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ANIMAL ROBOTS
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Numerous mobile robots in various forms specialize in either ground or aerial locomotion, whereas very few robots
can perform complex locomotion tasks beyond simple walking and flying. We present the design and control of a
multimodal locomotion robotic platform called LEONARDO, which bridges the gap between two different loco-
motion regimes of flying and walking using synchronized control of distributed electric thrusters and a pair of
multijoint legs. By combining two distinct locomotion mechanisms, LEONARDO achieves complex maneuvers
that require delicate balancing, such as walking on a slackline and skateboarding, which are challenging for existing
bipedal robots. LEONARDO also demonstrates agile walking motions, interlaced with flying maneuvers to over-
come obstacles using synchronized control of propellers and leg joints. The mechanical design and synchronized
control strategy achieve a unique multimodal locomotion capability that could potentially enable robotic missions
and operations that would be difficult for single-modal locomotion robots.

INTRODUCTION

Many of existing mobile robots use either ground locomotion or
aerial locomotion, but not many of them are capable of both.
Furthermore, only a few of these robots can perform complex loco-
motion tasks beyond simple walking and flying. In an effort to develop
such a hybrid locomotion robot, this paper presents a multimodal
locomotion robot called LEONARDO, or LEO for short, which is
an acronym of LEgs ONboARD drOne (Fig. 1 and Movie 1). As the
name suggests, the robot has two different locomotion mechanisms:
multijoint legs and propeller-based thrusters, thereby achieving both
terrestrial and aerial locomotion as well as the transition between
walking and flying. The goal of LEO is twofold: (i) to enable robotic
locomotion capabilities by leveraging its multimodality of flying
and walking and (ii) to study the underlying robot design, dynamics,
and control challenges of such a hybrid robotic platform, especially
at the interface between walking, takeoff, and landing by using syn-
chronous control of propellers and articulated joints.

Advantages and limitations of terrestrial robots

Numerous ground robots in various forms have been studied and
developed over the past several decades, which may be categorized
by their main locomotion methods: legged (1-4), wheeled (5-7),
rolling (8-10), or crawling (11-13). Bipedal robots, in particular, have
attracted great attention not only because of their human-like body
shapes but also because they can perform versatile and robust walking,
running, and jumping actions on uneven terrains (14, 15). Some
advanced humanoid robots can even execute high-level tasks, such as
object manipulation, ladder climbing, or driving a vehicle (16-19).
However, the ultimate goal of bipedal robotics is to achieve human-
like stability and robustness in its walking and running maneuvers
over a challenging terrain or in a complex indoor environment. A
great deal of research on bipedal robots exists in the literature, and
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interested readers are referred to a survey work on this topic
such as (3).

The safe mobility of ground robots is hindered by unfavorable
ground conditions and the existence of obstacles of various sizes.
This limits their practical applications to within well-structured en-
vironments such as indoor service robots (20, 21) or vacuum cleaners
(22). Such limitations tend to necessitate that they are a highly engi-
neered system with high development costs, as can be seen from some
examples of space exploration rovers (23) or advanced humanoid
robots (24). In addition, the applications of ground robots are re-
stricted to movements that occur on or near the ground, because it
can be challenging for them to gain access to an elevated location.

Advantages and limitations of aerial robots

The aforementioned difficulties can be overcome with aerial robots
that fly over obstacles of any sizes or grounds of any conditions, and
such robots have been another mainstream area of research in the
robotics community. Both fixed-wing (25-27) and rotary-wing air-
craft (28-30) as well as their hybrid types (31, 32) have been studied
extensively and are proposed for real-world applications, such as
remote sensing, delivery, search and rescue, surveillance, and real-time

Movie. 1. LEONARDO summary. The motivation and results of our study showing
that the LEO robot performs a variety of locomotion maneuvers.
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Fig. 1. LEO robot performing a variety of locomotion maneuvers. (A) Synchronized walking and flying maneuver
to traverse stairs. (B) Balancing and walking on a slack rope stretched between two trees. (C) Riding on a skateboard
around a series of obstacles. (D) Balancing on a skateboard. (E) Walking in a semicircle to show yawing movement
capabilities.

monitoring (33). However, these robots come with their drawbacks,
including large energy consumption, short flight and operation
times, and limited onboard resources and payload weight. Furthermore,
aerial robots have more difficulty than ground robots in physically
interacting with their environment or other robots because they
need to stabilize themselves in midair. Therefore, aerial robots
have been mainly envisioned for applications that do not or min-
imally involve physical interactions, such as visual inspections,
although aerial manipulation has recently become a popular research
topic (34-37).

Multimodal locomotion and hybrid terrestrial

and aerial robots

Robots with a multimodal locomotion ability have advantages over
robots that have only a single mode of locomotion, such as moving
through challenging environments by appropriately switching be-
tween available locomotion modes. However, the realization of such
multimodal locomotion robots in practice has been a challenge.
Further studies are needed to resolve the wide range of research
issues, such as mechanical design, modeling and analysis, control
system design, manufacturing, and experimental validation.
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Whereas some previous works have
presented terrestrial and aquatic loco-
motion abilities (38, 39), others have
attempted to develop hybrid ground and
aerial locomotion robots. Some of these
robots adopt a fixed wing to take ad-
vantage of its endurance and efficiency
combined with wheel legs (40) or whegs (41)
to enable ground locomotion. Arguably,
a challenge for these robots is to suc-
cessfully transition from ground loco-
motion to flight by accelerating their
forward speed to make their wing-borne
lift force large enough for takeoff. Several
approaches have been proposed to ad-
dress this issue, including rooftop take-
off (42), gliding after jumping with
spring-loaded legs (43), or adding pro-
pellers to enable vertical takeoff (44), at
the expense of increased mechanical
complexity.

To overcome the difficulty of ground-
to-air transitions, hybrid locomotion
robots using rotary wings for aerial
locomotion have been developed. Al-
though there has been an effort to in-
vent a transformable robot that folds/
unfolds a tail mechanism and rotor blades
to fly similar to a helicopter (45), many
prior works in this direction adopt a
multirotor actuation mechanism. For
example, the rolling cage (46) and the dy-
namic flying-walker (47) achieve ground
locomotion with propeller thrust. How-
ever, the proposed designs exhibit limited
versatility and adaptability on rough
terrains. Others use actuated wheels
(48, 49), because they are mechanically
simple, but they too have limited adaptability on complex terrains.

Some hybrid robot designs enable impressive locomotion ma-
neuvers. For example, a quadrotor equipped with a climbing mech-
anism achieved the ability to perch on a wall from flying, climb up
the wall, and take off from the wall to return to flying (50). In (51),
a four-wheeled ground robot with two tiltable propellers demon-
strated ground locomotion and wall climbing as well as the transi-
tioning between the two. An interesting concept of a lighter-than-air
flying robot with legs was proposed with the goal of improving
bipedal walking stability using a helium-filled balloon, but its
buoyancy was not sufficient for flying, and the robot was suscepti-
ble to wind (52).

Biological motivation for bimodal locomotion

Whereas bioinspired aerial robots (53-55) have been focused only
on controlled flying maneuvers, terrestrial and aerial bimodal loco-
motion is a form of locomotion that is commonly found in animals
such as insects, bats, and birds. Birds, in particular, fly to move a
long distance to forage, to flee from predators, or to migrate for a
better climate. Still, their multipurpose legs are what drove their
evolutionary success because they enable multiple movement modalities
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Fig. 2. Main electronics and mechanical components of LEO.

on the ground that are essential for terrestrial foraging, such as
walking, running, jumping, resting, and perching (56).

A complex yet intriguing behavior happens at the transitional
interface of the birds’ two locomotion modes. Several robot designs
have attempted to adopt the ideas and mechanisms from nature for
their air-surface transitions (57). Furthermore, it is recognized in
the literature that some birds use legs to provide a substantial
amount of thrust for takeoff (58), which motivated and were ap-
plied to the development of the airplane (59). As such, one direction
of studying bimodal locomotion robots is to take bioinspired ap-
proaches to facilitate their development based on scientific observa-
tions of birds. Moreover, bimodal locomotion robots have also
been used to investigate the potential evolutionary process of bird
locomotion (57). For instance, a hexapedal robot was appended
with flapping wings not only to improve its running speed on
the ground but also to provide an insight into the origin of bird
flight (60).

Filling the gap between ground and aerial robots

LEO aims to bridge the gap between the two disparate domains of
aerial and bipedal locomotion that are not typically intertwined in
existing robotic systems. LEO targets versatile tasks that need to be
accomplished in places that are difficult to reach by ground robots.
Compared with a ground robot, LEO can overcome any obstacle
using the transition between its ground and flying modes or easily
reach an elevated location using propellers. In addition, whereas an
aerial robot can hover over targets, LEO can use its ground locomo-
tion to approach them for closer inspection. When LEO is in ground
contact or walking, it can also reject large disturbances and prevent
falling even on extremely slippery surfaces by using synchronized
control of its distributed propellers and leg joints, thereby allowing
for more robust and precise walking motion.

By leveraging its unique design and control concepts, LEO
successfully demonstrates walking and standing on a loosely ten-
sioned rope (Fig. 1B), a feature that is often seen in nature, as
exhibited by birds walking on high-voltage or telephone lines.
Furthermore, we demonstrate that LEO is capable of riding a pas-
sive wheeled skateboard, which is a nontrivial maneuver requiring
a mastery of balancing even for humans, not to mention bipedal
robots (Fig. 1C).
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Robot system overview

LEO has a weight of 2.58 kg and an overall height of 75 cm when
walking. LEO is composed of three main subsystems, namely, a torso,
a propeller propulsion system, and two legs with point feet, as de-
picted in Fig. 2. LEO can operate completely autonomously with its
onboard computers and sensor suite. The nominal walking speed of
LEO is 20 cm/s, and its overall ground speed can substantially in-
crease by using intermittent flying while close to the ground.

Legs and feet

The LEO legs are designed and built to be lightweight with a low
moment of inertia, enabling agile walking and reducing the required
propeller thrust to carry the legs as a payload during flight. To
achieve this, the leg structures are constructed with carbon fiber tubes
and three-dimensionally (3D) printed carbon fiber-reinforced nylon
joints holding ball bearings. The leg geometry is designed to have
two closed kinematic loops. This parallel mechanism allows the leg
actuators to be placed close to the torso, resulting in a compact form
with reduced leg inertia.

Both legs are symmetric, and each leg has three servo motors for
actuation. The first one is located at the pelvis and moves the leg
structure within the frontal plane of LEO. The other two servo actuators
are located at the front and back of the hip and drive the parallel leg
mechanism (see Fig. 3A). In combination, these two actuators drive
the leg length and swing in a forward direction. The servo actuators
driving the legs of LEO are integrated brushless DC (BLDC) motors
with high-reduction gearboxes and embedded position control. The
use of these integrated servo actuators minimizes the system size
and weight, which are critical aspects for a flying robot. In addition,
the embedded position controller is precise and fast enough for LEO’s
leg control due to the low inertia of the legs and the high bandwidth
of the propeller controller that stabilizes the walking gait.

Regarding the design of the feet, there is a half-sphere of poly-
urethane rubber at the end of each leg, serving as a point foot with a
high friction coefficient to prevent slipping during standing or
walking. The half-sphere rubber foot sits on top of an on/off switch,
which allows LEO to determine when ground contact is made
during normal walking or when LEO switches its locomotion mode
between walking and flying. Last, heels are installed such that LEO
can rest on them without requiring active balancing, thereby allowing
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Fig. 3. The dynamical model of LEO. (A) Leg geometry with controlled joint angles 64, 65, and 63 and passive joint angles ¢, and @,. (B) Planar IP model with propellers.
Here, o with i = {(f), (s)}is the angle between the virtual leg and the vertical axis, Bi is the torso angle with respect to the virtual leg, and 2'is the length of the virtual leg.
ffe is the leg extension force, and 7, is the moment about the pivot point generated by the lumped propeller thrusts f, and f'. (C) The body frame B is fixed to the torso
with the origin at the nominal CoM. Its location and orientation with respect to the inertial frame Z are given by p and R, respectively. Their time derivatives in the inertial
frame are the linear and angular velocities v and @. The four controllable thrust forces fy, ..., 4 are at a fixed tilt angle & = 25° with respect to the torso vertical axis. This tilt
of the four thrust axes is directed inward at a 45° angle in the horizontal plane with respect to the forward direction. A vector description of the thrust axes is given in the

Supplementary Text.
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Fig. 4. Control architecture of LEO. The upper signal chain controls the walking mode, and the lower chain controls the flying mode. The propeller control is switched

between these controllers based on the foot contact sensor measurements. u = [fy, ..
legs, pa, Va4, Ra, and @4 are the desired position, velocity, attitude, and angular rate to be tracked. The vector p

{Pstance,i} cONtains a sequence of stance foot positions.

LEO to power down the propellers. When initiating normal walk-
ing, LEO raises itself from the lowered resting position on the heels.
This motion lifts the heels to allow them to clear the ground during
normal walking on a flat terrain.

Distributed propellers and motors

LEO has four symmetrically placed propellers at its shoulders,
which are used for stabilizing and controlling both the walking and
flying maneuvers. The propeller axes of rotation are selected to en-
able the generation of roll, pitch, and yaw moments in both positive
and negative directions about the center of mass (CoM) for flying
and about the current stance foot location for walking. Specifically,
the propeller axes are tilted by the angle of § = 25° inward from a
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., f]" is the propeller thrust vector, 8 is the vector of servo joint angles for both

Ifr

foot CONtains the left and right foot positions. The list

vertical axis (see Fig. 3C). Tilting the propeller thrust forces inward
increases the moment the propellers can produce about the ground
contact point, which improves the controllability for balancing and
walking motions. However, there is a trade-off to be made, because
larger tilt angles also reduce the net vertical thrust and flight effi-
ciency. A further analysis of this trade-off can be found in the Sup-
plementary Text. It is also possible to vary the tilt angles of the
propellers with additional actuators while LEO is walking or flying
to improve its performance. However, this was not done for LEO,
because this feature would add extra weight and complexity. Each
6-inch-diameter unidirectional three-blade propeller has a fixed pitch,
and its thrust is controlled via its rotation speed. The propellers are
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directly driven by small BLDC motors, which are mounted on the
arms fixed to the torso.

Torso design and electronics components

LEO’s torso not only connects the arms and legs into one assembly
but also houses onboard computers, sensors, and two lithium poly-
mer (LiPo) batteries for powering the system (Fig. 2). LEO is equipped
with two onboard computers. The first computer, a NanoPC-T4,
has higher computational power and runs Robot Operating System 2
to interface with sensors, receive commands, estimate states based
on sensor readings, and compute the desired trajectories. The sec-
ond computer, a microcontroller with a Real-Time Operating Sys-
tem, runs our nonlinear walking controller and the attitude flight
controller at an update rate of 200 Hz. It interfaces directly with the
leg actuators and the propeller motor controller as well as an inertial
measurement unit (IMU) for low-latency attitude information. The
on/off switches embedded into the feet are used to detect foot-
ground contact and are wired to the microcontroller.

Mass integration metric

The level of integration of a system having multiple modes of oper-
ation is quantitatively measured as the mass integration metric, de-
noted as I which is defined as the ratio of the summation of
masses required to realize the modes without integration to the total
integrated robot mass (61). It is defined for LEO as Iyus = (g, + Myan)/m
where m is the total mass of LEO, and mgy and my are the masses
of the components of LEO associated with flying and walking, re-
spectively. The metric I, € [1,2], where 1 means no integration, and
2 means complete integration between the two modes. For LEO, the
metric is computed as I,ss = 1.39, which shows that a moderate amount
of LEO’s components are shared for the two modes of locomotion.

Synchronized leg and propeller control

LEQO’s locomotion modes can be grouped into two main categories,
ground and aerial locomotion, and each mode runs a dedicated
feedback controller. The ground and aerial locomotion controllers
are switched depending on the measured contact state of the two
feet. LEO runs a state machine that ensures that these deliberate
transitions occur reliably without switching back to the previous
state even when the contact sensing is noisy (e.g., during landing).
The walking controller further distinguishes between single and
double stance phases, again based on the foot contact sensors.

All ground locomotion types (i.e., walking on the ground, skate-
boarding, walking on a slack rope, and balancing) make use of the
same walking controller but with different input trajectories. In all
these cases, the legs carry most of LEO’s weight and control LEO’s
position by commanding the leg servo motors to follow joint angle
trajectories derived from a walking gait trajectory. The propellers
stabilize the walking gait by taking into account the foot positions
and the foot contact states. This creates a synchronized control ac-
tion between the legs and the propellers. Because the servo motors
do not provide any feedback, the foot position estimates are taken
from the reference trajectory.

For the flight mode, LEO is controlled as a standard quadrotor
using only the four tilted propellers. An overview of the proposed
controller architecture for LEO is shown in Fig. 4. In Materials and
Methods, each component of this control architecture is elucidated
in detail.

Experimental validation
We performed extensive testing of LEO in various scenarios to best
show its versatile locomotion capabilities (see Fig. 1). Because of its
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onboard stereo camera for localization, the robot can be tested both
outdoors and indoors. These scenarios included walking on a flat
terrain, synchronized flying and walking, and walking and balancing
on a slack rope. In addition, we performed several experiments to
showcase its high degree of maneuverability. For example, LEO was
able to ride a skateboard around traffic cones by using the thrust of
its propellers.

Thruster-aided ground locomotion

In this experiment, we demonstrated LEO’s ground locomotion ca-
pability. The robot started from a resting position on its heels, with
the propellers in an idle mode (Fig. 5A, i). In this mode, the propellers
could also be turned off. LEO then stood up using its leg servo motors
and, at the same time, used its propellers to balance (Fig. 5A, ii).
Afterward, the robot started walking (Fig. 5A, ii to iv) and entered a
periodic walking gait over the flat ground (Fig. 5A, v to viii).

The same experiment was repeated multiple times within a motion
capture area to analyze the robot’s motion. Note that the motion
capture system was not used for feedback control; rather, it was used
only to record the torso poses and the positions and orientations of
both feet. The tracking data of 11 runs over a sequence of multiple
steps are presented in Fig. 6 (A and B). In Fig. 6C, the trajectory of
one of these runs is visualized in 3D.

The six plots in Fig. 6A show the left and right feet locations with
respect to the CoM in the body axes. The dashed line marks the
desired foot location. In all axes, we noticed some delay between the
commanded and actual leg positions caused primarily by the limit-
ed tracking performance of the lightweight servo motors. We also
observed that, particularly for the x axis, the delay increased slightly
as soon as the leg touched the ground because the servo motors ex-
perienced more load.

Another aspect captured across the data in all axes is the leg de-
formation of the robot. In the y axis, the error increases whenever
the robot is standing on the leg, especially for the left one. This error
stems from the bending deformation of the leg structure in the
frontal plane. In the z axis, there is an oscillation visible whenever
the leg impacted the ground due to the overall elasticity of the leg
structure. To reduce such leg deformation during walking, we com-
manded the propellers to generate a minimum thrust of 40% of the
body weight to lessen the loads on the legs.

Figure 6B shows the walking trajectory tracking errors of the
nonlinear controller in the sagittal and frontal planes. The details of
the controller are presented in the subsection below titled “Nonlin-
ear tracking controller for walking using propellers.” The frontal
tracking has a root mean square (RMS) error of 2.6° median across
all the runs. In contrast, the sagittal tracking error is lower, with a
median RMS error of 1.6°. This difference occurs because the fron-
tal plane controller has lower feedback gains than the sagittal one,
because the legs were more flexible in that direction, which induced
unwanted oscillations for higher gains. Another experiment was
performed to demonstrate the yawing movement capability of LEO
as depicted in Fig. 1E and movie S1, where LEO was tracking a semi-
circle trajectory, and the yaw control was achieved using propellers.
Robustness to external disturbances on the ground
To further demonstrate LEO’s strong robustness to external distur-
bances, additional experiments were performed. In the first experi-
ment, LEO used the nonlinear tracking controller with a constant
attitude setpoint standing upright on one leg, and it was pushed
with a stick multiple times in the sagittal and frontal planes, as seen
in Fig. 7B. The robot successfully rejected the disturbances, as presented
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Fig. 5. Walking sequences. (A) LEO standing up from its resting position on the heels and starting a periodic walking
gait. (B) LEO traversing a flexible rope. Dashed arrows indicate the movement from the current to the next snapshot
in sequence, and solid arrows show the executed movement since the previous snapshot.

in the top plot of Fig. 7A by applying the thrusts shown in the bottom plot.
Movie S2 shows this experiment and the same experiment repeated
on a slippery surface (a whiteboard with added oil), where LEO starts
sliding when disturbances are applied, but it does not lose balance.

The ground locomotion experiments were mainly focused on
flat terrain conditions. The main limitation with walking on a high-
ly rough terrain comes from the limited range of motion of the legs,
not the stability of the controller. The current leg kinematics design
of LEO allows for about 4 cm of ground clearance; thus, traversing
rough terrain cannot be achieved safely with this leg geometry. An
improved leg design that allows a more extensive range of leg mo-
tions and more ground clearance should allow LEO to walk over
rough terrain by leveraging the stabilization capability of propellers.
With the current design, however, LEO can still overcome the
rough terrain by flying over it.

To compare LEO’s disturbance rejection capability with a flying
vehicle, we placed both LEO balancing on one leg on a rigid table
and a standard commercial drone in front of a wind tunnel. We
then switched on the wind tunnel to a speed of 3.8 m/s. The drone
was immediately blown back at this wind speed, but LEO could
withstand this disturbance thanks to the frictional ground contact
(see movie S3). This demonstrates that LEO is more resistant to wind
when it is in contact with a rigid surface.

Synchronized walking and flying
In this experiment, we showcase LEO’s capability to combine walk-
ing and flying to overcome obstacles. We performed the experiment
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Vii

in an indoor laboratory environment
with the robot tethered for safety pre-
cautions (Fig. 7D and movie $4). Two
tables were placed about 1 m apart, and
LEO traversed them by flying over the
gap. LEO followed a predefined trajec-
tory because the stereo camera was not
used to detect the gap or the tables but
only provided navigation information
v to the robot. We present the actual and
desired positions and velocities of LEO
together with the propeller thrusts in
Fig. 7C. LEO transitioned from walking
to flying by increasing its collective pro-
peller thrust until both feet lost ground
contact (t = 8 s). At that point, an up-
ward velocity was initiated, and LEO
climbed away from the ground. Then,
the robot followed a smooth flying tra-
jectory up to the landing point. The for-
ward landing velocity was matched to
the predetermined walking speed, and
the walking phase was again triggered
when one foot touched the ground. After
the touchdown, the robot continued to
walk on the second table. In addition, a
similar experiment was performed with-
out the safety tether, flying down from a
single table, as shown in movie S5.

We also validated the synchronized
walking and flying control by performing
outdoor experiments where LEO flew
down a set of stairs, as seen in movie S6.
A sequence of images overlaid to form a single image showing this
motion is illustrated in Fig. 1A. This experiment demonstrates that
LEO can execute controlled maneuvers that combine walking, take-
off, flying, and landing with smooth transitions between flying and
walking gaits.

Thruster-aided balancing and walking on a slackline

Inspired by the fact that birds can walk and balance on a loosely
tensioned rope, we designed several experiments to show LEO’s
balancing and walking capabilities on an elastic rope stretched be-
tween two trees (Fig. 1B). The rope was placed along the arch of
LEO’s feet. LEO was able to balance and walk sideways successfully
using the same nonlinear balancing controller used for walking on
the ground. However, in this configuration, the feet contact sensors
cannot detect when the robot was standing on the rope. Therefore,
we overrode the feet contact sensors and feet position information
in the controller with a fixed virtual foot contact centered just un-
derneath the robot. The controller was robust enough to perform
well, although the actual foot location and contact states are differ-
ent from the controller estimates.

A sequence of images showing LEO walking sideways on the
rope is displayed in Fig. 5B. The walking trajectory is a periodic se-
quence, which alternates between shifting the CoM from one leg to
another (Fig. 5B, ii to iii and iv to v) and advancing a leg (Fig. 5B,
i to ii and iii to iv). In this trajectory, the CoM is always kept above
the stance foot or line connecting the two feet in a double stance
phase. The position of the robot, tracking error, and the generated

viii

t=6.4s

iV t=8s
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of traffic cones. LEO was driven manually
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trolling the desired acceleration and
steering angle. In this composite image
(Fig. 1C), a snapshot is taken at every
1.5 s. The figure shows the robot during
the acceleration phase in the beginning,
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Fig. 6. LEO walking at 0.2 m/s over flat ground. (A) Left and right feet positions tracked by a motion capture system
for 11 runs. The coordinates are in a forward-left-up body frame with respect to the CoM. The dashed lines are the
reference foot trajectories. In the z-axis plot, the ground level of the reference trajectory is shown as a dotted line. The
deviations of the foot trajectories from the reference ground level during stance phases are caused by compression
of the leg, which manifests as an offset because the foot position is plotted relative to the CoM. (B) Tracking errors of
our nonlinear controller in sagittal and frontal planes, @ and @™, for the same runs (see Fig. 3 for a free-body dia-
gram of LEO). (C) 3D visualization of a single run. The line segments connect foot positions to CoM position at regular
time intervals. The transparent line segments indicate that the foot sensor detects no contact.

thrust from the propellers are plotted in fig. S1 in the Supplementa-
ry Materials. A movie of the experiment can be found in movie S6.
Riding a passive skateboard

In this experiment, LEO was riding on a passive skateboard. The
skateboard controller used the same nonlinear walking controller as
in the previously mentioned experiments, because this controller
can track arbitrary body and leg orientations using control of dis-
tributed propellers. Riding the skateboard was decoupled into two
control problems: controlling the steering angle and controlling the
skateboard’s forward acceleration/deceleration. On a skateboard,
steering is achieved by tilting the board around its longitudinal axis.
This, in turn, rotates the skateboard’s wheel axis, which is mounted
on an angled, spring-loaded joint. We placed LEO on the skate-
board with its feet spaced apart in the lateral direction. An exten-
sion of its legs tilted the skateboard and allowed steering.

The forward acceleration was achieved by moving the CoM of
the robot backward while simultaneously pitching the body forward.
When in a steady state, the controller applied a moment that canceled
the gravitational moment of the off-centered CoM to maintain balance
in this state. This moment was realized with the rear propellers gen-
erating more thrust, which resulted in the robot and the skateboard
being pushed forward. Deceleration is achieved in an opposite fashion
by leaning forward and pitching its body backward. This method
ignores the transients of moving the body into the leaning positions
during which reverse forces would be produced, thereby limiting
the control bandwidth. However, this controller was adequate for
direct manual control.

One result of experimentation is shown in Fig. 1C and in movie
S8, where LEO rode on the skateboard and slalomed around a series

Kim et al., Sci. Robot. 6, eabf8136 (2021) 6 October 2021

the deceleration phase in the end, and
the steering phase when the skateboard
is tilted.

Control input signals during walking
and flying

As a hybrid walking-flying robot, it is
important for LEO to have a sufficient
amount of control authority both on
the ground and in the air. Specifically,
LEQ’s propellers must be able to provide
sufficient moments in all three axes for
balancing when walking and for atti-
tude control when flying, while guaran-
teeing that a desired range of thrust is
attainable as the moment and thrust
capabilities are coupled together. If the
desired thrust and moments computed
from the controller require the propel-
lers to generate thrusts exceeding their
limit, saturation will occur, which could
lead to control system failure. In addi-
tion, if friction or normal force con-
straints during ground locomotion are
not met, the robot could start sliding or take off. To verify that our
choice of LEO’s design parameters provides sufficient control capa-
bility, we investigate control input signals from our experiments and
compare them with LEO’s control capability.

Figure 8 shows control input signals in terms of net vertical
thrust and moments during LEO’s walking and flying and the attain-
able moment sets of LEO under different conditions. Figure 8A was
obtained while LEO performed several steps on a flat ground, and
Fig. 8B presents the flight phase of the table-to-table experiment
(Fig. 7D).

Figure 8A (i) shows that the net vertical thrust from the propellers
remains less than the total weight of LEO during walking, thereby
preventing the loss of contact. In Fig. 8B (i), the net vertical thrust is
greater than LEO’s weight during the initial takeoff from the table
and then stays at around the value equal to the weight for maintain-
ing the height.

The magnitudes of the horizontal thrust forces due to the pro-
peller tilt are shown in Fig. 8A (ii) for walking and in Fig. 8B (ii) for
flying. Despite a somewhat large propeller tilt angle, the vertical
component is the dominant of the net thrust while flying, and we
exploit this when we allocate control efforts to the four propellers
during flying in the section below titled “Determinacy of control
allocation.”

Figure 8C shows the attainable moment sets of LEO with respect
to the stance foot. The outermost set 7~ }’ilnl; is the maximum attain-
able moment set when the resultant net vertical thrust f, ranges
from 0 to 100% of the body weight. The inner sets T}:alk’“"_s P are the
sets that are constrained such that f; is equal to the denoted values,
and the stance foot does not slip with the measured friction
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trol signals belong to the latter but not
to the former. When this happens, the
moments are attainable only by violating
the no-slip conditions, which implies
instantaneous slips, but LEO was able to
maintain the balance at these instances
using propeller control. Figure 8B (iii to v)
shows that the moment signals for fly-
ing are well bounded by their respective
bounds computed from Y}HY at each
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Fig. 7. Disturbance rejection and synchronized walking and flying experiments for LEO. (A) Perturbation rejec-
tion experiment. The top plot shows the tracking error in both the sagittal and frontal planes during a series of 14
applied perturbations. The bottom plot presents the commanded thrust force of each of the four propellers. (B) Pic-
ture of LEO being pushed externally with a stick. (C) Trajectory plots of LEO performing a synchronized walking and
flying maneuver to traverse two tables. The first two plots show the robot’s actual position and velocity, together
with the desired position and velocity (dashed line) for the flight phase. The third plot shows the commanded pro-
peller thrust. (D) Overlaid snapshots of LEO performing the synchronized walking and flying experiment, tethered

for safety.

coefficient of 0.84. The formal definitions of these sets are discussed
in the section below titled “Constrained/unconstrained attainable
moment sets.” As can be seen from Fig. 8D, the size of T‘falk’“"_ShP
increases as f, increases up to a certain point, and then it starts to
decrease once the no-slip conditions are activated due to the de-
creased ground normal force. The roll and pitch dimensions of the
set shrink to null when f is equal to the body weight, at which point
no friction force is possible on the stance foot.

The moment sets for flying are shown in Fig. 8E. Because the
effective moments are computed about the CoM of LEO in this case
instead of the ground contact point, the size of the maximum at-
tainable moment set 7™ is smaller than 7*** due to the shortened
moment arm.

Figure 8A (iii to v) shows the roll, pitch, and yaw moment control
signals, respectively, during walking, together with their bounds.
The bounds are computed from the attainable moment sets con-
strained by f; applied at each time step, and there are two types of
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DISCUSSION
LEO’s position as a multimodal
locomotion robot
Recently, robots using both propellers
and legs, similar to LEO, have been pro-
posed in the literature. For instance, the
monopedal robot in (62) was initially
built as an agile vertical jumping robot,
but later, two thrusters were added (63, 64)
to control its attitude in midair to en-
able multiple high-precision jumps in
series. Another robot with four propel-
lers and two legs has been introduced
with the goal of demonstrating a walk-
ing appearance, which was referred to as
pseudo-locomotion, for entertainment
purposes (65). Although the configura-
tion of the proposed robot is similar to
that of LEO, this robot mainly uses pro-
pellers, not legs, for its movement, and
its multimodal locomotion ability has
not been demonstrated. In (66), a pair
of coaxial propellers were added to a bi-
pedal robot to assist its stable walking,
and hence, the work was not focused on investigating multimodal
locomotion aspects, especially for takeoff and landing maneuvers.
It might appear as though the designs of the aforementioned ro-
bots shared a robot concept similar to LEO; however, we note that
the design philosophies that these robots were based on are funda-
mentally different from each other because of their clearly different
objectives. Specifically, the robot in (65) was not designed for dy-
namic walking, and its design and control did not consider the ro-
bot’s interaction with the ground. In addition, the robot in (64)
focused only on precision robotic hopping, whereas the robot in
(66) was designed only for bipedal walking, and hence, their propellers
were not intended for flight maneuvers. On the other hand, LEO’s
design enables dynamic bipedal walking with complex ground in-
teraction while preserving the flight performance of a multirotor
vehicle. Therefore, we believe that LEO truly integrates bipedal
locomotion with flying. LEO demonstrated that synchronized pro-
peller control greatly improves the stability of inherently unstable
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Fig. 8. Commanded thrust and moment signals and attainable moment sets during walking and flying exper-
iments. (A and B) Thrust and moment signals for walking and flying experiments, respectively. (A and B) (i) Net up-
ward (in the body frame) thrust from all propellers. (A and B) (ii) Net side (in body frame) thrust from all propellers. (A)
(iii to v) Commanded moments 1, %, Tyaw during walking. The light and dark shaded areas mark the moment set
constrained to the instantaneous net vertical thrust f, with and without the no-slip constraint, respectively. Also

o (N ground locomotion capabilities, and we

opted for lightweight legs. Achieving
efficient walking with lightweight legs
similar to LEO’s is still an open challenge
in the field of bipedal robots, and it re-
mains to be investigated in future work.

shown are the maximum/minimum bounds (dashed line) of the moment set with and without the no-slip constraint.

(B) (iii to v) Commanded moments Tyoll, Tpitch Tyaw during flying. The shaded area marks the moment set constrained
to the instantaneous vertical thrust f,. (C) Moment sets in walking mode. (D) Maximum moments in walking mode as
a function of vertical thrust with and without the no-slip constraint. (E) Moment sets in flying mode.

bipedal walking even within extreme scenarios in which other bi-
pedal robots usually fail, such as walking on a rope. Furthermore,
successfully riding a wheeled skateboard can be regarded as LEO’s
achieving of an additional type of locomotion modality.

Energy efficiency and cost of transportation of LEO

The extreme balancing ability of LEO comes at the cost of continu-
ously running propellers, which leads to higher energy consump-
tion than legs-only ground robots. However, this stabilization with
propellers allowed the use of low-power leg servo motors and light-
weight legs with flexibility, which was a design choice to minimize
the overall weight of LEO to improve its flying performance.

We note that the optimization of LEO’s energy consumption
was not a priority in this work. However, we investigated its cost of
transportation (CoT), a dimensionless quantity characterizing the
energy efficiency of locomotion. It is defined as CoT := %, where
P is the power consumption of the robot whose mass is m while
moving with a constant velocity v measured at the standard gravitational
acceleration g. For LEO, the measured CoT was 108 when walking
at a speed of 20 cm/s. When flying at 1 m/s, the CoT was 48, and it
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Potential applications
By leveraging LEO’s hybrid locomotion
capability, it is anticipated that LEO will
enable a wide range of robotic missions
that are hard to accomplish by the sole
use of ground or aerial robots. Perhaps the most well-suited appli-
cations for LEO would be the ones that involve physical interactions
with structures at a high altitude, which are usually dangerous for
human workers and call for a substitution by robotic workers. In
such applications, conventional bipedal robots have difficulties with
reaching the site, and standard multirotor drones have an issue with
stabilization in high-disturbance environments. LEO uses the ground
contact to its advantage and, compared with a standard multirotor,
is more resistant to external disturbances such as wind (movie S3),
which would improve the safety of the robot operation in an outdoor
environment where LEO can maintain contact with a rigid surface.
Specifically, multipoint inspection, repair, or replacement tasks
at locations that are difficult to reach by humans could be one pri-
mary application domain for LEO. For example, high-voltage line
inspection is currently done by highly skilled professionals who not
only inspect the lines from a distance but also walk on the lines to
inspect and repair them. If the lines are in hard-to-reach places,
helicopters bring workers close to the lines. Instead of sending hu-
mans, LEO could fly up to the high-voltage lines and walk on them
for close-by inspection and repair, which could potentially reduce
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fatalities and cost of the task. Another good application for LEO
would be painting of tall bridges. Currently, workers walk on slip-
pery and sometimes round trusses for painting, and their risk of
slipping is high. We believe that LEO is a good substitution of hu-
man workers for this task because LEO can maintain balance on
slippery terrain (movie S2) and because it can choose to fly to a safe
location in case it falls. Similarly, LEO can be envisioned for other
tasks such as inspection of a building roof or pipes of an oil refinery.

On the other hand, the technology developed for LEO’s transi-
tion between ground and aerial locomotion modes could foster the
development of adaptive landing gear systems composed of con-
trolled leg joints for aerial robots and other types of flying vehicles
(67, 68). Such legged landing gear systems would be especially use-
ful for maintaining body balance of aerial robots while landing on
sloped or uneven terrains, thereby reducing the risk of failure under
harsh landing conditions.

MATERIALS AND METHODS

In this section, the individual components of the control architec-
ture of LEO from Fig. 4 are detailed. We emphasize the kinematics
and dynamics models used for generating walking trajectories and
discuss our control strategy for walking and flying as well as the
transition between the two. An in-depth analysis of the control au-
thority of LEO’s actuation mechanism is also provided.

Inverted pendulum model for the walking phase of LEO

A controller based on an inverted pendulum (IP) model is chosen
for LEO’s walking because it captures the robot’s fundamental dy-
namics (see Fig. 3B). This model assumes the following: All the
masses are concentrated at a single point mass inside the torso, the
legs are massless, and the stance foot acts as a pivot with the ground.
These are reasonable assumptions because LEO’s legs are light-
weight, with all the actuators and electronics located in the torso.
The model is further simplified by considering the frontal and sag-
ittal planes separately; hence, the dynamics prescribing LEO’s ground
locomotion are represented in two 2D planes instead of one 3D
space. In addition to a conventional IP model, we add propellers
that are used to stabilize the dynamics. These thrust forces serve as
the only control input in this model.

Walking trajectory generation with linear IP model

If the height of the CoM is kept constant by controlling the leg ex-
tension force, the dynamic model of IP becomes linear in a Cartesian
coordinate parameterization. This model is called linear IP (LIP)
(69) and was used for LEO’s walking trajectory generation. Because
we constrain the CoM to be at a constant height, this reference tra-
jectory has no discontinuity in the vertical velocity from the impul-
sive ground reaction force due to impacts from leg exchange, which
also leads to no discontinuities in the horizontal velocity. This model
and the reference trajectory simplify the controller design, as ex-
plained further below in the “Nonlinear tracking controller for
walking using propellers” subsection.

Our approach of designing the walking trajectory closely follows
(69), which exploits the linearity of the model to find closed-form
solutions for foot placements and CoM trajectories. Although simple
in formulation, versatile walking patterns are possible with this
method by modifying walking characteristics through different choices
of a step period, a step length, or a desired CoM height. Because of
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the simplicity of this approach, the trajectories can be easily com-
puted online.

We modify the LIP model with the addition of a constant uni-
form thrust from all four propellers to reduce the weight on the legs.
By setting the torso attitude level (B’ = o), with i € {(s), ()} corre-
sponding to the sagittal and frontal planes, respectively, we find that
the constant propeller thrust f, enters the dynamics as a reduced
gravitational acceleration

X = 4g—]zczlmx

0
Here, the x and z coordinates are the forward and vertical posi-
tions of the CoM with respect to the stance foot location, and gis the
gravitational acceleration. This planar model is also valid in the
frontal plane with y instead of x. The resulting trajectory looks nat-
ural, with the CoM swinging from side to side as the robot makes
steps. These trajectories require only the chosen constant thrust to
be followed, minimizing the control action needed. The swing leg
trajectory is parameterized such that it lifts and sets the foot down
vertically and moves in between stance locations in a straight line.

Leg joint trajectory generation

Once the feet and CoM trajectories are designed, the relative foot
trajectories are transformed into the associated joint angle trajecto-
ries to be tracked by a set of servo motors. This requires solving the
inverse kinematics problem of the leg chain. Within the workspace
of the legs, there is a unique feasible joint configuration for any foot
position, which makes the inverse kinematics a well-posed problem.
We solve the inverse kinematics by first finding 685 (Fig. 3) in the
frontal plane analytically and then numerically solving for 6; and 6,
by finding the solution of the following function

p‘fioot _pfoot(elx 92>(Pl>(P2) _
Ploopl(eb P1 ) _ploopz(eb (Pz)

where p?oot is the desired foot position in the plane of the parallel leg
mechanism. We overparameterize the kinematics problem with the
additional angles ¢@; and ¢,, and we add a constraint that the point
Ploop is the same from both sides of the kinematic chain, i.e., pioop; =
Ploop, This results in much simpler expressions compared with an
analytic solution of pi,0p based on 6, and 6, only, which speeds up
the computation. Note that the second kinematic loop is a parallel-
ogram, which makes the computation of psy. as a function of pioep
and the angles 6, 05, ¢, and @; straightforward. Assuming feasibil-
ity, the angles are found using the Levenberg-Marquardt (LM) algo-
rithm. We use the LM implementation in the nonlinear optimization
module of Eigen library (70), which runs fast enough to be used
online. Although the LM is a local method, it converges to the cor-
rect solution using a neutral leg configuration as an initial guess.

Modeling of IP for propeller control during stance phase

A diagram of the considered model is shown in Fig. 3B. Conceptually,
as previously mentioned, this model can be seen as a projection of a
full 3D model onto the frontal or sagittal plane. In this model, LEO’s
configuration is parameterized by the link length € and the angle a
between the virtual leg (the line segment connecting the CoM to the stance
foot) and the inertial vertical axis on each plane. Thus, we define the vector
of generalized coordinates as q' = [¢', /]" (i.e., q' = q® orq' = ).
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Using the Lagrangian method, the equations of motion for this
model can be put in the following Euler-Lagrange form

M'(q) g +Cq.q") 4 + G'(q’ )_[e] )
where |
L 2|.c = o _m_g.idi = mgcoe(a’) '
0 m(@) me's’ me gt sinor)

and f(,_ is the leg extension force along the virtual leg, and 7, is the
moment generated by the propeller thrusts fi and f' about the pivot
point. Note that B’ does not contribute to the model, although in
reality, this angle is controlled by the leg servo motors, which have
a limited bandwidth. Therefore, we do not assume control of B’ for
stabilization.

Nonlinear tracking controller for walking using propellers
We present a nonlinear integral controller for walking using pro-
pellers, which guarantees exponential convergence of the angle o' to
a desired trajectory o; obtained from Eq. 1. We use the IP model
presented in the previous section restricted to one coordinate (o)
because we assume that the servo motors embedded in the legs are
tracking the leg angle (B') and length (¢'). Unlike in the ideal case of
the planned LIP trajectory, impacts can occur in our IP model when
the foot exchange did not happen at the planned time because of
tracking errors or uneven terrains. However, these impacts can be
regarded as a disturbance in the controller’s nonlinear stability analy-
sis. LEO’s nonlinear tracking controller with a sufficiently high gain
achieves exponential convergence of tracking errors to the bounded
balls around the impact-less desired trajectory before the next leg
exchanges. Note that because this controller stabilizes the planar
model, two instantiations are run to control the sagittal and frontal
plane individually.

Several factors can potentially yield modeling errors such as the
CoM offset, inaccurate thruster models, structural deformation, or
gearbox backlash. We noticed that the largest error arises from the
CoM offset, which we model as a bounded external torque Tex. To
compensate for this torque, we implement a nonlinear integral
tracking controller with feedforward cancellation (71, 72) for each
angle o' = a¥ or o’ = 0¥ as

i

T, = m(2") a, +2me'e'a' — mgt'sin(a’)
R 4
k(@' - 6)) k[ (6/E) -0i(&)) de ©)
where ¢, is the reference angular veloc1ty defined as ¢, -Ka

with an error angle @' = a' - 0. The parameters ka, k and kl
are positive scalar gains, and fy and ¢ are the initial and current time
steps, respectively. The adaptive term (i.e., integral term in Eq. 3)
ensures exponential convergence to the desired trajectory with the
following error ball in the presence of an external disturbance term

with the bounded time derivative 1. (f)
U
lim [ 55> < n(m,

O(0),kp k' ko) supll el (O, (@)
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which indicates that the size of the error ball only depends on sup;
it N2, not lix.,ll,. Also note that this error bound is valid only
in the regime between impacts because they are not explicitly
modeled.

Proof:The expression of n together with the proof of exponential
convergence and the error ball derivation are presented in the Sup-
plementary Text.

Heading controller for walking

LEO’s heading is controlled using propellers. Because LEO’s feet
form point contacts with the ground, the robot is free to rotate in all
three axes, including yaw, when only one foot is in ground contact.
In this case, the propellers can be used to control the heading of the
robot using a proportional-integral-derivative controller. The con-
troller outputs a yaw moment that is mixed with the desired pitch
and roll moments from the walking tracking controllers.

Optimized control allocation for walking

Once the desired control moments are computed, they are mixed to
get propeller motor signals. Lett; = [t Tyaw] > Where the first
two elements of the torque vector are computed from Eq. 3 and the
last element from the previously mentioned heading controller, and
let f; be the thrust force from the ith propeller and denote its magni-
tude as f; (i.e., f; = lIfill). The control effectiveness matrix Bk g p¥4
maps individual propeller thrusts to the moments about the stance
foot. To compute the propeller thrusts that yield the desired control
moments, we solve the following optimization problem for u =

(fis oo ful
argmin  [lull;
u
subjectto B"*y = 1,
0 < fmin < foi = 1,...,4

frcos(d) < lully

®)

Each propeller thrust f; is constrained to be greater than the idle
thrust fiin, which is based on the minimum rotation speed at which
the sensorless BLDC controllers can run the motors. The last in-
equality enforces a minimum desired collective upward thrust f¥,
which is used to reduce weight on the legs. Note that Eq. 5 always
has a solution because the rows of B"* are linearly independent, and
there exists a u” strictly positive element-wise such that Byt = 0,
which is given by the geometry of our tilted propeller axes. The
optimization problem is solved using a closed-form solution given
in the Supplementary Text. In case the allocation results in thrust
forces f; that exceed the maximum thrust, they are truncated. How-
ever, such a situation was not observed in our experiments. This
allocation scheme does not consider friction or normal force con-
straints. However, our experiments presented in Fig. 8 and the dis-
cussion in the “Control input signals during walking and flying”
subsection show that these constraints are usually met in practice.

Flight controller

In a flight mode, LEO uses a position and attitude controller similar
to (31). Specifically, the desired angular rate is computed from the
attitude error between the current and desired body orientation.
Then, the desired control moments are computed in roll, pitch, and
yaw directions from the angular rate error. Last, the control mo-
ments and the desired thrust are mixed to compute propeller motor
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signals, where the desired thrust is computed from position and ve-
locity errors. Note that in this case, the propeller moments are com-
puted with respect to the CoM, not about the stance foot because it
no longer serves as a pivot point.

Transition between walking and flying

As explained earlier, the selection of the active controller (flying or
walking) depends on whether the foot contact sensors detect the
ground or not (see Fig. 4). Takeoff and landing are achieved by gen-
erating suitable walking and flying trajectories and monitoring the
foot contact state to sw1tch between them. During takeoff, the col-
lective propeller thrust f 7 from Eq. 5 is increased while LEO is walking
until the ground contact is lost. Then, a flight trajectory with an
initial upward velocity is initiated, which allows LEO to quickly lift
away from the ground. LEO executes its desired flight trajectory
thereafter.

For landing, LEO enters a constant velocity descent until one of
the foot contact sensors detects the ground. During this descent, the
legs are in a configuration that allows the robot to switch to walking
immediately. Once the ground contact is detected, the flying trajec-
tory is aborted, and the flight attitude controller is given a zero
thrust and a level attitude setpoint. Furthermore, the walking gait
with the same speed as the forward velocity of the descent is initiated.
This allows for a seamless transition from flying to walking.

Determinacy of control allocation

LEO’s controller is designed to switch between the two control allo-
cation schemes depending on its current locomotion choice deter-
mined by the inputs from the foot sensors. When LEO is walking on
the ground, four propellers are used to stabilize its attitude with the
three moments they generate, and hence, the control effectiveness
matrix B** from Eq. 5 has one more column than its number of
rows. Without the inequality constraints, the system defined with
the equality constraint only in Eq. 5 is underdetermined, and the
solution # may not be unique, which is why the control allocation
problem is formulated as an optimization problem in Eq. 5.

On the other hand, the effectwe matrix becomes square when
LEO is flying because the wrench 'l i = [Troll> Tpitchs Tyaws £.1" is now
a 4D vector composed of three moments and one collective vertical
thrust, which is realized by four propellers. In this case, either a
unique solution u exrsts and is solved for a given t dy by inverting the
effective matrix B € R***, or no solution exists if the inequality
constraints cannot be satisfied. Because the allocation has to find u
at every time step in the control loop, a relaxed solution is returned
in the latter case by setting, for example, the components f; of u that
are saturated to the allowed minimum or maximum values, respec-
tively. The solution u returned by this ad hoc approach, however,
does not yield a correct Tgy, and the control performance may de-
grade if this truncation persists for extended periods. The best way
to avoid this saturation issue is to investigate the attainable control
setand design it such that the desired control inputs are well bound-
ed within the set during LEO’s operation. This property of LEO is
investigated in Fig. 8.

Strictly speaking, the wrench generated by the action of propel-
lers is a 6D vector (three moments and three forces) because hori-
zontal thrust forces are also generated by the tilted propellers as
they run, in addition to the components of the 4D wrench 1’ 4 above.
In this case, the effectiveness matrix B" is a six-by-four matrix, and
the control allocation becomes an overdetermined system, implying
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that there usually does not exist a solution. For this reason, we ig-
nored the rows of the effectiveness matrix corresponding to the
horizontal thrust forces and treated it as a square matrix in the
above discussion. This choice is justified by the fact that the hori-
zontal thrust forces are smaller than the vertical ones. Furthermore,
most of the horizontal thrust forces are canceled out due to the sym-
metry of propeller locations and orientations when LEO is perform-
ing gentle flying maneuvers, as illustrated in Fig. 8B (ii).

Constrained/unconstrained attainable moment sets

As mentioned in the “Control input signals during walking and fly-
ing” subsection, the attainable moment sets should be sufficiently
large to avoid saturation of propellers and to find proper solutions
to the control allocation problem. To investigate this issue, the con-
cept of attainable moment sets is formally defined here.

We define the attainable moment set 7 of LEO as the set of all
moments that can be generated by the propellers, namely, 7 = {t €
R? | fmin < fi < fmao Vi € {1,...,4}}, where fmin and fpax repre-
sent the lower and upper limits of the propeller forces, and 7 is the
sum of individual moments from the four propellers whose expression
is given in detail in the Supplementary Text. The set 7is a polyhedron
ina 3D space as depicted in Fig. 8. For LEO to be attitude-controllable
during its balancing, walking, or flying, the origin must be strictly
inside 7, and it is desirable to have a large neighborhood around
the origin to maximize the ability to generate a moment in any
direction (73). Recall that the reference point for moment calcu-
lation is different for walking and flying phases. To distinguish
between the two cases, we use a superscript, e.g., 7 ***and 7%,
when necessary.

Although the set 7 characterizes the moment control input used
for attitude control, it does not consider the resultant thrust f = 214:1 fi
associated with T € 7. Because the net vertical thrust f, plays an
important role for LEO’s control, we choose to constrain 7 with f; as

=t € R | YLifiz = fo foin < fi < finax)» Where f; . is the
component of f; in the body z axis. Note that the constrained attain-
able moment set 7 is different for the walking and ﬂymg cases even
if f, is the same, which we distinguish as Twalk and Tf

During LEO’s walking, f, is used to determme whether the stance
foot maintains ground contact Therefore T}Virlj,g is defined as the
union of the sets Tf<,lf,g = {uT?X|f, < mg}. In addition, we in-
troduce a no-slip attainable moment set in the “Control input signals
during walking and flying” subsection and in Fig. 8 as the set of
attainable moments without the occurrence of the stance foot slip-
ping. For this, we inspect the net horizontal thrust and the static
friction cone. Using the linearized friction cones, we define the no-
slip attainable moment set as Twalk noslie — fe e B3| YL fi = for
Jmin < fi S fonao [frx] = nsfrz> Iyl < Msfros fr= = 0}, where n, is
the linear static friction coefficient, and f, = [fx. fiy» fi2] " is the ground
reaction force at the stance foot. A detailed derivation of the no-slip
conditions is presented in the Supplementary Text.

Estimation of torso orientation

LEO is equipped with an Intel RealSense T265 camera that inte-
grates onboard visual inertial odometry (VIO) processing. This sen-
sor provides the position and orientation as well as the linear and
angular velocity of the torso-fixed body frame B with respect to the
gravity-aligned inertial reference frame 7 (Fig. 3C). During walk-
ing, the controller uses the leg angle o’ in both the sagittal and fron-
tal planes, as well as yaw heading as a state parametrization. The a®
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and o' angles are computed from the position of the foot in ground
contact with respect to the torso and the torso attitude projected in
the sagittal and frontal planes. For flying, we rely on the position
from the VIO for localization, which requires good visual features
for the robot’s operation. However, for walking control, we only
rely on the estimation of attitude from the VIO, which is robust
even in the presence of a small number of visual features.
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