on the ground [20, 21, 22, 23]. In

this method, the thrust generated by the propellers is used both for �ight, and to

initiate and sustain rolling when on the ground. This relieves the need for separate

actuators for the wheels, but the use of the power-intensive propellers for both modes

of locomotion reduces the overall energetic e�ciency and practicality.

Another approach is to use actively driven wheels that are added onto the robot

chassis [24, 25, 26]. Using specialized motors for driving increases the performance

of ground locomotion, but can also increase the weight and overall form factor of

the design, straining the propulsion system. In some cases, to reduce the weight of

the wheels while protecting the propellers, spherical, motor-driven cages are placed
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Figure 1.3: A selection of bi-modal �ying-driving robots. Left column: Cages
around propulsion to achieve driving. Drivocopter with actively driven wheels [17],
HyTaQ which uses propellers for ground locomotion and �ight [16]. Right column:
Multi Modal Mobility Morphobot which uses shape change to achieve driving and
�ying [18] Aerially Transforming Morphobot�the platform presented in this thesis
which uses aerial shape change to enhance multi-modal mobility [19].

around the propellers, enabling e�ective �ight and ground mobility with minimal

added structure [17, 27]. However, the spherical cage design increases the system

volume and may be impractical in scenarios when a solid wheel may be needed, e.g.

when driving over rough terrain. Some representative samples of �ying-driving

robot designs are depicted in the �rst column of Figure 1.3.

Morphobots and Shape Change

Most of the ground-aerial robots described above have relied on the use of redundant

actuation. Other than the �ying-driving robots that use the thrusters for both �ight

and driving locomotion, these designs employ multiple actuators that can perform

one function only. However, these types of redundant robot designs often result

in using more actuators and components than strictly necessary, increasing system

weight and cost. A competing philosophy strives to reuse the same structural and
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actuation elements through shape change to generate di�erent locomotion modes

while reducing system weight and complexity [28, 18]. These robot designs, termed

Morphobots, are generally thought to enhance the e�ciency of mobile autonomous

robots faced with changing, unstructured environments [29, 30, 31, 32, 33].

Recent work showed that using multi-functional appendages combined with body

shape change resulted in increased locomotion plasticity�the ability of a single

robot to recon�gure and re-purpose the same appendages to realize multiple distinct

mobility modes [18]. The Morphobot used to demonstrate this, named M4 and

depicted in Figure 1.3, incorporates propellers into wheels and uses servo motors

with a pre-programmed joint-space sequence to enable switching between �ying

and driving modes. This dual actuator design results in weight and volume savings

while the free motion of the wheel-thruster actuator enables simultaneous posture

manipulation and thrust vectoring. This opens up new possibilities such as using

thrust force from the propellers to increase the traction force when driving up steep

inclines, or helping to balance when standing up on two wheels.

1.3 Aerial Transformation: Potential and Challenges

A key challenge for �ying�driving Morphobots such as M4 is that mode switching

has to occur on the ground, where vehicle�ground interactions are unpredictable and

sometimes prohibitive. For example, debris or rough terrain can jam or overload

appendages, preventing recon�guration. Enabling transformation mid-air sidesteps

these constraints: the robot can switch modes before touchdown, safeguarding

critical actuators and yielding smoother, faster transitions. More broadly, aerial

shape change can be used to pass through narrow openings or to deliberately alter

control e�ectiveness, increasing agility and reducing maneuver time [34]. These

capabilities are directly relevant to speed and precision-critical settings�from drone

racing [35] to time-sensitive disaster response�and point to signi�cant untapped

potential for aerial transformation.

Despite these advantages, aerial transformation in Morphobots remains relatively

underexplored. Recent work has shown quadcopters squeezing through narrow

gaps [34, 36, 37, 38], perching to extend endurance [39, 40, 41], and exploiting

morphology to tolerate actuator failures [42, 43], yet turning these demonstrations

into a routine capability is nontrivial. During recon�guration, mass distribution

and inertias change, thrust vectors shift, and aerodynamic e�ects occur. Thus,

the performance of controllers premised on a �xed geometry deteriorates; meeting
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mission requirements, such as maintaining precise hover while morphing, demands

morphology-aware control. In practice this is less a matter of tuning and more of a

complete redesign of the control stack.

Control Algorithms

The control problem in aerial transformation splits roughly into two regimes: (i) �in-

plane� morphing, where thrusters move within the plane orthogonal to their thrust

directions, and (ii) �out-of-plane� tilt, where thrust vectors depart from the body I-

axis and induce strong cross-couplings. Both regimes must cope with shifting mass

properties and wrench mappings during recon�guration, but they place di�erent

demands on the control stack.

For in-plane recon�guration, signi�cant progress has been made on quadrotors that

laterally reposition or pivot their thrusters to squeeze through gaps or to tune agility

and e�ciency. A feedback-linearizing, LQR body-rate controller was proposed in

[38] where gains were adapted online to account for morphology-induced changes

in center of gravity and inertia; desired torques and collective thrust are then mapped

to actuator commands via a control-allocation matrix that depends on the instanta-

neous thruster angles. This structure integrates cleanly with the classical cascaded

attitude and position loops used on �xed-frame quadrotors. A competing line of

work employs adaptive body-rate control that updates parameters online to maintain

performance given geometry changes [44].

Fewer studies address out-of-plane tilt, where thrust is no longer aligned with the

body I-axis and standard cascaded PID architectures lose �delity due to unmod-

eled lateral thrust components. In this domain, passively morphing designs that

use springs to fold and traverse small gaps demonstrate the feasibility of out-of-

plane geometries [36, 37]. However, sustained �ight under out-of-plane tilt further

requires con�guration-aware allocation and attitude control, a topic that remains

comparatively underdeveloped.

Finally, mode-transition control (e.g., �ight-to-touchdown) introduces its own chal-

lenges. Proximity to the ground introduces ground-e�ect aerodynamics [45, 46,

47] that reshape the thrust pro�le and can complicate autonomous landing. Several

approaches to mitigate this have been explored for quadcopters, including physics-

based modeling with feedforward/feedback compensation or learning-based strate-

gies that adapt to the changing �ow �eld [48, 49, 50, 51]. Extending these ideas

to ground�aerial systems with richer posture control and mid-air recon�guration
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remains an open area.

1.4 Approach and Objectives

This thesis aims to develop the control methods, robot hardware, and design prin-

ciples that make aerial transformation a valuable tool for air�ground mobility. Our

ultimate goal is to enable novel ground-aerial robotic capabilities�switching modes

before touchdown, protecting actuators from uncertain ground contact, and delib-

erately modulating control e�ectiveness to improve agility and e�ciency�while

deepening our understanding of the physical principles, control methods, and aero-

dynamics necessary to accomplish this.

Our approach is deeply rooted in experimentation. We design and build a Mor-

phobot specialized for mid-air recon�guration, the Aerially Transforming Mor-

phobot (ATMO), which builds on previous robot designs but incorporates key

simpli�cations that facilitate aerial transformation. Centered around this robotic

platform we conduct two parallel investigations. On the one hand we investigate the

platform's dynamics, characterizing and contrasting it to existing aerial robots such

as quadcopters, and push its limits by developing optimization and learning-based

controllers that account for the morphology-dependent dynamics. On the other

hand we scrutinize the robot design, and apply aerodynamic principles to expand

its feasible operating region and improve morphing �ight e�ciency. In both cases,

our major claims are supported by benchtop experimentation, physical simulation,

system integration testing, and full scale robot experiments.

Our objectives are: (i) develop and validate control strategies that enable morphing

�ight and reliable air-ground transitions using morphing; (ii) quantify how mid-

air recon�guration impacts agility while identifying practical regimes where it is

bene�cial; (iii) establish the dynamics and aerodynamics of aerial morphing via

�rst-principles modeling, experimental load cell testing, �ow visualization, and

computational studies; (iv) understand how �uid dynamics can be harnessed to

improve thrust recovery and control authority during aerial shape change.

Wherever possible we have released the tools developed in this thesis to the com-

munity via open-sourcing�facilitating reproduction and adoption of our work by

researchers making steps into the �eld of aerial transformation control.



9

1.5 Thesis Outline and Contributions

Chapter 2 presents the Aerially Transforming Morphobot (ATMO)�a novel �ying-

driving Morphobot specially designed for mid-air transformation. The major design

choices, such as choice of morphing mechanism, electronics stack, and actuator

sizing for both morphing and wheel-drive systems are presented. The kinematics of

morphing are derived and the propulsion system is characterized experimentally. We

then investigate the aerodynamics of morpho-transition, or the act of transitioning

from �ight to ground through a phase of mid-air shape change, using benchtop

load-cell measurements and qualitative �ow visualization. These experiments show

that ground-proximity aerodynamics are altered substantially when propellers are

tilted, and that the four-rotor, inward-facing con�guration used by ATMO exhibits

interaction e�ects that are not captured by standard ground-e�ect models.

Chapter 3 develops a �rst-principles dynamic model for a morphing quadcopter�

our modeling abstraction of ATMO. A near-hover linearization reveals a fundamen-

tal structural di�erence between the morphing quadcopter and the classical quad-

copter: out-of-plane morphing introduces coupling between translational states and

attitude (notably roll), invalidating standard separations exploited by o�-the-shelf

cascaded quadcopter controllers. This analysis motivates a re-design of the control

architecture. The chapter also establishes the dynamic model of morphing �ight

that is used by the controllers developed in subsequent chapters.

Building on these insights, Chapter 4 introduces a model predictive controller

(MPC) that stabilizes ATMO across three regimes: conventional quadcopter �ight,

morphing �ight, and morpho-transition. The controller employs a state and

con�guration-dependent cost to account for the shifting control e�ectiveness as

the robot morphs and includes constraints that re�ect actuator limits. A supervisory

logic coordinates the air-to-ground transition maneuver, where ATMO morphs near

the ground to land on wheels, using con�guration and state thresholds informed

by the aerodynamic and dynamic analyses of Chapters 2 and 3. A set of experi-

ments demonstrates closed-loop stability and repeatable transitions, demonstrating

tracking performance without the need for inner tracking control loops.

Chapter 5 explores a complementary strategy based on deep reinforcement learning

(RL) for end-to-end control of morpho-transition. Leveraging a massively parallel

simulation environment and targeted domain randomization, we train policies that

transfer zero-shot to hardware for the transition task. A key practical component is

the explicit treatment of actuator dynamics and delays in training, which we contrast
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with the MPC design that achieves hardware transfer without an explicit delay

model due to its feedback structure. This study highlights which randomizations

and observation choices are most salient for successful transfer, providing guidelines

for sim-to-real transfer in learning-based aerial transformation control.

Chapter 6 revisits ATMO's design and aims to address the central drawback of mid-

�ight recon�guration: tilting thrusters during �ight results in reduced vertical thrust

and control authority. We develop a method that uses a passive de�ecting surface

to redirect the rotor wake of the tilted thruster and to partially recover the thrust lost

during morphing. This concept is implemented using internal de�ectors that are

integrated directly into the robot chassis and that intercept and redirect the rotor wake

downward, recovering momentum that would otherwise be wasted. This electronics-

free approach achieves up to 40% recovery of vertical thrust in con�gurations where

useful vertical force would otherwise be minimal, substantially extending hover

margin and maneuvering capability during transformation. We characterize the

e�ect experimentally and provide design guidelines such as the in�uence of the

de�ector exit angle for application to related morphing platforms.

Finally, Chapter 7 develops a theoretical framework for aerial posture control aimed

at agility and time-critical maneuvers. Generalizing beyond ATMO's single primary

morphing degree of freedom, we consider a morphing quadcopter model that can ro-

tate each arm with two degrees of freedom and study how deliberate posture changes

reshape control authority and maneuver time. We solve the minimum time trajec-

tory generation problem under this generalized dynamic model and demonstrate, in

simulation, how careful aerial posture control can reduce maneuver duration.
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C h a p t e r 2

THE AERIALLY TRANSFORMING MORPHOBOT:
DESIGN AND AERODYNAMICS

This chapter incorporates material from the following publication:

Ioannis Mandralis et al. �ATMO: an aerially transforming morphobot for dy-

namic ground-aerial transition�. In: Communications Engineering 4.1 (Apr.

2025). issn: 2731-3395. doi: 10.1038/s44172- 025- 00413- 6. url:

http://dx.doi.org/10.1038/s44172-025-00413-6. (published).

The integration of ground and aerial locomotion into a single, dynamically trans-

forming robotic platform introduces substantial mechanical design challenges. Ad-

ditional actuation inevitably increases system weight and complexity, while careful

selection of transformation actuators is required to ensure reliable and sustained

operation. This chapter provides a detailed breakdown of the robot's key subsys-

tems, as well as a characterization of performance, used for the development of

model-based controllers in subsequent chapters. We begin by outlining the major

design decisions behind the morphing mechanism, the wheel drive, and the onboard

electronics. The propulsion system is then described and characterized, and exper-

imentally obtained thrust and moment coe�cients for the selected motor�propeller

combination are reported. The chapter concludes with an investigation of the aero-

dynamics of the system when morphing near the ground. We present quantitative

data on how ground proximity and propeller tilting a�ect overall thrust production,

o�ering insight into how ground-e�ect aerodynamics are modulated by the robot's

unique aerial con�guration.

2.1 Robot Overview

The Aerially Transforming Morphobot (ATMO), depicted in Figure 2.1, was spe-

cially designed to achieve bi-modal �ying and driving locomotion while solving the

problem of mid-air transformation and smooth transition between modes. Building

on the Multi-Modal Mobility Morphobot [18], we substantially streamline the archi-

tecture: where the prior system uses eight posture-manipulation actuators, ATMO

achieves morphing with a single mechanism. This consolidation simpli�es the state
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Figure 2.1: Aerially Transforming Morphobot (ATMO) Overview. A picture of
ATMO in an outdoor environment in driving mode next to a schematic of the robot
capabilities.

machine and control architecture, reduces mass, and lowers potential failure points.

To enable both �ight and ground locomotion with minimal hardware, we adopt

the wheel�thruster actuator introduced in [18], which integrates a propeller�motor

unit into a driven wheel. This dual-purpose actuator supplies thrust in the air and

wheeled motion on the ground, allowing ATMO to recon�gure between �ying and

driving through transformation. In the aerial con�guration, ATMO behaves as a

conventional quadrotor, commanding propeller speeds for thrust and attitude control;

in the ground con�guration, the wheels are rotated to produce forward motion and

steering.

The �nal result is a compact robot that weighs 5.5 kg (including the battery). It stands

16 cm tall and 65 cm wide in aerial con�guration, and 33 cm tall and 30 cm wide

in ground con�guration. The vehicle mass is kept low by fabricating the chassis,

arms, and wheel components from 2-mm carbon-�ber plates and 3D-printed parts.

A �ber-inlay process on a Markforged 3D printer with Onyx thermoplastic o�ers

an excellent strength-to-weight ratio and ease of use, enabling rapid prototyping

and fabrication. ATMO is equipped with an onboard computer running a custom

controller, as well as onboard sensors for state estimation and fusion. A video

overview of the robot's capabilities is available here.
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2.2 Morphing Mechanism

Figure 2.2: A closeup schematic of the morphing mechanism geometry and relevant
variables. (left) ATMO is shown in a morphed con�guration in �ight. Underneath,
the tilt actuator box is enlarged and the joints are labeled. The tilt mechanism is
actuated by two co-rotating bevel gears spun by a DC motor. The spinning causes
joint � to translate on the $ � axis, inducing mechanism motion. (right) The right
half of the symmetric mechanism is shown with all the joints labeled as well as joint
� which represents the center of rotation of the propeller. The path taken by joint E
as joint � moves from bottom to top is traced in blue. The key kinematics parameter
is the tilt angle i which varies from i = 0 in �ight con�guration to i = c

2 in drive
con�guration. \ is an internal angle of the mechanism and G is the displacement of
� with respect to $.

The morphing mechanism, depicted in Figure 2.2, dynamically controls the tilt an-

gle i of four wheel-thruster pairs using a single motor. It works using a closed-loop

kinematic linkage actuated by a motor that rotates a central power screw. This rota-

tion results in linear motion of joint � which is then converted to rotational motion

of joints �, �, �, and ��tilting the four wheel-thruster actuators simultaneously.

The power screw is of length 100 mm and made of stainless steel with lead ; = 8 mm

per revolution (i.e. total linear distance traveled by the nut due to one rotation), outer

diameter 3 = 8 mm, and pitch ? = 2 mm. The nut which rotates on the power screw

is made of brass, leading to a friction coe�cient of approximately 5 = 0•4 between

the brass and the steel surfaces. Links ��– ��– and � � are machined from stainless

steel. The power screw is �t with a bevel gear which attaches to the shaft using a

set screw and rotated by an identical bevel gear attached to the motor shaft. The

point � can rotate freely due to two ball bearings attached to each side of the robot
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chassis which enable rotational motion.

By virtue of the properties of the power screw mechanism, the posture of the robot

locks in place even when the tilt motor is not being actuated. This allows ATMO to �y

in morphed con�gurations without actively providing power to the motor�reducing

the overall power draw of the system and improving battery life and range. The self-

locking property also protects the system from the possibility of mid-�ight actuator

failure, which could result in sudden loss of desired posture. Overall, using a single

actuator to control the body shape change, results in a simple mechanical system

with few failure points, while the symmetric and simultaneous tilting simpli�es the

aerial transformation control problem and limits synchronization issues between

either side of the robot.

Kinematics

Using knowledge of the position of the pivot point � relative to the mechanism

origin $, the kinematics of the closed loop linkage are computed by solving the

following system for \– i as a function of the linear displacement of the �rst link

G = jj$ �j j, "
� G

� H

#

=

"
�

G

#

+

"
cos \ cos i

sin \ � sin i

# "
31

32

#

– (2.1)

where \ is an internal mechanism angle, i is the tilt angle, and � = jj ��j j, 31 =

jj�� j j, and 3 2 = jj� � j j are the mechanism link lengths as depicted in Figure 2.2.

The numerical values of the parameters of the morphing mechanism are given in

Table 2.1.

� 1•6 cm
31 5•2 cm
32 4•6 cm
� G 6•8 cm
� H 5•1 cm

Table 2.1: Kinematic parameters of morphing mechanism.

The kinematic equations were validated using a DC motor with an encoder to

rotate the power screw in discrete rotation bouts and measuring the angle i using

an electronic angle gauge. The number of encoder counts of the motor, which

produced =4 = 1632•67 counts per revolution, were recorded using an Arduino

micro-controller. The kinematic equations were also solved numerically for the tilt

angle (i), using the relationship G = ;#, where # is the number of revolutions of the
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power screw, and ; = 8 mm is the power screw lead value. The tilt angle was then

plotted against the number of encoder counts, =, using the conversion = = =4#. The

analytical prediction of the angle is compared against measured tilt angle values at

various encoder counts and shown in Figure 2.3. The good agreement validates the

kinematic equations of motion.

Figure 2.3: Validation of kinematic equations against encoder data and ground
truth angle measurements. An experimental validation of the closed loop kinematic
equations which predict the tilt angle i (in solid black) against the number of encoder
counts of the actual motor (blue markers).

The validated kinematic equations were used to obtain the transformation speed as

a function of the motor rotational speed, l. Implicitly di�erentiating Equation (2.1)

and solving for ¤i yields

¤i =
;l sin \

j j� � j jsin ¹\ + i º
– (2.2)

where ¤G = ;l.

Motor Selection

To select the motor which spins the power screw, we must consider the amount

of torque needed to rotate the screw when the mechanism is under external load.

For motor sizing, we consider the worst case scenario where all four thrusters are

producing the maximum thrust )max. The external load from the thrusters produces
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Figure 2.4: Free body diagram of symmetric half of morphing mechanism.

a force of magnitude � on the central joint �, which is directly related to the torque

required to actuate the mechanism using power screw theory [52].

To compute the loading force �, a free body analysis of the symmetric half of the

mechanism is performed. As can be seen in Figure 2.4, two external forces act on

link � � � : the force of two thrusters at maximum thrust 2)max, and the weight of the

arm <arm6, which is assumed to be concentrated at point �. These external loads

result in a reaction force �Hat joint �. Assuming all links are in static equilibrium,

a balance of moments on link � � � around the pivot point � yields

X

� � �
g� =

jj� � j j
j j� � j j

(2) max � < arm6 cos i) � (� Hcos i + � Gsin i) = 0• (2.3)

The moment balance on link �� around joint � further relates �Hand �G:

X

��
g� = jj�� j j(� Hcos \ � � Gsin \) = 0 (2.4)

=) � H = � Gtan \• (2.5)

Combining Equations (2.5) and (2.3) allows the total vertical force acting on link �

to be expressed in terms of i– \– )max– jj� � j j– j j� � j j and < arm

� = 2
jj� � j j
j j� � j j

¹2) maxº tan \ � < arm6 cos i
tan \ cos i + sin i

• (2.6)

To get the total axial loading force � we have used the fact that each half of the

morphing mechanism contributes a force �H to the joint � i.e. � = 2� H. Taking

into account a friction coe�cient of 5 = 0•40, the screw lead ; = 8 mm, the outer

diameter 3 = 8 mm, and pitch ? = 2 mm, i.e. 3< = 3 � ? 2 = 7 mm, and ignoring

the small frictional force caused by the rotation of the power screw in the bearings,
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the torque g' required to raise link � against the external load predicted by power

screw theory is

g' =
�3 <

2

�
c 5 3< + ;
c3< + 5 ;

�
• (2.7)

Likewise, to lower link � in the same direction as the external load �, the torque g!

is

g! =
�3 <

2

�
c 5 3< � ;
c3< + 5 ;

�
• (2.8)

These two torques are plotted as functions of the tilt angle i in Figure 2.5, using

) max = 2•9 kg, <arm = 1•537 kg, 6 = 9•81 ms�2 , j j � � j j= 13•67 cm, and jj� � j j=

4•60 cm. To remove the dependency of � on \, the latter was expressed as a function

of i by rearranging Equation (2.1):

\ = arccos
�
� G� � � cos i3 2

31

�
• (2.9)

Our analysis shows that the torque required by the motor to move link � against the

in�uence of the axial load is just under 10 kg cm, while moving link � in the same

direction as the axial load is positive at all angles�indicating that the mechanism

is indeed self-locking, as desired.

Figure 2.5: Motor torque required for folding under maximum thrust load.

Given this information, the Pololu 47:1 Metal Gearmotor with a stall torque of

around 15 kg cm was selected, giving the system a considerable transformation

safety factor. This motor is very lightweight and cheap, improving overall �ight
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performance; using servo-motors instead of a custom tilt mechanism is possible but

would require heavier and more expensive actuators to deliver the torque required

to transform the robot in the worst case scenario.

Transformation Speed

Finally, we can compute the time it takes to transform from �ight to drive con�gu-

ration by solving the ordinary di�erential equation,

¤i =
;l =

�
1 � g' (\–i)

gB

�
sin \

j j� � j jsin ¹\ + i º
– (2.10)

which is obtained from Equation (2.2) using l = l=(1 � g'
gB

). Here, l = is the motor

no-load speed and gB is the motor stall torque. These values are obtained from the

motor manufacturer: l= = 220 RPM and gB = 15 kg cm. The dependency on \ was

removed using Equation (2.9). Equation (2.10) was integrated numerically using the

ode45 solver. The total time required to vary the tilt angle from i = 0� to i = 90 �

is approximately ) = 2•0 s as shown in Figure 2.6.

Figure 2.6: (left) Transformation speed versus tilt angle. Time taken to transform
from �ight to drive con�guration using selected motor.

2.3 Propulsion System

The wheel-thruster actuators each contain a motor-propeller combination, which

rotates independently from the wheel and produces the thrust necessary for �ight.

A three-blade propeller design with diameter �? = 22•86 cm, propeller pitch

U? = 12•7 cm, and a brushless motor with :+ = 1155 (RPM per Volt under no load
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