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ABSTRACT

Insects such as flies combine sensory inputs, processing, control, and mechanical
intelligence to execute complex landing behaviors. Maneuvers such as landing upside down on a
ceiling require complex processing and control. A deeper understanding of these processes will
provide insight into implementing sensors, controls, and mechanical design for small biomimetic
quadrotors with limited weight and processing capacity.

This research built on previous studies into the behaviors of flies to examine the act of
landing on a ceiling with a small quadrotor. Aspects of landing such as robustness under
different impact conditions, control algorithms, and sensory inputs were examined. In this study,
a landing mechanism was designed to mount on a small quadrotor with the objective of
increasing its landing robustness. A simulation environment was used to evaluate the impact of
the landing mechanism design on the landing success rate and the control policy. Relative retinal
rate of expansion (RREV) was discussed as one of the key sensory inputs.

Control policies were derived by assuming ideal, instantaneous control and 2-D projectile
motion during the rotation maneuver. These policies were evaluated in a simulated environment
to provide a theoretical solution to compare with the learned behavior. The sensitivity of each
control algorithm to the RREV input and the impact of error and uncertainty were examined. A
method for increasing the landing mechanism performance was proposed, and a simulation
environment was deployed to optimize landing mechanism geometry to increase robustness. In
addition, to assist with future experiments, a launching platform was designed, fabricated, and
tested to provide an initial vertical velocity to the quadrotor for testing under a wider range of

conditions.



TABLE OF CONTENTS

LIST OF FIGURES ... .ottt ettt ettt e et v
LIST OF TABLES ... ettt ettt et e e e e e s et e e e s e aneee s vii
ACKNOWLEDGEMENTS ... .ottt ettt ettt saee e viii
Chapter 1 Background ..........ccooeciieeiiiiiiiiieee ettt 1
INETOAUCTION ...ttt ettt et sbe et e bt e enee 1
Perching and Perception.........c...ocuiiiiiiiciieeiie ettt e et ae e sree e eveesrae e 2
Trajectory Generation and TOUChAOWN............c.cooviiiiiiiiiiiicicccccceeeeeeee e 3
Robustness and Failure to Land ...........cccooiiiiiiininiiiiiee e 4
Advanced Biomimetic RODOLS .......ccceiuiiuieiiiiieieiieieie e 5
Purpose of Research Project...........ccviviiiiiiiieiic ettt st 6
Chapter 2 Mechanical Design of a Landing Mechanism............cccceccevvieriineniiencenens 7
DESIGN INEENL ... ..eiiiiiiciie ettt e et e st e e e e e e ebeeesbae e sseessreeeaseesnraeenes 7
CONSIIAINTS ....eteiueeeteetie sttt ettt ettt ettt e bt e s b e shteeabe et e e bt e bt e sbeesaeesateenbeenbeesbeesaeenas 8
Mechanical Design and ManufaCturing ...........c.cccceeeveeeriesiieniieneeneesieeeeesieeseeseesnesnenns 8
Chapter 3 Simulation of Landing Mechanism ..........c.ccccccveeeiieniiieniieenieecee e 11
Purpose of Simulating Landing MechaniSm............c.cccvevverienieniinieeieeeeseesee e 11
3-D Simulation USing GaZeDO ........cccccviriiriiieiiierieiie e eie et sve e sse e e sseesseesene e 11
2-D Simulation Using MATLAB.........cooiiiiiiee ettt 12
Summary of 2-D MATLAB Simulation ASSUMPLIONS ........ccceevveeriieeciieenieeeieeerereesnenn 17
Chapter 4 Landing Control Strategy .........cceeevuieriieriieniieeieeiieeie et 19
Use of Relative Retinal Expansion Velocity (RREV) .......ccooiiviiiiiiiiicciiciececeeeen, 19
Investigating RREV-based Control with Theoretical Modeling and Simulation............. 19
Impact Time for Analytical Control Policy Development............ccccecevivienenenceenenenne. 21
Summary of Idealized Control Policy ASSUMPLIONS ........c.ccovrevievreeriieniieeieereereeereesreenens 23
Landing Control Using RREV: Policy 1- Constant Angular VelocCity ...........cccceevveennnnn. 24
Landing Control Using RREV: Policy 2- Constant Angular Acceleration...................... 26
Landing Control Using RREV: Policy 3- Constant Angular Acceleration with Shutoff.28
Landing Control Using RREV: Additional State Input Method............c.ccoeevvveiieniennnns 30
Deploying Landing Strategy to Investigate Assumption Sensitivity .........ccccceceeeeenennene 35
RREV as @ Control INPUL ......cceeviiiiiiiieieereesiesie ettt seeesteeseesseesseesnne e 46
Choosing RREV Threshold for Landing Process ........c.cccvevuvevieniiiieiiicieeieesieseeeenens 48
Chapter 5 Simulation-based Landing Mechanism Design and Optimization............. 52

Impact of Landing Mechanism Design and Impact Conditions on Simulated Landings.52



Design Optimization of Landing Mechanism Geometry ..........ccccceceeeeveneereneeneeneneenn 65
Chapter 6 Design and Testing of a Quadrotor Launching Platform.......................... 71
Purpose of Launcher DESiZN .........cccveriiiriiiiiieiieiie ettt se e s e senesene e 71
MeChaniCal DESIZN.......cccuiiriiiiiiiiiiieitereereeste et te e te e tee e e sebessbesnseessaessaesseessnesnsenns 71
Yo g et 5 [0 )4 USSR 72
Testing and Data ColleCtion.........c.cccvriierieriieiiesieeie ettt esreseeeree e esseesseesnnenns 73
Analysis of TeStNG Data........cccceecuiiiiieiieieriecie ettt et seeesesesnseenses 74
Chapter 7 Future Inquiry, Conclusions, and Applications............ccceeveevevveencreeenneeenne. 76
COMCIUSIONS ...ttt ettt ettt et et b et e st b et e st e st et e sbe et e bt eseeeeeneenees 76
FULUTE INQUITY .oeivieiiieiieiiece ettt ettt s e s b e ssseensaensaessaessaessnennsenns 77
Application to Small Aerial RODOICS .....c..covveiiiiiiiiicieeeeeecee et 78
Appendix A Control Policy 2 Derivation ............ccceeceeeeueenieeiiieniieeieeniie e e sve e 79
Appendix B Control Policy 3 Derivation...........ccccueeevveeeiieesiiieeeiieeciee e eevee e 80
Appendix C Impact Time Using RREV Derivation .........c.ccceeeverieneeiienieneinieneene. 82

BIBLIOGRAPHY ...t 83

il



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:

Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:

Figure 24:

LIST OF FIGURES
Landing mechanism with flexible body design. ..........cccevvivieeiieciieniieniesee e, 9
Landing mechanism mounted on Crazyflie quadrotor. ...........cccceeeveevieereereernennenns 10
Crazyflie model in Gazebo sSIMUlation. ..........ccceveveriieeiieriereenie e 12
Simulation geometry model in 2-D. ......c.ccoveviiiiiiiiiiiie e 14
Landing simulation visualization with time step of 7.5 milliseconds. ..................... 16
Key control policy dimenSions. .......c.cccverieerierierieeieesreeeeseesreseesseeseesseessnessnenns 22
Rotation rate vs RREV and vertical VElOCItY........ccccevvevrieviiniieiiecieeieeecceeeiee s 25
Rotation rate vs RREV and distance from ceiling............cccoevevveniiivieeneeneeniennnenns 25
Acceleration time vs RREV and VeloCity........ccevvevieriiriieiieieeeciee e 27
Acceleration time vs RREV and distance from ceiling.........c.ccoceeeveevivenecnvennnennnn. 27
Angular acceleration vs RREV and velocCity. .........ccoooveierieoieniiieeeeeeeee 29
Angular acceleration vs RREV and distance from ceiling. ..........cccccoceevievencencnne. 29
Control Policy 4: Angular displacement model with low acceleration. ................. 32
Control Policy 4: Angular position model with low acceleration. ......................... 32
Control Policy 4: Angular displacement model with moderate acceleration. ........ 33
Control Policy 4: Angular position model with moderate acceleration.................. 33
Control Policy 4: Angular displacement model with high acceleration. ................ 34
Control Policy 4: Angular position model with high acceleration. ........................ 35
Sensitivity of rotation rate to assumed distance from ceiling............c.cceccevuereennene. 37
Sensitivity of impact angle to assumed distance from ceiling...........c.cceccevvereeneene. 38
Angular acceleration vs assumed distance from the ceiling............ccccoeeeerereeennee. 39
Impact angle vs assumed distance from the ceiling. ..........ccccoeveevieriiniriceeeenen. 40
Angular acceleration vs assumed distance from ceiling.........ccccceeeveveivrcveceenennnen. 41
Impact angle vs assumed distance from ceiling. ...........cceceveererereenenieeseenee. 41

v



Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:

Figure 49:

Control Policy 1: Angular velocity vs RREV sensed.........ccocevininiininiencnennee. 42
Control Policy 1: Impact angle vs RREV sensed. ........ccccoeeevieviiecieniiiiecreeeeenn, 43
Control Policy 2: Angular acceleration time vs RREV sensed. ..........ccceevvenvennen. 44
Control Policy 2: Impact angle vs RREV sensed. ..........coccevivieiininiininiinieee, 44
Control Policy 3: Angular acceleration vs RREV sensed. .........cccoceeveiiniencnnnnee. 45
Control Policy 3- Impact angle vs RREV sensed..........ccccceeevieiiecrienienieniecieenn 46
Impact time as a function of velocity and RREV.........cocoiiiiiiiniiiicee, 47
Impact velocity as a function of initial velocity and RREV trigger. ...................... 48
RREV trigger threshold vs leg height...........ccooiiiiiiiiiii e 49
Impact time vs RREV and initial velocity: leg height= 0.06 m...............ccoene..e. 50
Impact time vs RREV and initial velocity: leg height=0.08 m.............c.cccvennnee. 51
Le@ dIMENSIONS. ....cuviieiieiieiieitieeteeteeteeste et esetesebeebeesseeseestaesasessseesseesseesseasssensns 53
Impact angle between body and ceiling. .........ccoccevirieiiniieeiieeeee e 55
Physical maximum impact angle...........ccceeeverierirriiiniieieenee e 55
Physical maximum impact angle vs leg geometry. ........ccoceveevereenienenienenceee, 56
Neutral vertical momentum impact angle. ..........cccceevverrerreeieeneeneesee e sreeve e 57
Neutral vertical momentum impact angle vs leg geometry. ......c..cecevervenencenenne. 58
Landing angle NOtAtION. .......ccueruiriiriiiiiienieeteertet ettt 59
Landing regions- green: successful, yellow: incomplete, red: failure.................... 59
Extra-narrow short- green: successful, yellow: incomplete, red: failure................ 60
Narrow short- green: successful, yellow: incomplete, red: failure......................... 61
Wide short- green: successful, yellow: incomplete, red: failure. ..........c.ccveenneeneee. 62
Extra-narrow long- green: successful, yellow: incomplete, red: failure................. 63
Narrow long- green: successful, yellow: incomplete, red: failure............c............ 64

Wide long- green: successful, yellow: incomplete, red: failure. ..........cccecueeeenneee. 65



Figure 50: Extra-narrow short landing mechanism performance before optimization- green:
successful, yellow: incomplete, red: failure. .........ccocveevvieviiioiieciecicceceeeeeesee e 70

Figure 51: Landing mechanism performance after optimization- green: successful, yellow:

incomplete, red: TAIlULE. .........ccvvciiiiiiiieece e 70
Figure 52: Launching mechanism CAD deSign. ........ccceeeveiirierierieieecieeeee e 72
Figure 53: Fabricated launching mechaniSme. ............cccoeeieiiririieiieieeceee e 73

Figure 54: Launch velocity vs drop height experimental data. ............ccceceevvveecieecireciiecieennne, 75

vi



vil
LIST OF TABLES

Table 1: Leg geometry labels and dimensions. ..........cc.ecveeieeiieiienieenieesee e e e e eeveesvne s 53



viil

ACKNOWLEDGEMENTS

This thesis is the result of the support of my faculty advisors, colleagues in the
Biological & Robotic Intelligent Fluid Locomotion (BioRob-InFL) Lab, and family.

Thank you to Dr. Bo Cheng for his continuous support and guidance throughout my
undergraduate career as my Honors Advisor. Dr. Cheng also served as my Thesis Supervisor,
providing invaluable feedback and guidance throughout my research experience. 1 would also
like to thank Dr. Jean-Michel Mongeau for his support of my research as my Faculty Reader. I
appreciate the thoughtful feedback he provided during the writing of the thesis.

Thank you to Yixian Li and Pan Liu, who both welcomed me onto the research team
from the beginning and helped me to become familiar with the inverted robotic landing research.
I also had the privilege of working with Bryan Habas and Bader Al-Attar throughout the research
process. Bryan and Bader were always happy to help and discuss difficult problems as they
arose.

Finally, thank you to my family for their unwavering support throughout my academic
career and this research project. In particular, thank you to my grandfather, Herman Maurer, who
I had the pleasure of working with to fabricate the launching platform for this research. Some of
my fondest memories from childhood include designing and building in his workshop with him,
and it was incredible to work with him once again in that same workshop as part of this thesis.

This research was supported by the National Science Foundation (IIS-1815519 and
CMMI-1554429). Any opinions, findings, and conclusions or recommendations expressed in
this material are those of the author and do not necessarily reflect the views of the National

Science Foundation.



Chapter 1

Background

Introduction

The study of unmanned aerial vehicles is a rapidly expanding field with vast applications
across a variety of industries and disciplines. Numerous researchers have studied and
documented the complex maneuvers observed in flying insects [2, 9, 10]. However, the insights
garnered through this research have not been widely applied toward advancing the capabilities of
small-scale aerial robotic systems that can execute similarly complex maneuvers with a limited
sensor suite. The goal of this research is to advance the capabilities of small unmanned aerial
vehicles by designing a robust, lightweight landing mechanism to allow for a small quadrotor to
conduct complex maneuvers such as inverted landings. Additionally, this research explores the
control of small robotic systems and the impact of the landing mechanism on success and failure.
Design objectives and constraints were informed by research on the dynamics and perception of
small flying insects. The mechanical design was guided by research on the landing mechanisms
in nature and existing designs of other unmanned aerial systems that could be modified and

adapted to the challenge of inverted landings for small unmanned aerial systems.



Perching and Perception

The development of robust landing and perching ability is important to the advancement
of small-scale Unmanned Aerial Vehicles (UAVs) because energy efficiency during flight
decreases as size decreases [9]. As UAVs become smaller, their ratio of surface area to mass
increases, resulting in lower efficiency and less payload capacity [5]. The ability for small aerial
robotics to perch like natural fliers would help save energy and extend mission times [9].

Research into the methods used by small flying insects to perceive the environment helps
to inform the design of a robust landing mechanism. Researchers studied flies to determine the
variables that trigger rotational maneuvers before impact with a surface [10]. They found that
the flies used optical flow, a method that uses relative motion of light gradients to deduce motion
[10]. Specifically, the flies use relative retinal expansion velocity (RREV) to perceive distance
from a surface [10]. RREV works by tracking the rate of expansion of the optical flow. As a fly
approaches a surface with constant velocity, the rate of expansion increases, and this information
can be used to trigger a rotational maneuver to reorient the body and impact the surface with the
legs [1]. Research on honeybees supports the findings that the rate of expansion in an image is
used by flying insects to inform landing behavior [1]. Bees have developed a robust landing
control system by holding the rate of relative retinal expansion constant, ensuring that speed is
reduced “gradually and automatically” [1]. Since this method of landing does not require
information on precise velocity or distance, it can be employed across a variety of small natural
and robotic fliers [1]. Researchers also observed a tight correlation between the body inclination
of honeybees during landing and the slope of the landing surface, indicating that bees can
perceive the slope of the surface and adjust landing dynamics accordingly [4]. Methods of

environmental perception are important in biomimetic robotic fliers. The on-board sensors



provide key environmental information to the controller, which determines the motion of the
robot. For this design process, it was assumed that the small quadrotor would have a single

upward facing optical flow sensor and would use RREV to trigger rotational maneuvers.

Trajectory Generation and Touchdown

Studies on the trajectory generation and control of small biological fliers provide insight
into the dynamic behaviors that could be replicated by small quadrotors while executing complex
maneuvers. The landing mechanism must be able to accommodate the sequences of maneuvers
utilized by flies and other biological fliers to enable the robots to mimic similar behavior. The
three key landing modules observed in fruit flies are turning, deceleration, and leg extension [2].

A fly’s decision to land requires a deliberate choice to maintain a collision course and
override the obstacle avoidance algorithms typically used in flight [2]. This sequence of
coordinated behavioral modules was studied for inverted landings of flies by recording landing
sequences and using statistical analysis to determine commonalities across a variety of fly
landings [6]. Some research has focused on the concept of applying separate control modules
like those observed in flies and other natural fliers to larger scale UAV’s [8]. Researchers were
able to demonstrate the effectivity of this approach by successfully planning complex trajectories
for larger UAV’s and demonstrating successful perching on a slanted wall [8]. However, this
research did not extend to attempting fully inverted landings [8].

Observation of touchdown patterns in flies helps to inform the design of a robust landing
mechanism for small aerial robots to land in a similar manner. Flies wait to extend their legs

until they are about to impact the surface [2]. This behavior of leg extensions prior to landing



was consistently observed across several studies and could be mimicked in the landing
mechanism of a small robotic flier. Experimental observations of fly landings found typical
impact velocities of 0.39 +/- 0.13 m/s [2]. While small-scale robotic UAVs could differ
significantly from the velocities observed in biological fliers, these observations of flies provide

a reference when designing a mechanism to withstand the force of impact.

Robustness and Failure to Land

While observing fly behavior, researchers recorded natural fliers crashing during failed
landings. This increases the importance of recovery after a failed attempt and the mechanical
strength of the design to avoid damage to biomimetic robots during suboptimal landings. While
small aerial robots, like their biological counterparts, will attempt to conduct every landing
flawlessly, experimental data suggests that small insects frequently fail to stick their landings. In
one study, researchers observed that flies crashed during 35.7% of attempted landings [2]. Most
of these crashes were due to insufficient deceleration of the fly and legs that were not extended
quick enough [2]. The landing mechanism can be designed to allow for successful landing for a
variety of landing approaches. However, acceleration and velocity errors during landing
maneuvers are largely due to perception and control challenges that are independent of
mechanical design. The observation that flies’ legs did not fully extend and that failed landings
resulted from high velocity impacts informs the necessity of a landing mechanism design that is
always extended or that consistently deploys before impact. Additionally, the landing
mechanism should accommodate a variety of velocities and approach angles to improve the

robustness of landing.



Advanced Biomimetic Robots

A variety of research has focused on developing and demonstrating advanced biomimetic
aerial robotic capabilities. One researcher applied the landing techniques observed in birds and
insects to create a small-scale robot weighing only 100 grams that used adaptive mechanical
dampers and electro-adhesion to perch on a variety of structures [5]. Larger animals such as
birds can rely on more complex sensing and processing for precise deceleration and control of
landing orientation [5]. Insects rely partially on “mechanical intelligence,” with some using their
legs as soft, compliant structures to absorb the impact of landing and stick to the surface [5].

One robotic landing approach uses an ultrasonic sensor for sensing and splines to grip the surface
to allow a small, fixed wing aircraft to perch on walls [3]. The splines consist of metal hooks
and enable the 400-gram robot to climb and release from wall surfaces [3]. This robot uses a
“virtual knee’ in the landing mechanism consisting of elastic components with minimal mass to
absorb shock upon landing [3]. Another small-scale biomimetic robot uses piezoelectric muscles
and flapping wings to maintain steady flight [7]. The flapping robotic flier is similar in size to a
penny; however, it is tethered for power supply purposes and lacks the ability for environmental
perception [7]. Each of these projects has advanced the capabilities of small aerial robotics by
applying nature’s solutions to artificial fliers. Components of these demonstrations can be used
to improve the design of a robust landing mechanism for small biomimetic quadrotors and to

provide insight into experimental design, testing, and analysis.



Purpose of Research Project

The goal of this research is to build upon the previous work examining landing behaviors
of small biological animals. The landing behavior was decomposed into perception, control, and
mechanical design. Key factors in successful and failed landings were studied, and trends were
analyzed to inform the design of a landing mechanism and controller that will achieve consistent
landing. These components were examined with the goal of creating a biomimetic quadrotor that
can replicate the complex landing behavior observed in flies with limited sensory inputs and

processing complexity.



Chapter 2

Mechanical Design of a Landing Mechanism

Design Intent

The Crazyflie quadrotor is a small commercially available robotic flier that was chosen
for use in experimental trials. To allow the robot to remain connected to the landing surface after
impact, the ceiling surface was covered in Velcro. Each landing mechanism design involved
using Velcro on the tips of the robot’s legs to stick to this landing surface. Velcro was chosen to
reduce the emphasis on the method of adhesion. This assumption could be relaxed in future
studies to achieve landing on other types of surfaces. The purpose of the landing mechanism for
these experiments was to serve as an interface between the quadrotor body and the landing
surface and facilitate successful landings. A quality landing mechanism should increase the
consistency of landing under a wide range of impact conditions. This is important because
sensor noise and limited computational power will make it difficult for the controller to achieve
precise and repeatable impact conditions. If the landing behavior varies due to these and other
factors, the mechanical intelligence should allow for successful landings even when an optimal
landing process is not achieved. The controller should learn with this landing mechanism to take
advantage of the areas of robustness and weakness inherent in the mechanical design. Similarly,
the landing mechanism should be designed to optimize performance in situations that are

attainable by the robotic flier.



Constraints

The design of the landing mechanism has several key considerations and constraints.
Minimizing weight on every part of the robot, including the landing mechanism, is critical. This
is because the robot needs to accelerate significantly before and during the landing process.
Without a high enough thrust to weight ratio, it is difficult or impossible for the robot to achieve
a high enough vertical velocity to successfully land on the ceiling. The landing mechanism must
be able to sustain a surface impact at a velocity of at least 4 m/s at any impact angle without
damage. Impact with a surface could occur as the robot impacts the ceiling or when it falls back
to the ground after a failed landing. The landing mechanism should have a small aerodynamic
profile to minimize drag, especially as it is in the downwash from the rotors. The landing
mechanism should not move significantly during flight, as this could create less consistent
impact behavior and cause dynamic issues during flight. Lastly, the landing mechanism must

provide a stable base for taking off and landing on the ground.

Mechanical Design and Manufacturing

The Crazyflie quadrotor comes with rigid plastic legs installed. The geometry and
stiffness of these legs are not variable, but they provide a light-weight mechanism for remaining
upright when the Crazyflie takes off or lands on the floor. The first iteration of improved landing
mechanism replaced the default mechanism with carbon fiber rods mounted to an additively
manufactured structure. These rods were variable in length and angle; however, they were stiff.
The next iteration in the landing mechanism design allowed for modification of both geometry

and stiffness. This design involved a mounting mechanism for each leg to be attached to the



Crazyflie body and thin additively manufactured legs made of PETG plastic. These legs were
quick and simple to manufacture, light weight, and could be made in a variety of stiffnesses by
varying the thickness of the leg. However, the more complex spring constant and damping of the
additively manufactured legs were more difficult to accurately model in simulated environments.
Nonetheless, this was the design that was chosen for testing with the Crazyflie. An early design
of the additively manufactured landing mechanism is shown in Figure 1. A photo of the updated

landing mechanism mounted to the Crazyflie quadrotor is shown in Figure 2.

Figure 1: Landing mechanism with flexible body design.



Figure 2: Landing mechanism mounted on Crazyflie quadrotor.
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Chapter 3

Simulation of Landing Mechanism

Purpose of Simulating Landing Mechanism

Simulated environments were created to explore various factors of the landing and
control process. These environments allowed more trials for machine learning to occur than
would have been possible in a purely experimental setup. The simulated environments were less
time and cost intensive, as physical demonstrations involve significant time to set up and fix
components that are damaged or malfunction during the trials. The simulated environment
allowed for the rapid modification and comparison of landing mechanism designs. If it could be
shown that the simulations successfully modeled the physical behavior, the number of
experimental trials could be reduced. This process of exploring and learning in simulations and
transferring the controls and design to a mechanical robot has wide applications outside of this

experiment.

3-D Simulation Using Gazebo

One 3-D simulation environment that was used for similar fly landing research was
Gazebo. Gazebo with the Robot Operating System (ROS) allowed for modeling of the
quadrotor, sensors, and the controller in a realistic simulation. The geometry of the landing

mechanism could be modified, and the spring constant and damping coefficient could be tuned to
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match the experimental trials. In this simulation, it was assumed that there was no air resistance,

and the legs would stick if they touched the ceiling. This environment was more realistic than a
2-D simulation; however, it was also more computationally intensive and took longer to run each
trial. A model of the Crazyflie quadrotor in the Gazebo simulation environment is shown in
Figure 3. Due to the computational intensity of the 3-D simulation, it was not used for this

research. Instead, a 2-D simulation environment was developed and used.

Figure 3: Crazyflie model in Gazebo simulation.

2-D Simulation Using MATLAB

A 2-D simulation environment was developed in MATLAB to provide an additional tool
for analyzing landing behavior. The purpose was to provide a less computationally intensive
means of exploring the landing process. Any part of the simulation could be easily modified to

adjust assumptions, gather data, and investigate specific behaviors. This simulation environment
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helped to gain and intuitive understanding of the relationships between landing mechanism

geometry and key impact parameters such as velocity and impact angle. It could provide an
idealized set of trends and reveal patterns that could be further explored in the Gazebo simulation
and experimental trials. This environment could be used as a tool to determine potential
strategies for landing. Based on the findings, the impact of factors such as landing mechanism
geometry on what impact conditions were successful and how the learned control policy would
be expected to change were characterized.

There are several assumptions made in the two-dimensional model to reduce noise and
simplify the calculations. The model assumed that the landing behavior could be reasonably
represented in a two-dimensional space and that the entire robot, including the landing
mechanism, was a rigid body. The center of mass was modeled as being in the center of the
robot body, and the robot was modeled as an ideal type 3 projectile with no air resistance.
Gravity was assumed to be active, although gravity can be turned off if desired. Legs are
assumed to have their tips stick to the ceiling upon impact regardless of force, and an ideal hinge
joint is formed between the leg tip and the ceiling. When the quadrotor first contacts the ceiling,
conservation of angular momentum was applied about the contact point to determine the initial
angular velocity of the body about the rotation point a moment after impact. The simplified

geometric model of the quadrotor for 2-D simulation is shown in Figure 4.
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Figure 4: Simulation geometry model in 2-D.

The initial conditions of the simulation are specified by the user. These initial conditions
include horizontal velocity (m/s), vertical velocity (m/s), angular rotation rate (deg/s), angular
position (deg), position (assumed to be 0,0), and ceiling height (distance above initial position of
vehicle). The simulation uses a numerical integration solver with constant time steps to evaluate
the dynamic behavior of the system. This method made it simple to add additional parameters
such as modeling rotor thrust during rotation without significant modifications to code. Some
drawbacks of this method include accumulated error and deviation from true behavior if
computational resources were limited and time steps were too large. In addition, this method
was more computationally intensive than building a purely analytical solver. The solver tracked
key aspects such as center of mass position, velocity, body orientation, and angular velocity.
Based on these variables, other key points such as leg and body tips were calculated for each
time step.

The simulation was created with a two-stage modeling approach. The first stage was
flight before impact. This stage tracked the center of mass assuming ideal projectile motion.
The orientation of the body along with translational and angular velocities were tracked. The

second stage was the motion after any part of the robotic flier contacted the ceiling. To interface
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between the flight and rotation stages, conservation of angular momentum was applied about the

leg tip that served as a pivot when the robot first touched the ceiling. This was used to determine
the initial angular velocity of the body about the leg-ceiling interface pivot. This transition was
triggered when any tracked point came within a defined margin of the ceiling plane. The key
points were defined as the leg and body tips. Together, these four points formed a convex
polygon around the robot, such that one of the four tracked points must contact a flat surface, in
this case the ceiling, before any other part of the robot body contacted the ceiling. The
simulation after impact and during the pivot process was subject to several termination
conditions. If either body tip point touched the ceiling before the other leg tip, the landing was
considered a failure. If the direction of rotation changed, indicating the vehicle did not reach the
ceiling during its initial direction of swing, the landing was considered a failure. If, however, the
second leg tip touched the ceiling, the landing was considered complete and successful.

The user interface allows the user to set initial conditions as well as computational and
display factors. The initial distance from ceiling, orientation, horizontal and vertical velocity,
and angular velocity can all be changed. Additionally, the geometry of the body and legs can be
modified. The time step for computation can be adjusted, with smaller time steps leading to more
accurate but also more computationally intensive calculations. The user has the option to select
either a static, dynamic, or no visualization of the simulation to be shown after the computation.

Figure 5 shows an example of a static visualization of the landing process.
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Figure 5: Landing simulation visualization with time step of 7.5 milliseconds.

The static simulation represents the entire flipping process in a single static visual, with
snapshots of the robot displayed at fixed time steps. The benefit of this visualization is that it
can help to provide an intuitive visualization of the landing process in a single image. This
visualization tracks key points such as leg and body tips throughout the landing process to better
understand the impact of geometry on the landing process. Relative translational and angular
velocities can be discerned from the visual by observing the distance between snapshots of the
vehicle. As lines come closer together, this indicates that the vehicle has moved less over the
same time step and is therefore moving slower. The drawbacks of this visualization include it
being less intuitive to understand than a dynamic visualization and that time steps must be

chosen carefully to achieve a reasonable depiction of the landing process.
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The alternative visualization is a dynamic video of the landing. This method shows the

entire landing process at either full or slow-motion speed. This shows the exact behavior of the
robot. The entire landing process occurs in a fraction of a second, so the slow-motion option is

useful for understanding why a particular landing attempt resulted in success or failure.

Summary of 2-D MATLAB Simulation Assumptions

The 2-D simulation makes several assumptions to model the physical behavior and
controls of the quadrotor. The key assumptions are as follows:
Physical Modeling Assumptions:

= ]deal projectile motion during rotation and before impact
e No air resistance

=  Only torque imparted on quadrotor by propellers during rotation.
e no net translational components of acceleration other than gravity

= Point mass at center of line representing body (rotation about this point during flight)
e Negligible mass of legs

= Conservation of angular momentum about tip of pivot leg

Sensing Assumptions:

= RREV measured from sensor located at center of mass.
= Sensor measurements are accurate unless otherwise stated.

Control Assumptions:

= Instantaneous Control
e Commanded angular velocity or acceleration is achieved instantaneously.

Landing Behavior Assumptions:

=  Assume quadrotor will begin in a level (no angular displacement) position.
= Rigid body and landing mechanism



These assumptions were chosen to model the ideal behavior of the quadrotor. The
specific assumptions were modified to match the needs of each simulation. For example,
changes were made to the controller to reflect angular velocity or angular acceleration-based

control depending on which control algorithm was being tested.

18
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Chapter 4

Landing Control Strategy

Use of Relative Retinal Expansion Velocity (RREV)

One of the primary sensory inputs the robot uses for landing on the ceiling is relative
retinal rate of expansion (RREV). This value is calculated based on readings from an optical
flow sensor, and a similar value is believed to be used by flies to calibrate their actions to the
surroundings. RREV is based on the concept that given a fixed field of view, if a viewer
approaches a surface any fixed point on the surface will appear to move outward. This outward
movement of all points increases as an observer gets closer to a surface and/or is traveling
towards the surface at a higher speed. This value is equal to velocity divided by the distance
from the surface. In the absence of acceleration after the reading, impact time is equal to
1/RREV, as 1/RREYV is equal to distance/velocity. In the case of landing on the ceiling,
however, this impact time calculation is more complicated because gravity results in a change of
velocity after the sensor reading and before landing. This increases the impact time beyond what
would be predicted by the simple 1/RREV approximation. Nonetheless, RREV provides key
insights into the landing process and, through these studies, is shown to be sufficient to inform

consistent impact conditions.

Investigating RREV-based Control with Theoretical Modeling and Simulation

To investigate the relationship between one of the key controller inputs, RREV, and

control outputs such as rotation velocity and angular acceleration, theoretical controller
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algorithms were derived for the simplified 2-D landing case. Each of these models makes

simplifying assumptions such as there being no air resistance and that the robot is attempting to
land “flat,” with all legs impacting the ceiling simultaneously after a 180-degree rotation. It is
assumed that the optical flow sensor is pointing directly upwards toward the ceiling and that the
optical flow sensor is located at the center of mass of the flight vehicle. The following derived
control policies were intended to provide an analytical model for an idealized vehicle.

While each individual policy is computationally intensive and may not be entirely
accurate given the complexities of the robot not included in the calculations, these algorithms
can provide a guide of what patterns should be expected in the learned behavior. For example,
these algorithms can provide insight into the relationship between RREV and rotation rate,
whether linear, quadratic, or otherwise and how this relationship varies or remains constant with
distance and velocity. Analytical means could be used to understand why a particular learned
policy may work in certain regions, and the structure of the learning could be adjusted to fit the
understanding of the landing process through theoretical models. The relationship between
RREYV and impact time can be understood as a function of velocity and distance from the ceiling
in the presence of gravity. Additionally, the impact of sensor error and the limits of using RREV
to inform the landing process were explored to form deeper understanding of the nature of the
problem.

Four landing control policies were derived. Policy 1 assumed that the robot rotates with
constant angular velocity. Policy 2 assumed that the robot rotates with a constant, pre-set
acceleration for a calculated duration. Policy 3 assumed that the robot rotates with a constant,

calculated angular acceleration with motor shutoff at a predefined angular position of 90 degrees.
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Policy 4 assumed constant acceleration until a specific condition that is a function of current

position and angular rate is satisfied.

Note that for Landing Control Policies 2, 3, and 4, angular acceleration was chosen as the
controller output to provide a generalized solution that is independent of the robot’s moment of
inertia. If implemented on a specific quadrotor, however, the control output would be a moment
that would achieve the targeted angular acceleration. This moment would be achieved by
sending a specific rpm command to the rotors. Thus, these acceleration-based control algorithms

are open loop.

Impact Time for Analytical Control Policy Development

H. = Vertical distance between center of mass and ceiling at start of rotation (m)
H; = Vertical distance between leg tip and center of mass (m)
Ay = H. — H;: Vertical distance between initial and final position of center of mass

t: Impact time (seconds) from beginning of rotation to leg contact with ceiling
3 - - 3 - - - m
Vs Initial vertical velocity (at beginning of rotation) (?)

g: Gravitational acceleration constant (9.81 SEZ)

0,: Desired angular displacement from start of rotation to landing

. degrees
w: Angular velocity (————

RREV: Relative retinal expansion velocity (calculated from optical flow sensor)
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Figure 6: Key control policy dimensions.

1
Ay =V, *t— > * g x tizmpact : Projectile Equation

1
> * g *x tizmpact — V), * timpact + Ay = 0 : rearanged equation to put in quadratic form

1
timpact = (5) * (1, — 2\/1/;,21 — 2% g * Ay):calculated impact time

Eimpact = G) ) (Vyi - 2\/"5,- —2xgx(H, - HL)) (4.1)
Equation 4.2 and Equation 4.3 show the relationship between Vy, Hc, and RREV. If two
of these three values are known or estimated, the third value can be calculated. Impact time can
be calculated as a function of RREV and distance from ceiling by substituting Equation 4.2 for
Vy in Equation 4.1. Similarly, impact time can be calculated as a function of RREV and vertical

velocity by substituting Equation 4.3 for He in Equation 4.1.

V}’derived = RREV * HC (4 2)
|4
_ y
Hcderived " RREV (4' 3)
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Summary of Idealized Control Policy Assumptions

The landing control policies were derived by making several assumptions about the
physical behavior and control behavior of the quadrotor. The key assumptions are as follows:
Physical Modeling Assumptions:

= ]deal projectile motion during rotation and before impact
e No air resistance

=  Only torque imparted on quadrotor by propellers during rotation.
e no net translational components of acceleration other than gravity

= Point mass at center of line representing body (rotation about this point during flight)
e Negligible mass of legs

Sensing Assumptions:

= RREV measured from sensor located at center of mass.

Control Assumptions:

= Instantaneous Control
e Commanded angular velocity or acceleration is achieved instantaneously.

Landing Behavior Assumptions:

=  Assume quadrotor will begin in a level (no angular displacement) position.
= Assume quadrotor seeks to land completely inverted on ceiling.
e All legs touch simultaneously.

These assumptions were applied in Landing Control Policies 1, 2, 3, and 4. Additionally,
these assumptions were consistent with the 2-D MATLAB simulation environment where these

landing control policies were applied and analyzed.
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Landing Control Using RREV: Policy 1- Constant Angular Velocity

Control Policy 1 assumed that the robot rotated with a constant angular velocity from the
start of rotation through initial contact with the ceiling.
Derivation:

0 = W * timpace: estimated angular displacement at contact with ceiling

04 ) degrees
W= : commanded rotation control (———)
timpact
180 /degrees
w = ( ) : where 8; = 180 degrees (4.4)
timpact s

This result shows the angular velocity that will allow the robot to land approximately flat
on the ceiling as a function of the sensor reading RREV, known constants, and the distance from
the ceiling or vertical velocity. The distance from ceiling and velocity are values that would not
be known by the robot and therefore must be estimated to use the algorithm.

Figure 7 and Figure 8 show the calculated rotation rate as a function of RREV using
Control Policy 1 shown in Equation 4.4. Figure 7 shows the differences in commanded angular
velocity as a function of vertical velocity. Figure 8 shows the differences in commanded angular
velocity for different distances from the ceiling. These figures show that the same RREV can
result in different required angular velocities to land flat on the ceiling. Without the specific
information on velocity or distance from ceiling, a controller operating on RREV alone must find

a compromise policy that will work over a range of distances and velocities.
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Landing Control Using RREV: Policy 2- Constant Angular Acceleration

Control Policy 2 assumed that the robot accelerates at a constant, predetermined angular
acceleration for a calculated duration. This constant angular acceleration could be set to the
maximum, where two motors are shut off and the other two motors are at full throttle, creating
the largest possible torque. Then, the motors are shut off at the calculated time and the angular
velocity remains constant until impact. This method does not directly require measurement of
quadrotor orientation, as the motor shutoff occurs automatically after a set duration.

The derivation of Equation 4.5 is shown in Appendix A.

timpact 1S defined by Equation 4.1.

2 2
(@ * timpact) — 360 x a (4.5)
a

ta = timpact —

This result shows the duration that the robot should maintain the predetermined angular
acceleration and moment varies as a function of RREV, distance from ceiling, and the angular
acceleration. The robot should maintain an acceleration of alpha for a duration of t. before motor
shutoff.

Figure 9 and Figure 10 show the calculated acceleration time as a function of RREV
using Equation 4.5. Figure 9 shows the policies for different velocities, and Figure 10 shows the

control policies for different distances from the ceiling.
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Landing Control Using RREV: Policy 3- Constant Angular Acceleration with Shutoff

Control Policy 3 assumed that the robot accelerates at a calculated constant angular
acceleration with motor shutoff at a predetermined angular displacement.

The derivation of Equation 4.6 is shown in Appendix B.
0,: desired angular displacement from start of rotation to landing (degrees)

6s: motor shutof f angle (degrees)

405
2

impact

a= , where 8; = 180 and 6, = 90

28

(4.6)

The policy is to maintain the calculated angular acceleration of alpha until the robot

reaches the predetermined angular displacement, at which point the motors should be shut

off. The predetermined angular displacement should occur at approximately the calculated

time, ta.

Figure 11 and Figure 12 show the calculated angular acceleration as a function of RREV

using Equation 4.6. Figure 11 shows the control policies for different vertical velocities. Figure

12 shows the control policy for different distances from the ceiling.
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Landing Control Using RREV: Additional State Input Method

Policies 1, 2, and 3 described in equations 4.4, 4.5, and 4.6 respectively provide simple
control with shutoff after a predetermined duration or at a specific predetermined body angle. In
Control Policy 2, the robot accelerates for a predetermined acceleration for a calculated duration.
For this variant labeled Control Policy 4, rather than accelerating for a predetermined amount of
time, the robot accelerates until it reaches a calculated threshold value based on its angular
position and angular velocity.

This method assumes that the robot will maintain a constant angular acceleration until
motor shutoff and that after motor shutoff the angular rotation rate will remain constant until
impact with the ceiling. The robot always has access to its current angular position and angular
velocity through internal sensors. The angular displacement between motor shutoff and impact
is equal to the angular velocity at the time of motor shutoff multiplied by the remaining time to
impact. Therefore, the angular velocity at the time of motor shutoff multiplied by remaining
impact time should be equal to the desired angular displacement to land at the commanded angle.
The problem can be formulated as follows:
titotqlt €Stimated time to impact when rotation begins (Equation 4.1)(s)
teurrent: time since rotation began (s)
ti rem: T€Maining time to impact (s)

tirem = titotal — Leurrent
6.: current angular position (deg.)
0¢: final angular position at impact (target impact condition)(deg.)

8,:required angular displacement motor shuof f to impact (deg.)
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Hd = Hf— 8(;

de
w,: current angular rotation rate (_g)
s

The motors should shut off and stop the angular acceleration of the quadrotor when the
remaining desired angular displacement before impact is equal to the current angular rotation
rate multiplied by the remaining time to impact.

Oa = we * tip o,

Expanding this formulation to include all variables yields Equation 4.7.

(0 — 0c) = we * (i, — teurrent) (4.7)

Equation 4.7 shows the condition under which the quadrotor should stop accelerating. In
the simplest implementation of this algorithm, a constant moment would be applied until the left
and right side of Equation 4.7 are within some defined margin of one-another. In a more
complex formulation, the moment and acceleration could be decreased as the shutoff condition is
approached to prevent overshoot.

Figure 13 and Figure 14 show Control Policy 4 with an angular acceleration of 18,000

degrees/s?.
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Figure 15 and Figure 16 show control policy 4 with an angular acceleration of 24,000

degrees/s?.
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Figure 17 and Figure 18 show Control Policy 4 with an angular acceleration of 30,000

degrees/s’.
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Deploying Landing Strategy to Investigate Assumption Sensitivity

Each ideal control strategy was applied in the MATLAB simulation environment to
evaluate the sensitivity of the landing control and impact conditions to the RREV input and the
uncertainty of state in the vertical dimension with using only a RREV reading. Each trial was
designed to seek a more fundamental understanding of the relationship between the sensor data
and control along with the impact of sensor error and uncertainty.

The simulation trials assumed there was no sensor error in determining the correct
RREYV, and the rotation occurs at a constant angular velocity until impact once motors are shut
off. It was also assumed that the Crazyflie desires to land “flat” on the ceiling, with all legs
touching almost simultaneously. RREV is equal to velocity/distance, and in the absence of

gravity, 1/RREV would be equal to the impact time. However, since the robot was landing on
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the ceiling in the presence of gravity, the control problem with RREV as the sensor input

becomes more complicated.

Assuming the RREV reading from the sensor was accurate, in the absence of any other
sensor readings, the robot would be aware of the proportion between its instantaneous velocity
and distance from a surface, in this case the ceiling. The controller cannot determine its
complete state in the vertical dimension. The complete state is defined here as the robot
knowing both its position relative to the ceiling and its velocity. While there are methods of
using combinations of RREV data and other sensor data like acceleration to better estimate the
complete state, that is beyond the scope of this work. This simulation explored the problem the
robot faces with attempting to achieve a “flat” landing despite lack of complete information.

Each ideal control policy was not proven to be the best algorithm for achieving a flat
landing with RREV as an input for a real robot. However, these algorithms represent a few
possible control policies. This experiment showed the impact of uncertainty on the landing
behavior using the idealized control algorithm, and other algorithms may later be developed that
demonstrate more robust landing behavior.

Figure 19 and Figure 20 show the results of implementing Control Policy 1 shown as
Equation 4.4 in the simulated environment. These figures were produced by simulating a
quadrotor in the 2-D MATLAB simulation. The quadrotor was simulated with the initial
conditions of being 0.3 m. from the ceiling and traveling upwards at a velocity of 3.5 m/s. It was
assumed that the quadrotor accurately measured RREV but did not know the specific velocity or
distance from ceiling. The controller assumed a distance from ceiling (hc) and calculated the
angular rotation rate based on Equation 4.4 with the RREV and assumed distance from ceiling as

inputs. This calculated angular rotation rate was imparted on the quadrotor body. Figure 19
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shows the commanded rotation rate as a function of the assumed distance from ceiling while

Figure 20 shows the result of these commanded policies, displaying the impact angle found in
the simulation when the control policy was used for each assumed distance from the ceiling.
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As can be seen in Figure 19 and Figure 20, the assumed distance from the ceiling
influences both the commanded rotation rate and the impact angle with the ceiling. If the
quadrotor knew its exact distance from the ceiling and RREV, the quadrotor could calculate the
time to impact. The graphs show the sensitivity of the control policy and impact angle to the
uncertainty of distance from ceiling. This uncertainty is a result of utilizing RREV as an input
when the system experiences acceleration.

Figure 21 and Figure 22 implement the algorithm described in Equation 4.5. Measured
RREYV and the assumed distance from ceiling were passed into Equation 4.5. The preset angular
acceleration for these trials was set at 50,000 degrees/s* and could be adjusted based on the limits
of the quadrotor being used. The true distance from the ceiling was 0.4 m. and the true vertical

velocity was 3.5 m/s. The calculated angular acceleration time is shown in Figure 21 and the



39
result of implementing this angular acceleration time is shown in Figure 22 by graphing impact

angle.
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Figure 23 and Figure 24 show the calculated angular acceleration as a function of
assumed distance from ceiling when Equation 4.6 is implemented as the control policy. The true

distance from the ceiling is 0.4 m and the true vertical velocity is 3.5 m/s.
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Figure 25 and Figure 26 show the sensitivity of Control Policy 1 to the sensed RREV.

The true RREV is shown as the vertical line and the intersection between the vertical red line and
the blue line would be the result if there was no error in the RREV reading and the distance from
ceiling was known. Figure 25 shows the sensitivity of angular rotation rate to error in the RREV

reading. Figure 26 shows the sensitivity of impact angle to the RREV sensor error.
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Figure 25: Control Policy 1: Angular velocity vs RREV sensed.
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Figure 27 and Figure 28 show the sensitivity of Control Policy 2 to the sensed RREV.
The true RREV is shown as the vertical line and the intersection between the vertical red line and
the blue line would be the result if there was no error in the RREV reading and the distance from
ceiling was known. Figure 27 shows the sensitivity of angular acceleration time to error in the

RREYV reading. Figure 28 shows the sensitivity of impact angle to the RREV sensor error.
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Figure 29 and Figure 30 show the sensitivity of Control Policy 3 to the sensed RREV.

The true RREV is shown as the vertical line and the intersection between the vertical red line and
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the blue line would be the result if there was no error in the RREV reading and the distance from

ceiling was known. Figure 29 shows the sensitivity of angular acceleration to error in the RREV

reading. Figure 30 shows the sensitivity of impact angle to the RREV sensor error.
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RREYV as a Control Input

An equation was derived to estimate impact time with the ceiling as a function of the
initial velocity of the robot and the RREV reading. This model was created to help explain
trends in controller behavior as a function of two of the key quadrotor state variables. For this
model, it is assumed that the leg height is negligible compared to the distance from the ceiling
and the quadrotor can be modeled by using ideal projectile motion.

The derivation of Equation 4.8 is shown in Appendix C.

=(1)* (V.—ZVZ.—Z*g*L (4.8)
g Yi Yi RREV

Figure 31 was generated by calculating the impact time for every combination of several

initial velocities and RREV readings over ranges of interest while assuming the height of the legs
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is negligible. If the impact time were calculated to have an imaginary component, the robot

would never contact the ceiling and the trial was depicted as a red x with an impact time of zero.
For the rest of the data, there is clearly a trend where for a given initial velocity, the impact time
increases exponentially as RREV decreases. For a given RREV, impact time increases as initial

velocity decreases.

0.4 —

impact time (s)

05 1 15 71 10

initial velocity (m/s)
Figure 31: Impact time as a function of velocity and RREV.

To generalize these observations, it was assumed that the commanded angular
acceleration or angular velocity would need to be higher to achieve the same impact angle if the
impact time is lower. Therefore, if the controller has both RREV and initial velocity as inputs,
higher rotation rates or angular accelerations for higher RREV values or higher initial velocities
are expected. Since the controller does not have initial velocity as an input, the control algorithm
will need to base its commanded angular acceleration or velocity off the RREV reading alone.

Figure 32 was generated by using the initial velocity and the impact time as calculated in

Equation 4.5 to determine the impact velocity with the ceiling assuming the only vertical
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acceleration is due to gravity. As shown in Figure 32, the vertical impact velocity increases for a

given initial velocity as RREV increases. Impact velocity increases with increasing initial

velocity for a given RREV value.
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Figure 32: Impact velocity as a function of initial velocity and RREV trigger.

Choosing RREV Threshold for Landing Process

Just as flies and other flying insects must use their perception of their surroundings to
trigger a landing process at some point during flight before colliding with a surface, small robotic
fliers must also decide when to initiate the landing process. One method is to choose a RREV
threshold such that the rotation and landing process begins when the sensed RREV value exceeds
the RREV threshold. While there are a variety of RREV thresholds that can result in successful
landings for a variety of velocities, the time to impact depends on both RREV and flight velocity

or distance from ceiling.



49
If, however, the RREV threshold is chosen carefully based on the geometry of the

landing mechanism, the time to impact will be approximately the same regardless of the specific
velocity and distance from ceiling. This would allow for the same exact control policy, whether
angular velocity or angular acceleration based, to be used in all cases. This can be seen in Figure
7 through Figure 12 where the control policies were a function of RREV. For all velocities and
assumed ceiling distances, there is some RREV value where all the control output lines intersect,
indicating that the impact time is the same, and the necessary control policy would also be the
same.

If a 180-degree rotation before landing is assumed, there is a clear relationship between
the leg height and the RREV threshold where the control policy is approximately the same for all
velocities. This relationship was determined numerically by finding RRE Vinreshola for leg heights
varying from 0.02 m. to 0.10 m. in increments of 0.01 m. through the MATLAB simulation. An
equation was fit to the data as shown in Figure 33.
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Figure 33: RREYV trigger threshold vs leg height.
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Figure 34 and Figure 35 show the impact time as a function of initial velocity and RREV

for different leg geometries. The impact times are all shown in blue except for the impact times

when the RREV is equal to the RREV threshold as calculated in Equation 4.9 which are shown

in green. As shown in Figure 34 and Figure 35, the impact time is close to independent of initial

velocity when RREV is equal to the value predicted by Equation 4.9. For all other RREV

values, impact time varies more significantly as a function of initial velocity.
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Figure 34: Impact time vs RREV and initial velocity: leg height=0.06 m.
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Figure 35: Impact time vs RREV and initial velocity: leg height=0.08 m.
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Chapter 5

Simulation-based Landing Mechanism Design and Optimization

Impact of Landing Mechanism Design and Impact Conditions on Simulated Landings

Several leg design factors have been identified as contributing to the behavior of the
robot after impact with the ceiling. Among these factors are the stiffness and damping of the
legs, the quantity and orientation of the legs, the placement and attachment of the Velcro or
adhesive, the degrees of freedom of the leg attachment to the robot body, and the geometry of the
legs. Of these factors, the simulation environment was used to explore the impact of leg
geometry in more detail.

For this study, the 2-D MATLAB simulation was used, and all assumptions stated for this
simulation apply to the results of the impact trials. The simulation was first configured to run a
series of trials with fixed leg geometry while varying the impact angle, vertical impact velocity,
and horizontal impact velocity. For each set of impact conditions, the simulation recorded
whether the robot successfully landed (both sets of legs touch ceiling), partially landed (only one
set of legs touches ceiling), or failed landing where either no part of the robot touched the ceiling
or a part of the robot other than the leg tip impacted the ceiling first. This data was visualized
with the three independent variables on the axes and color denoting the success or failure of
landing to provide an intuitive understanding of landing patterns for different landing mechanism
geometries. Green indicated successful landing, yellow indicated partial landing, and red

indicated failed landing.
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Different leg geometries were tested in the simulation trials. These leg geometries were

labeled based on the length and width of the leg. Figure 36 shows how the leg dimensions are

defined. Table 1 shows the dimensions corresponding to each leg geometry label.

Figure 36: Leg dimensions.

Table 1: Leg geometry labels and dimensions.

Leg Design Label Xieg (m) Yieg (m)
Extra Narrow Short 0.017 0.040
Extra Narrow Long 0.017 0.060
Narrow Short 0.037 0.040
Narrow Long 0.037 0.060
Wide Short 0.057 0.040
Wide Long 0.057 0.060

Based on the simulation, the landing patterns could be grouped into several categories
with similar characteristics. These groupings are impact angle assisted landing, horizontal

velocity assisted landing, and vertical velocity assisted landing. Impact angle assisted landing is
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characterized by a small impact angle between the robot and the ceiling on impact. This results

in a small rotation required for a successful landing. Horizontal velocity assisted landing is
characterized by a high horizontal velocity and a large impact angle, where the horizontal
component of momentum is the primary contributor to the body swing after impact. Vertical
velocity assisted landing is characterized by a high vertical velocity, where the vertical
component of momentum is the primary contributor to the body swing after impact.

Several categories of failure were also evident from the simulation data. High impact
angle failure is characterized by a high impact angle between the quadrotor body and the ceiling.
This often resulted in failure due to the insufficient momentum and energy transfer to complete
the swing necessary for successful landing. Additionally, this can occur when the body of the
quadrotor, including the tips of the rotors, contact the ceiling before either of the legs.

Figure 38 and Figure 39 show the physical maximum impact angle with the ceiling such
that the leg tip and the body would contact the ceiling simultaneously. Impact angle is defined as
the angle between the body and the ceiling during impact as shown in Figure 37. This maximum
physical impact angle is a function of both the x and y position of the leg. For a given leg
geometry, any impact angle greater than the corresponding maximum shown in Figure 39 will
result in the body contacting the ceiling before the leg. This shows a physical limitation of
landing angle as a function of leg geometry.

The physical maximum impact angle, as shown in Figure 38, was derived by calculating
the angle between the body and the ceiling such that the leg tip and body tip would touch the
ceiling simultaneously (are at the same vertical position). The origin is defined as the center of

the body segment, with positive-x to the right and positive-y upwards. If the body width is

defined as the variable W, the right body tip is located at position [g 0]. The right leg tip is at



55
location [Xieg, Yieg], Where Xieg 1s positive and yieg is negative. The maximum impact angle can be

calculated using the law of cosines on the triangle with vertexes at the following 3 points: right
body tip, right leg tip, and the center of the body as shown in Figure 38. The dimensions of the

legs and body of the quadrotor are shown in Figure 36.

§=0° 6=45 6=90°

Figure 37: Impact angle between body and ceiling.

Figure 38: Physical maximum impact angle.
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Figure 39: Physical maximum impact angle vs leg geometry.

High vertical velocity assisted failure is characterized by the vertical velocity
contributing to angular momentum in the wrong direction. If the robot must rotate
counterclockwise to complete a successful landing and the vertical momentum contributes
towards clockwise rotation, this reduces the chances of successful landing. This category of
failure can be identified by the center of mass being to the left of the impact point when the robot
is flying to the right. The impact angle threshold for different leg geometries is shown in Figure
41. For any impact angle above the threshold shown in Figure 41, the vertical momentum
contributes to angular momentum in the opposite direction than is necessary for successful
landing. While it is possible to land despite the vertical velocity working against the successful
landing rotation, successful landing becomes dependent on the angular momentum from body
rotation before impact and horizontal velocity to overcome the vertical momentum.

Neutral vertical impact angle is equal to the angle between the leg and vertical as shown

in Figure 40. This neutral impact angle is calculated as follows:
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x
Neutral impact angle = abs (atand <yleg>) (5.1
leg

Impact point

Center of mass

Figure 40: Neutral vertical momentum impact angle.

As shown in Figure 41, the neutral angle varies between 0 and 90 degrees. When the leg
is long and narrow, there is a small range of impact angles where the vertical velocity will
contribute to successful rotation and landing. When the legs are short and wide, there is a much
wider range of impact angles where the vertical velocity will contribute to successful rotation

and landing.
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Figure 41: Neutral vertical momentum impact angle vs leg geometry.

High horizontal velocity assisted failure is characterized by the horizontal velocity
contributing to angular momentum in the wrong direction after impact, lessening the momentum
needed to swing the other leg to the ceiling or sometimes resulting in rotation away from the
ceiling. This can occur when the robot over rotates before landing. Low velocity failure is
characterized by minimal horizontal and vertical velocity upon impact. For this type of failure,
there is not enough momentum and energy transferred to rotation to complete the landing.

Figure 42 shows how impact angle is defined for the impact landing trials, and Figure 43

shows different regions of successful landing.
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Figure 44 shows the success and failure to land under a variety of impact conditions for

the extra-narrow short landing mechanism. This landing mechanism geometry shows a limited

range of impact angles that lead to successful landings. Successful landing is dependent on high

horizontal velocity.
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Figure 45 shows landing success over a range of impact conditions for the narrow short

landing mechanism geometry. This shows a wider range of impact angles that can result in
successful landing than the extra-narrow-short landing mechanism; however, this geometry still

depends on horizontal velocity to expand the range of impact angles that can be successful.
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Figure 45: Narrow short- green: successful, yellow: incomplete, red: failure.
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Figure 46 shows landing success over a range of impact conditions for the wide short

landing mechanism geometry. This landing mechanism geometry shows robust landing over a

wide range of conditions. The short wide configuration outperforms other configurations for low

horizontal velocities.
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Figure 46: Wide short- green: successful, yellow: incomplete, red: failure.
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Figure 47 shows landing success over a range of impact conditions for the extra-narrow

long landing mechanism geometry. This landing mechanism has a narrow range of angles that

will result in successful landing for low horizontal velocities.
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Figure 47: Extra-narrow long- green: successful, yellow: incomplete, red: failure.
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Figure 48 shows landing success over a range of impact conditions for the narrow long

landing mechanism geometry. This leg geometry results in high success for small impact angles

but depends on high horizontal velocity to increase the range of impact angles that will result in

successful landing.
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Figure 49 shows landing success over a range of impact conditions for the wide long

landing mechanism geometry. This landing mechanism geometry shows high landing
performance over a wide range of velocities and impact angles. Performance is better than the

narrow landing mechanism geometries for low horizontal velocity trials.
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Figure 49: Wide long- green: successful, yellow: incomplete, red: failure.

Design Optimization of Landing Mechanism Geometry

The 2-D landing simulation environment was applied to the optimization of landing
mechanism geometry. There are two primary areas of focus for addressing the robotic landing
on the ceiling problem. The first area of focus is the robot and control of the robot. This
determines how the robot senses the surroundings and how it reacts to these surroundings. The
second area of focus is on the physical design of the landing mechanism, which is the interface

between the robot and the ceiling from initial impact through completed landing.
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The goal of the landing mechanism is to increase the robustness of the landing process.

For this study, robustness of landing is defined as providing the greatest flexibility to the
controller and expanding the margin of error such that successful landing can be achieved even
with uncertainty and error in the sensing and control process. The controller is expected to
evolve based on the design of the landing mechanism to maximize the landing success rate for a
given situation with a specific landing mechanism. This presents an issue for the optimization of
both the controller and the landing mechanism. The controller and the landing mechanism are
inter-related, and the optimization of one is subject to the design of the other. However,
attempting simultaneous evolution of both the control algorithm and the physical landing
mechanism design is computationally intensive.

The optimization problem can be addressed by separating the control algorithm and
landing mechanism optimization and following an iterative optimization strategy. The moment
of impact provides a clear time to differentiate the purpose and responsibility of each component.
Before impact, the control algorithm is responsible for maintaining stability, determining the
correct moment to initiate rotation, and deciding the speed and/or angular acceleration to
maintain during the rotation process. These actions by the controller must result in impact with
the ceiling for a successful landing. The goal of the controller is to impact the ceiling with
conditions such as vertical velocity, horizontal velocity, impact angle, and angular rotation rate
such that landing will have the highest likelihood of success for a given landing mechanism. For
the purposes of this optimization model, it was assumed that the motors shut off on or before
impact with the ceiling. Once the motors shut off, it was assumed that the controller no longer

has any impact on the events that follow. After impact, the robot is subject to rotation and
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motion under the influence of gravity. The purpose of the landing mechanism is to increase the

probability of successful landing under a range of impact conditions.

In summary, the landing mechanism should be designed to increase the probability of
successful landing under a wide range of impact conditions. The controller should learn how to
react to the surroundings and control the robot such that it impacts the ceiling under conditions
that are favorable to successful landing for a given landing mechanism.

Under this model, a landing mechanism that will promote successful landing under a
wide range of impact conditions will allow for more flexibility in the impact conditions that the
controller must seek to achieve. A controller and system that can more consistently achieve a
desired impact condition under the widest range of initial conditions should be able to
consistently impact the ceiling under conditions that will result in successful landing with a given
landing mechanism.

The controller is determined through machine learning in the Gazebo simulation
environment. In this simulation, the landing mechanism design is fixed, and the control
algorithm is optimized for the robot in the configuration with that landing mechanism design.
The landing mechanism geometry can be optimized separately to find the design that increases
the success rate over a range of impact conditions. For this optimization process, three key
impact conditions are considered for the 2-D case: horizontal component of velocity, vertical
component of velocity, and impact angle.

For the first step in the optimization of the landing mechanism, a wide range of horizontal
velocities, vertical velocities, and impact angles should be chosen. These ranges should be
chosen such that they are physically achievable by the controller and can reasonably be expected

to result in successful landing. If regions that are not attainable are chosen, the landing
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mechanism will be optimized to be successful under impact conditions that are not possible,

potentially at the detriment of performance under impact conditions that are attainable by the
robot.

Next, a series of equally spaced sample values should be chosen within each range. For
example, if the vertical impact velocity range of 0-2 m/s is chosen, discrete sample values of 0,
1, and 2 m/s can be chosen. The same process should be followed for horizontal impact velocity
and impact angle. Next, a complete set of impact conditions should be created by forming every
combination of the three sets of impact conditions. This set of impact conditions will serve as a
benchmark for a given landing mechanism. The goal of the optimization process will be to
identify the landing mechanism geometry that will result in successful landing for the greatest
number of these impact conditions.

The optimization of the landing mechanism under this series of impact conditions can be
organized as follows. The objective function for the optimization process is the successful
landing rate over the set of landing conditions. The variables to be optimized are defined as the
horizontal and vertical position of the right leg tip relative to the center of mass. All legs are
assumed to be symmetrical. For each iteration, a given landing mechanism is tested under each
impact condition defined in the set and an objective score is calculated based on the number of
landings that were successful. The leg parameters continue to be iterated until landing success
rate is maximized.

After a landing mechanism geometry is optimized, the design should be implemented in
the controller simulation, and the controller should be optimized for this new landing mechanism
design. Based on the impact conditions that occur from the new controller, a new set of

desirable impact conditions can be formed for optimization of the landing mechanism. This
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newly optimized landing mechanism can be implemented for another round of controller

optimization. This process can be repeated until the range of landing conditions the controller
achieves consistently matches the range of impact conditions that the landing mechanism has
been optimized for.

To demonstrate one step of the optimization process, the landing mechanism geometry
was optimized over a range of impact conditions. The chosen impact conditions were vertical
velocity over the range 0.2 m/s to 1.2 m/s, horizontal velocity of 0 m/s to 1 m/s, and impact angle
of 10 degrees to -90 degrees. These impact conditions represent achievable impact conditions
for the Crazyflie quadrotor.

Simulations were first run using the extra-narrow short landing mechanism to evaluate
performance. The results are shown in Figure 50. Next, the optimization algorithm was run with
the objective of increasing the success rate under the same impact conditions. The landing
mechanism x dimension was constrained to between 0.001 m. and 0.1 m., and the y dimension
was constrained to be between -0.1 m. and -0.02 m. The assumed body width was 0.08 m. for
both trials. The optimized landing mechanism was found to have an x-dimension of 0.0491 m.
and a y-dimension of -0.0206 m. This optimized landing mechanism was tested over the range
of impact conditions, and the result is shown in Figure 51. There is a clear increase in
performance between the extra-narrow landing mechanism and the optimized landing
mechanism. The optimized landing mechanism design was slightly wider than the body width,
and the y dimension was close to the minimum bound set for optimization. This short and wide
geometry allowed for the greatest rate of successful landings under the specified impact
conditions. This landing design should allow for greater margin of error for the controller,

thereby increasing the robustness and repeatability of the landing process.
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Chapter 6

Design and Testing of a Quadrotor Launching Platform

Purpose of Launcher Design

A quadrotor launching platform was designed and implemented to aid in the testing and
development of the ceiling landing controller. The purpose of this launching platform was to
allow the ceiling landing study to focus primarily on the landing behavior and put less focus on
trying to achieve a wide range of initial conditions with the quadrotor alone. There are limits to
quadrotor technology at this scale, and while the Crazyflie was modified to lower its mass, it was
only able to achieve limited velocities in the constrained test space. The launcher will allow for
testing and improvement of the quadrotor’s landing behavior under a wider range of initial
conditions than would be attainable without the launcher. As quadrotor and battery technology
improve, or when the testing space is expanded, the controller will already have been trained

under the higher velocity conditions.

Mechanical Design

The goal of the launching platform is to achieve an initial vertical velocity over the range
of 1-3 m/s. The platform must be able to launch a 50-gram mass at the desired velocity range.
The launcher has two primary means of actuation. Option 1 uses the potential energy of a
dropped mass along with a class 1 lever to propel the platform and quadrotor upwards with a

desired initial velocity. Method 2 uses an electromagnet at the base and permanent magnets on
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the launching platform for magnetic propulsion of the platform. A computer aided design model

for a launching mechanism is shown in Figure 52.

Figure 52: Launching mechanism CAD design.

Fabrication

The launcher was designed to accommodate both dropped mass and electromagnetic
means of launching, but the dropped mass propulsion method was implemented due to the
simplicity of operation. Later, the launcher can be converted to permit computer-controlled
electromagnetic launch and/or initial launch at different angles. The design was implemented
with a primarily wood structure. Using wood for construction allowed for a simple and rugged
build with enough weight to prevent movement during the launching process. A linear slide,
designed for use with drawers, was used to constrain the launching platform to linear motion.

The fabricated launcher is shown in Figure 53.
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Figure 53: Fabricated launching mechanism.

Testing and Data Collection

The input-output behavior of the launcher needed to be characterized so that the desired

launch velocity could be consistently attained. To accomplish this goal, an experiment was
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designed to collect data on the drop height of the mass and the maximum height of the projectile.

This maximum height was then used to calculate the initial launch velocity of the platform for
each drop height of the mass.

The experiment was conducted by selecting a series of mass drop heights. For each drop
height, three trials were conducted. To record the drop height and maximum projectile height, an
extended tape measure was placed in the background and a slow-motion video was captured of

the launch process.

Analysis of Testing Data

The test data recorded the drop height of the mass and the maximum height of the
projectile, measured as the distance above the ground. Each of these was adjusted to find the
effective drop height of the block and the effective launch height. Drop height was set to zero
when the base of the dropped mass was at its lowest point. Launch height was set to zero where
the launch surface is when the dropped mass is at its lowest position. This position was chosen
because the launched projectile will leave the platform when the platform is no longer being
accelerated upwards by the lever. For the initial velocity calculation, ideal projectile motion was
assumed where air resistance is negligible. Each projectile height was converted to an initial
launch velocity. Next, an equation was fit to the drop height and launch velocity data as shown
in Figure 54. Equation 6.1 describes the line of best fit. This allows the operator to control the

launch velocity by adjusting the height that the block is dropped from.
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Figure 54: Launch velocity vs drop height experimental data.

Equation 6.1 shows the necessary drop height to achieve a desired launch velocity.

hy; =0.1852 *v — 0.1255

(6.1)
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Chapter 7

Future Inquiry, Conclusions, and Applications

Conclusions

An additively manufactured landing mechanism was designed and mounted to the
Crazyflie quadrotor to enable and assist inverted landing on the ceiling. This landing mechanism
design is lightweight and can be manufactured with a range of different stiffnesses and
geometries.

The effects of landing mechanism geometry were tested under a wide range of impact
conditions in a simulated environment for comparison between different designs. These
experiments showed a clear impact of landing mechanism geometry on the impact conditions
that would lead to successful landing.

Idealized landing control strategies were derived to better understand the process of
rotation and landing on the ceiling with several landing strategies such as constant angular
velocity and constant angular acceleration rotation. These control policies were applied to
examine the difference in the control behavior based on sensor error and uncertainty.

A method of optimization of both the controller and landing mechanism geometry was

proposed to increase the success rate of inverted landing.
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A launching platform was designed to increase the range of initial conditions under

which the robot lands on the ceiling. This launching platform was fabricated and tested to enable
the desired initial velocity to be imparted on the quadrotor during testing.

Altogether, this work provides insight into key factors in the design and analysis of a
landing mechanism and a control algorithm for inverted landing. These findings will help to
facilitate the development of robust inverted landing of small quadrotors as research on insects

and robots in the simulated environment is transferred to physical robots.

Future Inquiry

Based on the findings, several additional questions and areas for inquiry arose. One area
is to investigate how the learned control patterns for landing on the ceiling change with other
landing mechanism factors such as leg stiffness, number of legs, and leg shape. This study
examined the impact of leg geometry on successful landing behavior; however, introducing
additional factors such as lessening the stiffness of the legs or increasing the number of legs to 6
or more could result in different learned methods of landing. Additionally, the simulation
environments can be compared to physical trials, and the simulations can be refined to match the
observations in the experimental trials.

Furthermore, the learned behaviors for the robotic flier can be compared to the patterns
observed in flies and flying insects. Landing patterns have been observed in flies as a group, and
several landing patterns have been characterized. This group behavior could be compared with
the behavior of individual flies to determine if individual flies exhibit multiple landing behaviors

or if an individual fly learns and repeats a single behavior. This could then be compared with the
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learned robotic policies. This could provide insight into the learned behavior and nature of the

algorithms used by small insects.
Lastly, the impact of the adhesive or Velcro can be examined. The method of attachment
of these materials could impact the behavior upon impact with a surface. Additional materials

could be tested to allow for landing on any surface.

Application to Small Aerial Robotics

The use of RREV as a control mechanism is valuable for the future development of small
robotic systems with limited processing and weight capacity. Sensing and reacting to the
surroundings with simple sensing and processing may allow for miniaturized robotics like the
Crazyflie to have complex interactions with the environment. While this study focuses
specifically on a small quadrotor landing on a ceiling, this behavior can be later expanded to
navigating and landing on a variety of surfaces in different orientations. Behaviors of insects
will continue to serve as inspiration for implementation of small-scale sensing and control. As
robotic and energy storage technology continues to improve, these studies will serve as a
foundation for the sensing, control, and design of small robots to execute complex landing for a

variety of applications.
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Appendix A

Control Policy 2 Derivation

t, = acceleration duration
t, = duration between motor shutof f and touchdown

timpact 1S defined by Equation 4.1.
1
0, = 180 degrees =5a *tZ+axtyxt,

timpact = ta t tp

tp = timpact — ta

1
180 = o+ 7 + & * ta * (timpace — ta)

1
(E*a> * t2 — (@ * timpacr) * ta + 180 =0

a * timpact - 2\/( a * timpact)z — 4= (_ %) * (_180)

a

tg =

2 2
a * timpact - (a * timpact) — 360 *

a

ty =

2 2
( a * timpact) —360 (4 5)
a

ta = timpact —
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Appendix B

Control Policy 3 Derivation

0,: desired angular displacement from start of rotation to landing (degrees)
6;: motor shutof f angle (degrees)

timpact 1S defined by Equation 4.1.
04 =§a*t§+a*ta*tb
timpact = ta +tp
tp = timpact — ta

04 = Ea* to+axtyx (timpact = ta)

-1
0q = (7 * Q) * tczl + (a* timpact) *Tq

O, = =% a xt>
S 2 a

Og = —0;+ axty* timpact
Og+ 0s = axty* timpact

04 + 65

lq * timpact

212 %6
tg = .
2
22*95*1:. . :(9 +8)2
a impact d s

2% 05 % thac ¥ @ = (04 + 65)?



_ (ed + es)z
2% t2 * 0

impact

where 8; = 180 and 6, = 90

81

(4.6)
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Appendix C

Impact Time Using RREV Derivation

t: impact time (s)

1
Ay =V, *t— > * g = t2 (Projectile Equation)

> * g *t?— Vy, xt + Ay = 0 (rearanged equation to put in quadratic form)

1
t= (§> * (W, — 2\/1/3,21 — 2+ g* Ay):calculated impact time

v,
RREV = —:definition
Ay

Ay = m :rearrange previous equation

t (1) v, — vz —2 Yy, (4.8)
=|—]= — — 2% Qg% ——— .
g) \Wni™ [V~ 2% 9" Rrey
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