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Introduction

1.1. Introduction to thesis report

This document contains a thesis report written for a masters degree in Control and Simulation at the
aerospace faculty of the Delft University of Technology. The goal of this project was to design, build and
test a novel concept for an aerial robotic system capable of autonomous perching. The contributions to the
current body of research are threefold: a RANSAC-based algorithm for detecting suitable (imperfectly)
cylindrical perch structures in complex environments; a lightweight control system that utilises perch
detections for onboard flight planning; and a passive grasper design based on bistable shell structures that
uses the impact force generated during the perching manoeuvre for gripper actuation. This technology is
uniquely suited for use in many field applications, such as wildlife monitoring without disturbing the fauna,
surveillance from a fixed elevated position and mission extension through power generation in the perched
state.

Although this report is credited to a single author, the work it describes could not have been completed
without the aid and advise from a host of intelligent people. It may take a village to raise a child, but once
that child decides to pursue a masters degree, they better be comfortable with seeking help from distant
shores. However, to begin more close to home, the many hours that went into the research, building and
writing behind this thesis project would not have been possible without the unwavering support of friends
and family. It would be unfair not to thank Ana McGinley, Maurice McGinley and Kate Williamson by name
for the hours each of them put into reading and reviewing the many draft deliverables produced during this
project. The members of the Delft University of Technology MAVIab were instrumental during the building
of the drone. This thesis would not have been completed in a single year without the near constant help
of Liming Zheng, who was able to teach the fundamentals of quadrotor design in a couple months and
always seemed to have answers when no one else did. Finally, Salua Hamaza must also be thanked
for her supervision and guidance throughout the project and the incredible opportunities she was able to
provide throughout its duration.

The structure of this report is broken into three sections. Following this introduction, in Part | the
scientific article that details the work completed during this thesis is presented. Here, in the format of
an |IEEE scientific journal article, the hardware and software of this project can be found along with the
various experiments and results used to validate the work. This new content was written specifically for
this report and is the final deliverable of the masters program. In Part Il, the literature review written at the
beginning of the project can be found. This details the initial months of research required to develop the
objectives and scope of this thesis. This has been previously graded as part of an earlier course. Each of
these documents contain their own references which can be used for further reading if one wishes to delve
deeper into any of the discussed topics.
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Vision-guided Quadrotor Perching on Imperfectly
Cylindrical Structures

Seamus McGinley

Abstract—The design of aerial robots capable of perching poses
significant challenges, from requiring pilots to master precise ma-
noeuvres, to devising hardware and software capable of adapting
to diverse perch structures and complex field environments. The
Slapper drone presented in this paper tackles these challenges
through three main innovations. First, a lightweight, vision-
based system for autonomous perch detection using onboard
flight hardware detects (imperfect) cylindrical objects found in
both natural and artificial environments. Second, an onboard
flight planning algorithm autonomously handles the detection,
approach and perching flight phases, removing the need for a
pilot. Third, a completely passive gripper utilises bistable shell
structures to allow for perching on general long narrow features
without any precise control inputs or power consumption. This
design was successfully validated through both simulation and
multiple indoor flights to result in reliable autonomous quadrotor
perching in real-world environments.

Index Terms—Perception-aware Motion Planning, Vision-
guided Detection, Compliant Mechanism, Aerial Perching, UAV
Applications

I. INTRODUCTION

HE ability to perch Unmanned Aerial Vehicles (UAVs)

from flight provides a number of advantages that have
attracted interest in recent aerospace research [1]—[3]. Perching
extends mission times for aerial robots with limited battery
capacity since, during a stable perch, lift-generating motors
can be switched off. Furthermore, the perched position pro-
vides sensing opportunities not possible from hovering flight
[4]. For example, a perched drone could monitor wildlife,
collecting audio and visual data from an elevated position,
without motor noise scaring fauna or obscuring bioacoustics
[5]. However, to realistically allow a UAV to reap the benefits
of a successful perch, especially beyond the pilot’s visual line
of sight, the perching manoeuvre must be automated due to
the prohibitively difficult nature of manual perching.

The Slapper drone presented in this paper contributes to the
growing body of research on perching drones by combining
autonomous perch detection and perch manoeuvre control with
a novel passive perching mechanism. The Slapper drone is
designed to land on (imperfect) cylindrical structures com-
mon in both the natural and artificial worlds, e.g. branches
and (warped) pipes. Using only a single stereo camera and
an onboard computer running a Random Sample Consensus
(RANSAC) algorithm, the quadrotor is able to detect the
relative position of suitable perch structures and execute an
approach to autonomously perch upon the structure. This is
done without any prior knowledge of the environment. The
perch detection algorithm has been designed and tested for
obstacle-dense, real-world environments. The entirely passive

Fig. 1. Assembled Slapper drone passively perched on an imperfectly
cylindrical tree branch

grasper design facilitates perching using only the impact
between the perch and the grasper for actuation, removing the
need for additional servos that increase the weight and power
consumption and that can require prohibitively precise control
inputs to operate. The Slapper quadrotor can be seen passively
perching on a tree branch in Figure 1.

Many different perch detection systems have been experi-
mented with before and the Slapper drone design is built from
this body of pre-existing work [6]-[9]. RANSAC algorithms
have found wide use in a variety of applications, from image
registration to tree modelling [10]-[12]. Prior work has used
RANSAC for onboard perch detection, but this was restricted
to perfect cylinders in front of a large plane and was thus not
suited to realistic perching environments such as the branch of
a tree high in the air [13]. A RANSAC algorithm built specifi-
cally for the detection of imperfect cylinder structures for UAV
perching without this limitation has also been presented, but
was never run on hardware suited for aerial robotics [14].

Bistable structures which utilise the collision force during
perching to transition between the stable open and closed con-
figurations have received much attention [15]-[18]. Recently,
a gripper design using bistable cylindrical shell structures
was shown to be distinctly well suited for UAV perching on
structures of different dimensions and shapes [19]. The Slapper
gripper design uses the same bistable structures to achieve
similar performance in these aspects.

To the best of the author’s knowledge, the Slapper drone is
the first to achieve vision-guided UAV perching on imperfectly
cylindrical structures using a completely passive gripper and
onboard perch detection suited for real-world environments.



Section II describes both the unique gripper hardware and
perch detection algorithms used for this drone. Section III
presents the experiments conducted to validate the hardware
and software and the results of these tests. Finally, Section IV
discusses the potential for future work and conclusions taken
from the Slapper project. The appendix contains the algorithm
parameters used during testing and links to videos from each
experiment.

II. SYSTEM DESIGN
A. Hardware

Much of the Slapper drone hardware consists of off-the-
shelf racing drone components. A SpeedyBee FS225 V2
quadrotor frame was used, paired with a Pixracer R15 au-
topilot. To facilitate autonomous perch detection and vision-
guided motion planning, an Intel RealSense D435 camera
and an Nvidia Jetson Xavier NX are present on board. The
forward-facing RealSense camera is used to generate a 3D
RGB point cloud of the environment used for perch detection.
The Jetson computer runs the perch detection algorithm and,
simultaneously, any other programs needed for the control of
the drone. The Jetson was chosen for its high computational
power and compact, lightweight design; characteristics critical
to allow the algorithm to be run on board the drone.

The gripper design is centred around the stacked bistable
shell structures of several steel tape measure segments, previ-
ously shown to allow for passive perching on a variety of perch
geometries [19]. Seven of the approximately 0.2m long and
0.02m wide steel segments were extracted from slap bracelets
and stacked on top of each other. Stacking the segments in
this manner improves the grasping force during perching, but
increases the force needed to transition between the two stable
states. Foam segments were attached to the inside of the
stacked segments and a non-slip material, Dycem Non-Slip,
was glued to this foam. The foam allows for the gripper to
conform to any irregularities in the perch structure (e.g. the
bark of a branch), and the non-slip material increases friction
between the gripper and perch, improving perched stability,
see Figure 2.

To attach the steel segments to the drone body, a custom
frame was 3D printed from PLA. This frame consists of a top
and bottom segment which are connected using metal bolts
and linear springs. The two sections are designed so that,
upon contact with a perch structure, the bottom section will
be pushed up towards the top section which holds the steel
segments. A pointed end of the bottom section is then pushed
into these shell structures causing the transition from the open
to the closed state. The pointed end concentrates the force of
the impact into a smaller area meaning that less total impact
force is needed for the transition. The linear springs serve to
dampen the impact force passed to the drone frame, preventing
the landing impact from causing the drone to bounce off the
perch. Assembled, the gripper weighs 83g.

B. Perch Detection

The algorithm designed for detecting (imperfect) cylindrical
perches from the 3D point clouds is centred around cylin-
der fitting using random sample consensus, or RANSAC.

Fig. 2. Passive gripper uses bistable cylindrical shell structures. (a) Exploded
view of renderings of gripper components. (b) Gripper in open configuration.
(c) Gripper in closed configuration.

RANSAC algorithms have been proven to be a fast and robust
method of fitting shape primitives to point cloud data and have
been used for this purpose in many previous projects [13], [14],
[20].

Due to their large size and noise content, the raw point
clouds from the RealSense camera cannot be used directly.
Instead, they are first run through decimation, spatial and tem-
poral post-processing filters built into the RealSense firmware
[21]. This helps remove noisy outlier points and intelligently
scale down total point cloud size. The cleaned point cloud is
then passed to a C++ ROS node for further processing using
various functions from the Point Cloud Library [22]. Once
received by the node, the point cloud message is downsampled
again using a voxel grid filter, groups of points within a 3D
voxel of a given leaf size are replaced by the centroid of
those points, and then a pass through filter is applied to crop
the point cloud. The point cloud is split into smaller point
clusters using a conditional Euclidean clustering algorithm
which clusters points based on their distance to neighbouring
points in both physical space and the CIELAB colour space.
The CIELAB colour space was chosen as the colour distance
in this space was found to more closely represent the colour
differences perceived by the human eye than the other colour
spaces tested. The normals of each point are estimated and
RANSAC cylinder fitting is then applied to each individual
cluster.

The goal of the perch detection system is to detect the
most suitable perch within the input point cloud. This is
defined as the most cylindrical, but not necessarily perfectly
cylindrical, structure that falls within the dimension and angle
limits defined by the perching mechanism. This is represented
in the code by enforcing limitations during the cylinder fitting
process on the minimum and maximum perch radius and
roll, pitch and yaw of the cylinder’s axis in the camera’s
reference frame. The fit of each cluster is given a score based
on the percentage of that cluster’s points that fall within a
threshold distance from the cylinder’s surface. This scoring
helps account for noise in the point cloud, but also means that
imperfect cylinders, the majority of perch structures in the real
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Fig. 3. Flow chart detailing the steps in the autonomous perch detection algorithm. Here, the point cloud cleaning steps are shown in blue and the cylinder

fitting steps are shown in yellow.

world, can be detected as suitable perches. Figure 3 shows a
flowchart representing this entire algorithm.

The noise content of the RealSense point clouds was found
to be one of the largest challenges in the detection of suitable
perches and, as with the filters and scoring mentioned above,
many steps were taken to overcome this. The noise paired
with the, by definition, random nature of a RANSAC-based
detection method meant that even when the camera is pointed
at an unchanging scene, it may return two separate locations
as the most suitable perching point in subsequent time steps.
Often, due to differences in the clustering or randomness in the
fitting, the algorithm returns different clusters along the same
cylindrical object as the best perching point. This is, however,
not an issue. As long as the fitting parameters have been tuned
correctly, all detections should represent suitable perching
points and the final choice can be determined during the
onboard flight planning. Again, with correct parameter tuning,
the number of false detections can be greatly reduced and any
others can be disregarded through additional processing. This
is discussed further in the following section.

C. Onboard Flight Planning

A typical Slapper drone perching mission consists of three
distinct phases: i) detection, ii) approach and iii) perch. As the
name suggests, the first phase consists of the detection of a
suitable perching location. This could be done from the ground
prior to takeoff, but, in most cases, detection will be performed
from flight. Whether the perch detection is performed from a
stationary hover or from a ”scanning” flight pattern, detection
from flight is generally preferred as it provides a broader
view of the environment and potential perch locations. The
detection of suitable perches will start as soon as the perch
detection algorithm is run, but an additional validation step
can be added between the detection and approach phases. In

this validation step, the detected perching location is manually
checked and either validated as a correct detection or discarded
and the algorithm detects a new location. This step is not
strictly necessary, but it does provide a simple way to combat
the false detections mentioned in the previous section.

Once a suitable perch location has been detected, the ap-
proach phase can begin. In its simplest form, this phase entails
flying in a straight line to a point directly above the detected
perching point. This only works in uncluttered environments
free of obstacles that the drone could collide with during its
approach. If this is not the case, then the point cloud returned
by the camera can be used to check whether the approach
path to the perch is unobstructed. By checking if there are any
points in the box defined by opposite corners at the approach
point and the drone’s position, both with an additional safety
margin, the drone can determine if an approach is feasible. If
this is not the case, the flight remains in the detection phase
and detects a new approach point.

Due to noise in the initial detection, errors in drone state
estimation or changes in the environment such as wind, once
the drone has flown to the initial approach point it may not
be directly above the perch structure. All of these factors can
be compensated for by continuing to run the perch detection
algorithm as feedback for the controller. By using the cylinder
fit to the initial perch structure as a reference, subsequent
detections of the same structure can be used to create an
updated and improved detection of the perch’s position. To
ensure that the initial detection is correct, it can either be
manually validated or chosen as the detection with the best
score from a set number of early point cloud frames. After
this, subsequent detections are verified to be of the same
perch structure as the initial detection by comparing position
and cylinder axis angle. The fitting score can be used as a
weighing factor to create a weighted average of the perch’s
pose, providing an improved perch position estimate that



remains accurate over time despite changes in the environment.
This updated perch position detection can be used to make
final adjustments during the approach phase and ensure that
the drone remains directly over the perch structure before
transitioning to the final perching phase.

Due to the completely passive design of the gripper, the
perching phase can be as simple as switching off the rotors and
allowing the drone to free-fall onto the perch. Upon contact
with the perch, the steel segments will transition from the open
to the closed state and grip the perch. This requires the drone
to be directly above the perch at a suitable distance, but given
successful execution of the previous phases, this should be the
case. It would also be possible to perform a controlled descent
towards the perch without completely switching the rotors off,
but the descent would have to be fast enough to generate the
force needed to close the gripper. This may be more desirable
in the presence of gusts that might blow the drone away from
the perch during a free-fall.

III. EXPERIMENTS AND RESULTS
A. Perch Detection Tests

To validate that the perch detection system could be used
in real-world environments, it was tested outside with a real
tree branch. Point clouds were generated using the RealSense
camera, but the algorithm was run in a virtual machine and
not the Jetson board. The choice of computer running the
algorithm should not affect detection accuracy, so the choice
of not using the Jetson was made to allow for a simpler testing
setup. A suitable tree branch was propped up in a small tree
to mimic a scenario of the quadrotor searching for a perch in
a natural environment where leaves and other natural objects
result in complex point clouds. During the test, the camera
was moved around manually to simulate the drone in flight
and to investigate the effect this has on detections.

This test showed that the algorithm was indeed capable of
identifying imperfectly cylindrical features that would make
suitable perches in a natural environment. Running at approx-
imately 14Hz on the virtual machine, the algorithm returned
in real-time the cluster with the highest score along with a
visualisation of the corresponding cylinder fit to that cluster.
The algorithm worked while the camera was in motion as long
as the branch remained in frame. One of the frames of this
test can be seen in Figure 4.

B. Gripper Tests

Drop tests were performed with the Slapper hardware to
evaluate the gripper design and its ability to support the
quadrotor’s weight on perch structures of varying sizes when
dropped from different heights. Three tree branches, with
bark and other surface irregularities intact, were chosen as
perch structures. The branches had average diameters of
approximately 48mm, 55mm and 77mm. Note that the aim of
this experiment was solely to qualitatively determine whether
the gripper design is suited for different branch sizes and
geometries and, therefore, other branch variables such as the
looseness of the bark were not controlled for.

Fig. 4. Detection of suitable perch with fitted cylinder in outdoor environment.
(a) Branch. (b) Cylinder fit by algorithm. (c) Fence. (d) Tree.

TABLE I
SUCCESSFUL PERCH DROP HEIGHTS RANGES

Average Perch Diameter [mm] 71 55 48
Height Range [cm] 3-513-25

These tests showed that, while the gripper is robust to
different perch sizes, performance improves when the perch
geometry is within certain limits. The height at which the
perching free-fall is initiated also impacts whether a successful
perch can be achieved. As seen in Table I, the branch with an
average diameter of 55mm resulted in stable perches from
a larger range of drop heights than the smallest and largest
branches, which both resulted in identically poor performance.
This medium branch allowed for the most surface contact
between the gripper and branch, resulting in the best recoil
resistance and successful perches from greater heights. It was
observed that the larger branch resulted in more frequent
partial perches where, although the drone would remain in
place above the branch after the drop, the gripper would not
completely wrap around the branch leading to a less stable
perching position. An example of this can be seen in Figure
5. Finally, the lowest height which would result in a successful
perch for any of the branches was about 3cm since this was
the height of a fall needed to generate the necessary force for
passive gripper actuation.

C. Simulation

Before tests with the actual drone were performed, the
algorithm and flight planning were tested in simulation. For
these tests, the Gazebo simulation environment was used along
with the PX4 simulation-in-the-loop firmware. The Pixracer
autopilot also uses the PX4 autopilot firmware so these choices
significantly reduced the simulation-to-reality gap. A drone
was simulated along with a depth camera capable of generating
RGB point clouds, much like the RealSense camera. The
stream from this camera could be visualised during testing



Fig. 5. Partial perch during gripper test. The shape of the steel segments are
denoted in red and it can be seen that they do not correctly wrap around the
branch.

TABLE II
THE TRACKING ALGORITHM USES NEW DETECTIONS TO ADJUST THE
DRONE’S POSITION AFTER CHANGES IN THE ENVIRONMENT

Position Error [m] | Angle Error [rad]

Initial | Adjusted | Initial | Adjusted | Score
Initial Position N/A 0.01 N/A 0.00 0.47
Second Position | 0.24 0.21 0.0 0.0 0.09
Third Position 0.21 0.05 0.2 0.06 0.87

using RViz. The gap between the real and simulated devices
was nontrivial since the simulated depth camera had no noise
and generated perfectly accurate point clouds. The algorithm
was also run on a laptop more powerful than the Jetson, but
the computational load on this laptop was higher since it also
had to run the simulation.

Initial experiments in simulation were performed to deter-
mine the extent to which the point cloud images could be used
to determine the feasibility of a direct approach to a perching
point. The experiment was set up as follows: the drone was
set to hover with a valid cylindrical perch structure in its view
and a box was drawn over the RViz camera stream from the
camera’s origin to an approach point directly above where
the algorithm detected the perch. This is the box described in
Section II, where one corner is defined by the drone’s position
and the opposite corner is defined by the detected approach
point. This box was visualised as green if the approach was
unobstructed (no points inside the box) and red if the path
was obstructed, as can be seen in Figure 6. To be of use in
an actual flight scenario, this method would have to be fast
enough to update in real time and accurate with a changing
environment and drone position. This was found to be the case
and the box changed colour and dimensions based on whether
simulated objects were placed in the drone path or if the drone
was moved by simulated disturbance forces. This happened at
a rate of approximately 9Hz. This experiment shows that the
real-time point cloud stream from a single depth camera could
be used to determine the feasibility of a direct approach and
validates this part of the onboard flight planning methodology.

To test the ability of the drone to track the perch and make
any final adjustments during the approach phase, a separate

Fig. 6. Visualisation from the direct approach validation experiment. The
planning box is green here which indicates that a direct approach would be
possible. (a) Planning box. (b) Perch structure. (c) Gazebo view showing the
drone’s position in the environment.

set of experiments were conducted. In these, the simulated
quadrotor starts from a hover with the perch in view, but not
directly above it and with an offset between the perch axis
and the drone’s heading. Based on the ideal performance of
the control developed algorithm, the drone should detect the
perch structure and then correct the distance and angle offsets
and align itself over the branch. Once the drone has done
this, the simulated perch is then moved or rotated slightly
and the drone should again detect this and update its position
correspondingly. Note that the drone should only correct itself
for small changes in perch angle or position since if the
difference is too large this could represent a false detection
or an entirely different perch structure. This functionality was
tested by including decoy perches at large angle and position
offsets from the correct perch to test if the drone would
erroneously track these. This testing setup can be seen in
Figure 7.

This experiment validated the perch tracking, but limitations
were discovered. The drone would detect the initial angle and
position offset and correct its pose and would do the same
once the perch was moved. The decoy branches posed no
issues during the tracking experiments. The drone, however,
tended to fly forward when correcting its position. This can be
explained by the 45° vertical field of view of the depth camera.
Since the camera cannot see directly below or behind it, each
new detection must be in front of the drone, causing the drone
to fly forward when adjusting itself based on new detections.
This was partially solved by not having the drone adjust itself
if it is already along the detected cylinder axis. However,
rotation of the perch still resulted in the drone approaching
the perch’s end. In some cases this would lead to the perch
then being completely outside of the camera’s field of view
and the drone no longer being able to make any subsequent
adjustments. This could be addressed further by having the
drone rotate 180° in place if it can no longer detect the original
feature, as it would likely be able to detect it again after the



Fig. 7. Figure demonstrating how the drone can track a perch structure despite changes in the environment and in the presence of decoy perch structures.
The tracked perch is highlighted in white in this figure. At t=27s, the drone is initially aligned over the perch, at t=60s the drone realigns itself over the perch
after it has been shifted 0.2m to the left and, at t=87s, the drone aligns itself again over the perch after it has been moved along its axis by 1m to remain in

the camera’s field of view and then rotated by 0.2rad.
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Fig. 8. Plot of initial successful perching flight experiment which clearly
shows the different phases of a perching mission. (a) Detection Phase. (b)
Approach Phase. (c) Perch Phase.

rotation. Since the algorithm uses the score of a detection to
update its estimate for the perch position, detections with a
lower score result in the offsets being closed less quickly. This
can be seen in Table II where the errors are shown for the
three perch positions shown in Figure 7 before and after the
drone’s position is adjusted using a new detection. The low
score of the second detection results in the positional offset
only being corrected slightly. This issue is minor, however,
as future detections with higher scores can be used to correct
this error, as seen with the third detection which drastically
reduces the position error from the second detection while
also correcting the newly introduced angle error. Overall, this
experiment was considered a success as it showed that new
perch detections could be used as feedback to the controller
and help deal with noise, errors in the initial detection or
disturbances in the environment.

D. Autonomous Perching

Indoor flight experiments were conducted using the Slapper
quadrotor hardware inside the TU Delft Cyberzoo flight area.

For these experiments, the drone had to autonomously detect
and perch on a tree branch approximately 1m above the
ground. The chosen branch was 0.93m long (of which 0.59m
extended beyond the triangular truss frame), still had its bark
attached and was neither perfectly straight nor cylindrical,
accurately representing a branch on a living tree. The radius
of the branch varied between 0.05m to 0.06m, excluding
knobs which locally increased this radius. The branch had a
maximum angle of 10° at its tip with respect to the level
horizon. An Optitrack motion capture system was used to
estimate the drone’s pose, but not that of the branch. Detection
of the branch and perching location occurred autonomously
on board the drone using the RealSense camera and Jetson
companion computer. Control of the drone took place on board
its hardware using the PX4 position controller. Additional
steps were taken to protect the hardware including printing
a protective exoskeleton from PLA to surround the computer
and some manual validation checks at key points during the
mission. The total takeoff weight of the drone was equal to
1.135kg.

The mission plan for these experiments followed the same
detection, approach and perch phases detailed previously. The
perch was to be detected from a stationary hover with the
drone facing the branch and, before transitioning into the ap-
proach phase of the mission, the detection would be validated
manually. This was a simple check to ensure that the drone
had correctly detected the perch and prevent a collision in
the event of a false detection. The detection was not modified
in any way during this check. If the detection was rejected,
the algorithm would attempt to detect the branch again. If
the detection was accepted, the drone would directly fly to
an approach point approximately 0.05m above the detected
perch. Due to the obstacle-free testing environment, it was
not necessary to run the direct approach feasibility check
described earlier. The final adjustment phase was also not
used. This was because the narrow vertical field of view and
large minimum depth distance of the camera, 58° and 0.3m
respectively, and the short length of the branch meant that
the branch was not visible from the approach point. Thus,
detections from the approach point could not be used as
controller feedback for final positional adjustments. Once the



(b)

Fig. 9. Initial successful autonomous perch detection and perching flight with the Slapper drone. (a) Flight time-lapse. (b) Drone in perched position after

mission.

drone had reached the approach point, the perching phase was
initiated by manually engaging the kill switch. Much like the
perch validation step, the choice to do this manually instead
of automatically switching off the rotors was to allow for the
mission to be aborted in the case of a software failure that
would result in a collision and damaged hardware.

Once all the algorithm parameters had been tuned, the
indoor experiments showed that the Slapper drone is capable
of autonomous perch detection and passive perching using
a single depth camera and an onboard companion computer.
For a successful perch, the drone is required to be positioned
directly above the branch and, although it was shown to work
using just a single detection, this would be much more reliable
if it had been possible to use subsequent detections for final
adjustments as described above and as tested in simulation.
The perch detection algorithm ran an average rate of SHz on
board the drone and this would have been sufficient for these
adjustments with this testing setup. A more reliable system
would also reduce the need for the manual validation steps
and thus increase total system autonomy. A time-lapse of the
first successful perching flight up until the point at which the
motors were disabled can be seen in Figure 9a along with an
image of the final perched position in 9b. Figure 8 plots the
height of the drone during this flight against time and each of
the three mission phases are clearly distinguishable.

To determine the reliability of the system, 9 additional
perching flights were conducted after the initial successful
mission validated that the algorithm and motion capture
parameters had been tuned correctly. These tests followed
the same mission plan and an identical experiment setup to
the first successful flight. Two parameters were adjusted, the
parameters denoting the maximum and minimum perch radii
used during the perch detection, since it was discovered that
these parameters had been set slightly too large for the chosen
branch. An overview of the results of these tests can be found
in Table III.

Of the 10 total tests conducted to validate the full pipeline,
most of the failures were attributed to the gripper slipping
away from the branch - although the drone was correctly

TABLE III
SUCCESS RATES IN AERIAL PERCHING FLIGHT EXPERIMENTS

Vision-based Detection
100 %

Path Planning
80 %

Branch Grasp
60 %

aligned above the branch proving the validity of the detection
and planner methods. The slippage problem could be solved by
adjusting the gripper design to increase the friction between
the gripper and the perch, for example by lengthening the
steel segments. It was also observed that bark debris would
stick to the non-slip material between flights, decreasing the
gripper’s adhesion over time. Thoroughly cleaning the non-slip
surface between flights solves this, but further exploration in
the gripper design could prevent manual cleaning operations
altogether. Furthermore, 2 failed perches were due to path
planning errors in the approach phase; one saw the drone
align itself correctly with the branch’s axis but slightly too
far towards the end of the branch, resulting in the gripper
missing the branch after the rotors were switched off. In the
second case, the drone approached the part of the branch
that was being held by the truss structure and this obstructed
the perching manoeuvre. These cases could be addressed by
including a simple check in the algorithm to ensure that the
perching point is in the lengthwise centre of a perch structure.

IV. DI1SCUSSION AND CONCLUSION

The Slapper drone presented in this paper utilises a pas-
sive perching mechanism, RANSAC-based perch detection
and autonomous planning algorithms ran on board the drone
to facilitate perching on imperfectly cylindrical structures.
Simulations demonstrated how the perch detection algorithm
could use the point cloud stream from a single forward-
facing stereo camera for flight planning and as feedback for
a position controller to achieve accurate positioning above a
perch. Flights with the Slapper hardware and a real tree branch
were performed, validating that the detection and planning
algorithms can be run using on-board processing, resulting
in reproducible successful perching missions without prior
knowledge of suitable perch locations. This technology could



be used for UAV perching in real-world environments allowing
for persistent sensing from an elevated position, surveillance
or mission length extension.

Future work should focus on incorporating onboard state es-
timation robust enough to work in outdoor environments. This
will likely increase sensor weight and required computational
power, but will allow for the drone to be tested in a much wider
range of environments. This would provide the possibility to
further develop and test the detection and planning algorithms.
Finally, the work presented here could also be used to aid
in developing an autonomous machine-learning-based perch
detection and control system for aerial robots in real-world
environments. Such a system could eventually be trained to
be extremely versatile and efficient, but, to the best of the
author’s knowledge, no suitable training data currently exists.
Autonomous outdoor flights performed by the Slapper drone
could facilitate the rapid gathering of this data and lead to
such a model becoming a reality in the future.
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APPENDIX A
ALGORITHM PARAMETERS USED DURING TESTING

Here, the parameters that were used for the perch detection
algorithm during the outdoor test and the perching flight tests
can be found. First a definition of each of the parameters is
presented and then the parameter values are given in Table IV.

Perch detection algorithm parameter definitions:

o vg leaf: Leaf size [m] used in voxel grid filter (along all
axes)

o pt_min: Minimum limit [m] on pass through filter (in
camera z-axis)

o pt_max: Maximum limit [m] on pass through filter (in
camera z-axis)

o LAB_threshold: Threshold distance in CIELAB colour
space for clustering

o cluster_tolerance: Threshold spatial distance [m] for
clusteting

o cluster_size_perc_min: Minimum cluster size as per-
centage of cloud size

o cluster_size_perc_max: Maximum cluster size as per-
centage of cloud

« normal_k: k-nearest neighbours considered during nor-
mal estimation

« cylinder_normal_distance: Relative weight given to the
angular distance between point normals and the plane
normal during cylinder fitting

o cylinder_max_iterations: Maximum number of itera-
tions used in RANSAC cylinder fitting

o cylinder_inlier_distance: Threshold distance [m] for a
point to be considered an inlier during RANSAC fitting

o cylinder_radius_min: Minimum cylinder radius [m]
used during RANSAC fitting. Note, this was changed
after the first flight.

o cylinder_radius_max: Maximum cylinder radius [m]
used during RANSAC fitting. Note, this was changed
after the first flight.

o cylinder_scoring_distance: Factor multiplied by the
cylinder radius, if points within resulting distance they
are considered inliers during the cluster scoring

« optimise_cylinder: Flag denoting whether RANSAC
cylinder model coefficients are optimised after initial fit

o cylinder_min_roll: Minimum accepted cylinder axis roll
angle [deg] in camera frame



TABLE IV
ALGORITHM PARAMETERS
Outdoor Test | Perching Tests
vg_leaf 0.01 0.01
pt_min 0.0 0.0
pt_max 4.0 2.0
LAB_threshold 52.0 22.0
cluster_tolerance 0.016 0.04
cluster_size_perc_min 0.01 0.05
cluster_size_perc_max 0.5742 0.2673
normal_k 50 50
cylinder_normal_distance 0.21 0.1
cylinder_max_iterations 10000 1000
cylinder_inlier_distance 0.01 0.02
cylinder_radius_min 0.026 0.05, 0.02
cylinder_radius_max 0.05 0.07, 0.045
cylinder_scoring_distance 0.25 0.5
optimise_cylinder False False
cylinder_min_roll N/A 0.0
cylinder_max_roll N/A 90.0
cylinder_min_pitch N/A 0.0
cylinder_max_pitch N/A 90.0
cylinder_min_yaw N/A 0.0
cylinder_max_yaw N/A 20.0

o cylinder_max_roll: Maximum accepted cylinder axis roll
angle [deg] in camera frame

o cylinder_min_pitch: Minimum accepted cylinder axis
pitch angle [deg] in camera frame

o cylinder_max_pitch: Maximum accepted cylinder axis
pitch angle [deg] in camera frame

o cylinder_min_yaw: Minimum accepted cylinder axis
yaw angle [deg] in camera frame

o cylinder_max_yaw: Maximum accepted cylinder axis
yaw angle [deg] in camera frame

APPENDIX B
EXPERIMENT VIDEOS

Videos from each of the experiments are given here along
with a short description of the contents of each video.

Outdoor Perch Detection Demo
[https://youtu.be/VNmw2R606Z4k]: In this video, the perch
detection algorithm is tested outside in a complex environment.
First, the environment is shown in the form of a point cloud
stream taken from a stereo camera, and then the same scene
is shown again, but this time with the algorithm running in
real-time. The algorithm isolates the cluster in each frame
that it finds to be the most suitable perch and visualises a
segment of the cylinder that it has fit to this perch structures.
The single colour point groups that are visible at certain
points are a visualisation of other clusters resulting from the
conditional clustering segmentation process.

Passive Gripper Test [https://youtu.be/RleSjlmwDVU]: This
video includes clips from the gripper tests validating the Slap-
per drone gripper to allow for passive perching on branches
of different geometries. Successful perches are shown for each
of the different branches used during the testing. These tests
showed that the performance of the gripper is dependent on
both perch structure geometry and drop height.

Direct Approach Validation Test
[https://youtu.be/hoQh4WilIFPY]: This video shows whether

a direct approach to a detected perch structure is feasible.
This is visualised using a box marker that is coloured green
if a direct approach is feasible and red if it is not. The video
shows that the feasibility is determined in real time and
updates with changes in the environment and disturbances to
the drone.

Perch Tracking with Decoy Perches
[https://youtu.be/9_x5Jpg2do0]: Here, the algorithm that uses
subsequent perch detections to improve the drones position
above a perch after the initial detection is demonstrated.
This is shown to work for changes in the perch’s position
and orientation and despite the presence of several decoy
perch structures. Note that there is a delay before the drone
updates its position due to the need to pause the simulation
environment to change the perch position. The flight controller
does not reconnect immediately once simulation is resumed
and this causes the short delay.

Slapper Perching Flight [https://youtu.be/ZXeYGSEQJnfo]:
The entire perching flight test with the Slapper drone is shown
here. The algorithm is visualised with a video overlay which
shows perch detections in real time. This was the same visuali-
sation that was used for the manual approach point validation.
This experiment successfully demonstrated the capability of
the Slapper drone to autonomously detect a suitable perch
structure and then perch with no prior knowledge of the
environment.
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Introduction

1.1. Background

The design of unmanned aerial vehicles (UAVs) with the ability to perch from flight is an area of growing
interest in the aerospace industry and this has resulted in a large number of unique approaches to the
problem [1]. This interest is motivated by the numerous benefits the ability to perch provides. To name
a few examples, operation times can be extended through power generation in the perched state;
monitoring and surveillance can be performed from a fixed elevated position and surface samples
can be extracted from otherwise hard to reach locations. The perching problem presents its own set
of unique challenges. Successful perching requires the design of a smart perching mechanism to
grasp onto the environment; a method to determine which structures in the environment are suitable
to perch on; ideally, some form of obstacle avoidance or collision robustness to make operating in
obstacle dense environments feasible a control algorithm for the perching manoeuvre; and, finally, a
controller and drone body that enable the perching manoeuvre. Each of these challenges has been
tackled separately, or in smaller groups, but to the author’s knowledge no research has been done
that solves each of these problems within a single drone design. By combining state-of-the-art design
principles for innovative perching mechanisms, mechanical collision resilience measures and perching
point detection systems with a quadrotor frame and control system that facilitate autonomous perching,
this project looks to be the first to do just that. A short background for each of these main research
focuses is presented below.

The most appropriate perching mechanism design varies based on the drone being used and the sur-
face that the drone is attempting to perch on. For example, a fixed-wing drone perching onto a wall
will require a vastly different perching mechanism than a quadrotor perching onto a branch. To start
with the former, two of the most common methods of perching to flat surfaces are micro-spines and
adhesion. For example, in Lussier Desbiens et al. micro-spines are used to perch and then take off
from vertical walls with a small fixed-wing aircraft [2]. In Stanford’s Biomimetics and Dexterous Manip-
ulation Lab a PhD student has taken this micro-spline concept a step further by building a quadrotor
capable of perching to ceilings [3]. One limitation of both these methods is that they require rough
perching surfaces for the micro-spines to function correctly. Methods that work around this limitation
have also been found, such as in Anderson’s design, where rat glue was used as an adhesive to stick
to smooth surfaces or in Tsukagoshi et al.’s work, where suction cups were used [4] for an aerial ma-
nipulator design that enabled perching and door opening. Both come with their own limitations, such
as requiring glue to be reapplied for multiple perching cycles or requiring vacuum pumps for the suction
cups. Additional methods have focused on perching by grasping onto long narrow structures. Many
of these methods are centered around an additional grasper like the designs presented by Chi et al.
and Kitchen et al. where claw-like apparatuses are used to attach to cylindrical structures [5] [6]. Xie
et al. and Doyle et al. take the bio-inspired claw method a step further by paring the claws with a leg
mechanism which enables passive perching without requiring the use of servos for closing the claws [7]
[8]. Other methods also exist, such as in Nguyen et al., which uses a mechanism inspired by slapper
bracelets to grasp narrow structures [9], or Geckeler and Mintchev’s work that uses a helical origami



1.2. Research questions and objective 2

gripper to place sensors on branches [10]. This paper will focus on this second category of perching
mechanisms as long narrow structures are common in both man-made and natural environments. The
problem of detecting structures such as these that can be perched to is also much better defined than
detecting surfaces onto which adhesives or micro-spines may allow perching.

Collision resilience measures for drones typically fall under one of three categories. The first of these
are exoskeletons that completely encompass the drone to protect it from any impacts. A recent exam-
ple of this can be found in the work done by Azambuja et al. where they present a soft-exoskeleton
constructed from inexpensive materials inspired by the exoskeleton of an insect [11]. Exoskeletons
offer great protection during collisions but tend to be bulky which leads to them easily getting caught on
the environment. The second category is soft-bodied drones and, also inspired by insects, Mintchev et
al. incorporated a soft drone body to protect their drone in the event of a crash [12]. The performance
of soft-bodied drones can, however, be affected by the body deforming under aerodynamic loads which
complicates control and can ultimately lead to poorer performance. The final category of mechanical
collision resilience measures are propeller guards or bumpers. Rigid propeller guards are already very
common in commercial drones, but soft bumpers are much better at absorbing the actual impact force.
This is demonstrated by Sareh et al. in their work that uses origami engineering techniques to design a
freely rotating, lightweight and soft bumper [13]. This design is exceptional at mitigating the moments
experienced by a drone during collision, but is also quite bulky which can affect both aerodynamics and
interactions with the environment. Dilaveroglu and Ozcan similarly use origami engineering techniques
to design much smaller soft bumpers with minimal impact on the overall form-factor or aerodynamics of
the drone [14]. These smaller bumpers are, however, not quite as effective at absorbing all the collision
forces and moments.

Several methods exist to detect long and narrow features suitable for perching. Random sample con-
sensus (RANSAC) can be used to determine such features from three-dimensional point clouds. This
is exemplified by von Frankenburg and Nokleby in their RANSAC-based algorithm [15] built to allow
the autonomous detection of perches for drones. Rabbani also presented a method for efficient au-
tomatic cylinder detection in point clouds which could be used to detect cylindrical perches [16]. This
work was extended upon by Figueiredo et al. who added a neural network and RGB data to improve
robustness to outliers [17]. Spica et al. used visual servoing to determine the structure of spherical
and cylindrical targets [18] and Thomas et al. showed that similar visual servoing could be used to first
detect cylindrical structures and then perch a quadrotor underneath these structures [19].

1.2. Research questions and objective

The aim of this literature review is to document the research conducted as part of a master’s thesis
project in preparation of the design and construction of a new perching UAV concept. This research
should result in determining the best design principles for a lightweight and mechanically collision re-
silient quadrotor capable of autonomously perching onto long narrow features using a passive perching
mechanism without prior knowledge of the location of suitable perching points. The research objective
was to analyse current literature to find these design principles as well as how to combine them in a
single design. This objective is equivalent to answering the research question, given below, that guided
this research process.

How can a passive perching mechanism be combined with mechanical collision resilience to
achieve perching on long narrow features with a lightweight quadrotor without prior knowl-
edge of the location of suitable perching points?

This is a very broad research question that cannot be answered without first breaking it down into
smaller pieces. To this end, the following list of sub-questions was created where each set of sub-
questions relates to a separate component or subsystem. Answering each sub-question set was a
necessary step along the path towards the overarching research goal. Each of these sub-questions
was answered in the order presented below, allowing the answer to an earlier question to inform the
research behind later questions. These questions not only provided structure to the research but also
to this document, as will be shown in the following section.

1. What are the advantages and disadvantages of passive perching mechanisms in comparison to
active perching mechanisms? What are the requirements for a passive perching mechanism to
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facilitate lightweight quadrotor perching to long narrow features? Which perching mechanism
design principles are best suited to meet these requirements? How can these design principles
be incorporated into a perching mechanism design that meets all the requirements?

2. What are the benefits of mechanical collision resilience for a lightweight quadrotor performing
autonomous perching? What are the advantages and disadvantages of the following common
mechanical collision methods for drones: exoskeletons, soft drone bodies and rotor bumpers?
How can origami be incorporated into bumpers to improve collision resilience? How can the
collision resilience improvement gained by the incorporation of these bumpers be tested in real
world tests?

3. What are the requirements for perching point detection for autonomous perching of a lightweight
quadrotor on long narrow features? What are the advantages and disadvantages of RANSAC,
Hough Transform and Neural Network based methods for perching point location? How can a
RANSAC-based system be implemented on board a lightweight quadrotor for the detection of
suitable perching points?

4. What are the requirements for a guidance, navigation and control system to facilitate autonomous
perching of a lightweight quadrotor equipped with a passive perching mechanism on long and
narrow features? Which guidance strategy is most suitable for autonomous perching with a
lightweight quadrotor? Which navigation system is most suitable for a lightweight perching quadro-
tor? What type of controller is most suitable for a lightweight perching quadrotor?

5. What is the necessary hardware for a lightweight collision resilient quadrotor capable of au-
tonomous perching without prior knowledge of the location of suitable perching points? How can
the separate subsystems of this perching quadrotor be integrated into a single complete design?

1.3. Document outline

The layout of this document was chosen to mirror the research process behind it. This research process
was informed by the research questions presented in the following section. Each of these sub-questions
were answered systematically, one after another, and often the answer to an earlier question informs
the research behind a later question. This is also how the findings are presented in this paper, findings
earlier in the paper are used to support later sections. Much like each set of sub-questions, each
chapter relates to a separate subsystem or component of the design. Each of the sections in these
chapters presents the answer to a single sub-question in that set and the order of these sections is the
same as that of the sub-questions. This document layout should help link different sections and clearly
represent the linearity of the research process.

After this introduction, chapter 2 begins by presenting the research process behind the perching mech-
anism. This is then followed by the mechanical collision resilience measures in chapter 3. The next
chapter, chapter 4, rounds off the main subsystems for this research and discusses the perching point
detection system. In chapter 5, the choice of guidance, navigation and control system that should be
used to allow autonomous perching is justified and, in chapter 6, the interaction between subsystems,
both physical and electronic, is described. To conclude, a summary of all findings along with the project
plan for the continuation of this work can be found in the final chapter, chapter 7.



Perching Mechanism

In this chapter, the research of design principles of a perching mechanism to allow a lightweight quadro-
tor to perch on long and narrow features is discussed. Each section of this chapter aims to answer one
of the perching mechanism sub-questions presented in the introduction of this paper. Ultimately, a
slapper-bracelet inspired design is determined to be the best fit.

2.1. Comparison of active and passive perching mechanisms

An active perching mechanism is a mechanism that needs to be actively controlled to grasp onto a
perch structure. Active perching mechanisms have been used before to perch UAVs onto long and
narrow objects, for example in Luo et al. [20] and Hang et. al [21], but this approach does have its
limitations. To successfully perch, these grippers require a control input to be precisely timed for the
perching structure to be correctly grasped. This requires a high level of precision and adds an extra
layer of complexity to the control algorithm. Additionally, for the actuation of the perching mechanism
an actuator, like the servos used by both Luo and Hang, is required. This results in extra weight that
must be carried by the quadrotor hence impacting the performance and endurance of the drone. Active
actuation with a servo does allow for the closing torque to be controlled meaning that the gripping force
produced by the mechanism can be controlled. Most servos also allow for the torque direction to be
reversed which can be used as an easy method for re-opening the perching mechanism.

In contrast to active perching mechanisms, passive perching mechanisms do not require an active
control input to close. Instead, these kinds of grippers use interaction with their environment and mor-
phologically intelligent design to grasp onto the perching point. Perching mechanisms in this style often
take inspiration from nature where birds use the landing impact force to perch on a branch, as seen
in Zufferey et al. [22]. Passive perching mechanisms, like the one in this paper, do not require any
additional servos to close which makes them less complex and lighter than their active alternatives. In
addition, the control algorithm is simplified because no precisely timed control signal is needed to close
the mechanism around the perching point. The grasping force, however, cannot be directly controlled
and is predetermined by the configuration of the mechanism and the structure of the perching point.
Finally, reopening these passive perchers cannot simply be achieved by reversing the servo torque
direction. This means that for mechanisms such as that in Zuffery et al. a motor had to be built into
the mechanism solely for the purpose of reopening. This negates one of the advantages of this kind of
system.

In Table 2.1 an overview of the advantages and disadvantages of both active and passive perching
mechanisms is shown. Linking this back to the original research question, the final row can be discarded
since re-opening the perching mechanism to take off from the perch is not considered important. Dis-
carding this also means that the passive perching mechanism doesn’t require an additional re-opening
mechanism, resulting in a lighter design that does not require servos. The controllable grasping force
is then the only advantage that the active mechanism still holds over its passive counterpart. Even
this can be regarded as irrelevant as long as the mechanism can generate enough force to support
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the drone when perched to a long narrow feature. This highly feasible with a passive mechanism of a
suitable configuration and smart choices of perching locations.

Active Perching Mechanism | Passive Perching Mechanism
Low complexity and weight False True
No precise control required False True
Controllable grasping force True False
Simple re-opening True False

Table 2.1: Advantages and disadvantages of active and passive perching mechanisms

2.2. Passive perching mechanism requirements

To determine the requirements for a perching mechanism designed for perching a lightweight UAV on
long narrow features, one must first define what counts as a successful perch. For the purposes of
this research, a successful perch is defined as a manoeuvre which results in the drone being attached
either directly above or below the perch structure firmly enough to withstand minor disturbances without
detaching. Being able to perch either above or below the perch structure will allow more freedom in the
placement of the perching mechanism in later stages of the design process. Since a passive perching
mechanism will be used, the perching manoeuvre should only require collision of the correct point of the
perching mechanism with the perch structure to initiate the grasping of the mechanism. This means
that the mechanism will have to consist of some form of bistable mechanism that switches from the
open to the closed stable states on contact. The perching mechanism should also be fairly robust to
the exact dimensions and structure of the perch to avoid requiring excessive modification for different
perches. Finally, the perching mechanism should be as lightweight as possible to ensure that its impact
is minimal to drone performance.

Since this research is being conducted with the goal of helping build a new drone design in the future,
other requirements are placed upon the perching mechanism’s design. These are not as vital to the
function of the mechanism as the previous requirements, but are nonetheless important to ensure that
the design and testing phases proceed as smoothly as possible. The perching mechanism should be
easy to construct and made from inexpensive and easily available materials since multiple iterations of
the design will likely have to be constructed before the optimal configuration is found. Drone testing is
often destructive due to the high velocities and small delicate parts, so being able to easily reconstruct
the perching mechanism in the event of it breaking during this testing process is extremely beneficial.
As a final requirement, the ability to mathematically model the gripper would benefit the design process
of the gripper. This model should already exist as creating a new model takes time and focus away
from other aspects of the design process.

To summarise, the requirements are listed below in order of importance.
1. The mechanism should firmly attach the UAV directly above or the below perch.
The bistable mechanism should close on contact with the perching point.
The mechanism should be robust to perch structure.
The perching mechanism should be lightweight.

The perching mechanism should be easy to construct.

o g M w D

A mathematical model should exist for the perching mechanism.

2.3. Determining perching mechanism design principles

Passive perching mechanisms come in many forms. Zhang et al. designed a claw-like passive compli-
ant gripper that uses Von Mises truss structures to convert pressure against a contact pad into gripper
actuation [23]. With this gripper the researchers were able to perch underneath a cylindrical rod with
a Crazyflie micro air vehicle (MAV), the grip force being more than sufficient to support the weight of
the drone. Another example of a similar claw-like perching mechanism design can be found in the bio-
inspired claw and leg mechanism presented by Doyle et al. [8]. These claw-like designs were by far the
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most common design approaches identified in the current literature. For a gripper design inspired by a
different animal part, Geckler and Mintchev designed a passive helical origami gripper inspired by the
tail of a chameleon [10]. They used this to attach sensors to tree branches with a UAV. The gripper was
robust to the surface structure of the perching point and could be customised to achieve the desired
level of performance for different branch orientations and diameters. As a final example, Nguyen et al.
used a contact reactive perching mechanism that utilised the bistable mechanics of sections of tape
measure to attach to long narrow features [9]. This elegantly simple approach takes inspiration from
the snap bracelets that similarly use stored energy to convert contact force into a coiling movement.
These three examples exemplify the different gripper design groups considered in this literature review:
claw grippers, helical grippers and slapper grippers. As previously stated, it was found that the vast
maijority of grippers fall under the first group, but the performance for grasping to long narrow features
and the unique design of the helical and slapper grippers warranted their separate inclusion.

cunld wnfemidad infatel
P=aim P =aim P = aim

IW)Recovery  v)Landed

Figure 2.1: 1. Zhang et al.’s claw gripper [23]. 2. Nguyen et al.’s slapper gripper [9]. 3. Geckler and Mintchev’s helical gripper
[10].

To determine which of these concepts is the best fit for the novel drone design that is the objective of this
paper, they must be evaluated based on how well they meet each of the requirements. For the sake of
this comparison, the simplest version of each class of gripper is taken as a representative of the group:
Zhang et al.’s claw, Geckler and Mintchev’s helical gripper and Nguyen et al.’s slapper gripper, shown
in Figure 2.1. In Table 2.2 an overview of this comparison is shown where a green "++” corresponds
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to the best performance of the three, an orange "+” corresponds to the second best performance and
a ”-” corresponds to the worst performance of the three.

Requirement # | Claw Gripper | Helical Gripper | Slapper Gripper
1. -

o O kv N
1

Table 2.2: How well each of the design concepts meet the requirements

For the first requirement, that the perching mechanism should firmly attach the UAV either directly
above or below the perch, the slapper concept emerges as the best performer of the three. This
evaluation is mostly based on the fact that this gripper design allows for the most surface contact
with the perch surface subsequently allowing for the greatest amount of friction. As such it is the only
perching mechanism of the three that allows for the UAV to perch on top of the perching point instead of
just hanging below it. This design also had the highest gripping force of all concepts, but this cannot be
directly compared between concepts as will be elaborated on later. The helical gripper performed the
second best of the concepts since it still allows for a reasonable amount of surface contact and friction
with the perch. The claw gripper is the worst performer of the three because the drone simply ends
up hanging underneath the perch with little to no lateral stability. It should be noted that other passive
claw grippers are able to increase their grasping force through the incorporation of extra elements. This
could lead to a better score in this category, but the increase in weight and complexity would negatively
affect later categories. Furthermore, as seen in Doyle et al.’s work these design can still be susceptible
to stability issues in the presence of gusts or other disturbances.

All concepts perform identically for the second requirement. All concepts are passive, bistable mecha-
nisms that close upon contact with the perching structure, hence meeting this requirement. This is the
result of deciding ahead of time to only consider passive perching mechanisms and therefore excluding
active grippers from the comparison.

To compare the robustness of each gripper to perch structure, the experiments conducted in each
paper had to be relied on. Both Ngyuyen et al. and Geckler and Mintchev conducted grip-force tests
for different perch structure diameters. Geckler et al. even took this a step further by performing outdoor
tests on natural branches. Despite this, the slapper bracelet was deemed to be the most robust to perch
structure since it was found to successfully grip cylinders over a larger range of diameters, from 55 to
115mm, whereas the helical gripper was only shown capable of gripping cylinders between a range
of 8 to 36mm. Next to the cylindrical perch tests, tests were also conducted that showed that the
slapper had the capacity to even perch on a rectangular perch. The slapper gripper was not tested
on natural tree branches but this should be possible given sufficient branch stiffness, a prerequisite
for the helical gripper as well. The claw gripper is the worst performer in this category. No tests for
gripping force for varying cylinder dimensions were conducted in Zhang et al., but it stands to reason
that with this being the least compliant of the grippers under consideration, that it would encounter
the most issues with variance in perch structure. It was also deemed that this structure would require
the most reconfiguration for different perch structures since each of the lower and upper fingers along
with each of the beams would need to be redesigned. The other grippers could simply be adjusted
by varying the length of the tape measure section or changing the number of origami sections which
further contributed to their better score in this category. This relative inflexibility to perch structure was
found to be characteristic among claw-like grippers.

All three grippers were designed for different-sized drones of different sizes and weights. The lighter
drones naturally resulted in lighter perching mechanisms as less weight had to be supported during
perching. This meant that the weights of each perching mechanism could not be directly compared
to one another. Instead, for this comparison, the ratio of gripper weight to grasping force was utilised.
Using this, the helical gripper performed best with its gripper being able to support 56x its own weight.
The claw gripper followed, being able to support 10x its own weight, and the slapper gripper performed
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worst, with a grasping force around 5x its own weight. It should be noted that this comparison is far
from perfect since the relation between grasping force and gripper weight is not necessarily linear, but
short of constructing versions of each mechanism identical in weight, this was considered to be the
best possible comparison using just the available data.

To determine the ease of construction, the availability of materials used as well as the complexity of
the manufacturing process was considered. Furthermore, any complexity added to this process by
the re-opening mechanism was neglected since this functionality will not be incorporated into the final
design. With this in mind, the slapper gripper scored best in this category. The actual gripper portion
consisted simply of a number of tape measure sections. The pneumatic re-opening complicated the
system considerably, but, as stated, this was not taken into account. The claw gripper was the second-
best performer as it was constructed entirely from either 3D printed or commercially available elements.
The layered origami structure of laser-cut fiberglass and Kapton layers heat-pressed together of the
helical gripper resulted in it scoring lowest in this category.

Finally, the models are compared based on how well they meet the last requirement: a mathematical
model should exist for the perching mechanism. The claw mechanism is the only mechanism for which
a specific model exists in the paper. The Von Mises truss structure means that the opening and closing
forces can be determined beforehand with a reasonable degree of certainty. Claws are a relatively well
researched field resulting in more methods of modelling their behaviour. For both the slapper and helical
gripper no specific models exist as of yet. However, there has been some previous work performed
towards modelling bistable cylindrical shell structures which are the basis for the slapper mechanism.
Kebadze et al. present a model for the stresses in these structures [24] and Guest and Pellegrino extend
this work and provide an analytical method for determining the equilibrium configurations, including their
stability [25]. More recently, Chen et al. extended the large deformation theory of plates and sheets
with a theoretical method that does not require prior knowledge of the curvature [26]. In contrast, the
novel structure of the helical gripper means that no prior research on this is available. This leads to
higher scoring of the slapper gripper in this area.

Taking all the above into account, the slapper mechanism is determined to be the concept best suited to
meet this set of requirements. Therefore, these are the design principles chosen for this drone design.
This will be further expanded upon in the coming section.

2.4. Implementation of perching mechanism design principles

The next question that must be answered is how to incorporate the slapper design principles into a pre-
liminary design concept that meets all the requirements. Perhaps a better way of phrasing this question
would be: how should the design presented by Nguyen et al. be modified to best meet the specific set
of requirements presented earlier in this chapter. The first, and most significant, change results from
the fact that no re-opening mechanism is required for this drone design. This immensely reduces the
complexity of the design since it leads to the pneumatic elements of the design no longer being required.
The concept can essentially be reduced down to just the bistable tape measure sections.

Nguyen et al. present a number of possible configurations for the perching mechanism design, ranging
from a two-finger configuration with two of the bistable slapper structures aligned in parallel and posi-
tioned directly next to each other, to a five-finger configuration with five of the same structures aligned
in parallel in a zipper configuration. The zipper configuration was shown to result in better perching
performance for larger perch sizes, but this may not be relevant here due to the focus on a lighter
weight drone. The perching mechanism design presented by Nguyen et al. weighed only 115g but had
to support a total drone weight of 1.14kg. This included elements specific to that drone’s design such
as pneumatic pumps and soft robotic components. Without these elements, it is reasonable to assume
that the perching mechanism and drone would weigh less. This lighter weight will allow the UAV to
perch on smaller perches since these perches will not have to be as stiff. This means that the simpler
two-finger configuration, or possibly even a single finger, should be able to produce sufficient grasp-
ing force on the smaller perches. This simpler configuration will also lead to a snowball effect where
drone weight is further reduced resulting in a lower grasping force requirement, making the double- or
single-finger configuration an even safer choice. On top of all this the grip force can be enhanced by
including a non-slip material on the outside of the gripper.
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Single slapper Double slapper parallel Triple slapper zipper
configuration configuration configuration

Figure 2.2: Possible slapper mechanism configurations

Although the original slapper bracelet mechanism used tape measure sections for the bistable shell
structure, this is not the only possible way to achieve this structure. For example, Kim et al. use
an asymmetrically layered carbon fiber reinforced prepreg (CFRP) to achieve a similar structure in
their flytrap-inspired design [27]. This would require a much more involved manufacturing process,
but would allow for more customisation of the final product than a design that uses off-the-shelf tape
measure sections. ltis likely that this would lead to a lighter-weight final perching mechanism. Another
possible option is to use the actual snap or slapper bracelets after which this concept was named.
These are commonly available and can result in very tight coils when compared to the designs shown
in both Nguyen et al. and Kim et al. They could also be layered on top of each other, much like the
tape measure sections, to modify performance. The tape measure segments had to be pre-formed
to behave as desired, which might be avoidable when using slapper bracelets. This and the fact that
slapper bracelets can be purchased in bulk at low cost also makes them the best out of all options
mentioned especially when considering the fifth requirement, the ease of construction.

To conclude, the slapper design concept needs slight modification to best meet the design requirements
for this lightweight passive perching mechanism. The re-opening mechanism will be removed as it leads
to higher complexity and is not needed for this concept. Unlike the design for larger perching structures,
a simpler lightweight configuration of either a single or two parallel slapper structures will be used and
these will be covered in a non-slip surface to increase grasping force. Finally, instead of tape measure
sections or the lighter-weight CFRB, slapper bracelets, will be used for the bistable shell structure to
ease the construction process.



Collision Resilience

This chapter discusses the benefits of collision resilience for a perching drone and how to best imple-
ment mechanical collision resilience measures into a lightweight quadrotor design. Each section in this
chapter answers one of the sub-questions from the second set presented in the introduction. Origami
bumpers are found to be the most appropriate choice and this chapter finishes by considering how this
choice can be validated through experiments.

3.1. Benefits of mechanical collision resilience

Due to the nature of the problem, perching requires a drone to come into close contact with rigid
structures. In a real-world scenario, this extends beyond the perch structure and includes any other
obstacles in the vicinity of this perch. For example, during the scenario of manually perching a drone
on a tree branch, a pilot has the difficult job of manoeuvring the drone around the tree’s trunk and any
branches obstructing the path. In the unfortunate but not unlikely case of a collision with either of these,
the mission would almost certainly end in failure due to critical damage to UAV components or loss of
control. Drone components can be expensive and a drone falling out of the sky can be a safety hazard
so special care should be taken to avoid this outcome. To achieve this, some form of collision resilience
or obstacle avoidance is needed.

Obstacle avoidance systems use sensors to detect obstacles and then manoeuvre the drone to avoid
these obstacles. Current approaches rely on cameras and vision-aided techniques [28], or measure
distance to obstacles directly using distance sensors [29]. Both of theses approaches add considerable
complexity to the system, both computationally and through requiring additional sensors that may not
have been needed otherwise. Even when implemented correctly, these systems are far from perfect
and may be unable to reliably detect all obstacles in all conditions. It is therefore beneficial to include
some form of mechanical collision resilience into a UAV design, especially for UAVs required to fly in
close proximity to other objects, as is the case for a perching quadrotor. Mechanical collision resilience
may also add weight to the drone, but it does not necessarily have to add any computational complexity
to the system. It has the further benefit of working even in cases where an obstacle could not be
detected ahead of time. Finally, mechanical collision resilience can also allow for faster flight speeds
as it will function at all speeds and is not limited by the sampling and processing speeds of a software-
based obstacle detection system to function.

3.2. Comparison of mechanical collision resilience methods

Three different forms of mechanical collision resilience will be considered: exoskeletons, soft drone
bodies and rotor bumpers. These were deemed to be the three most relevant forms of collision re-
silience. An example of an exoskeleton was designed by Klaptocz et al. who investigated the use
of an Euler-spring-based external structure to achieve collision resilience [30]. This soft exoskeleton
concept was expanded by Azambuja et al. who designed and built a soft, insect-inspired exoskeleton
from inexpensive materials around a CogniFly MAV [11]. A rigid exoskeleton frame paired with a gim-

10
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bal system surrounding a simple flying robot has also been designed and tested by Briod et al. [31].
Nguyen et al. is again a great example of a soft-bodied drone [9]. Using pneumatic pumps they could
control the rigidity of the arms of their drone’s body and through this manipulate how their drone reacted
to collisions. Mintchev et al. built and tested a soft drone body inspired by the collision resilience of
insect wings [12]. Finally, numerous examples of rotor bumpers exist and simple versions of these are
included on many commercial drones to protect the rotors in the event of a collision. For a more inter-
esting implementation of this concept, consider the work done by Dilaveroglu and Ozcan who built soft
rotor bumpers using origami techniques which they attached to the end of the arms of their quadrotor
[14].

-
i

Figure 3.1: The three different collision resilience measures: 1. exoskeleton, 2. soft drone body and 3. rotor bumpers.

An exoskeleton built to completely encircle the drone’s body can protect delicate components from
collisions with objects from any approach angle. None of the other concepts offer this same level of
coverage. The larger size of exoskeletons also leads to a greater distance between the object that is
collided with and the drone body. This reduces the chance of damage to the drone due to a moving
component, like a rotor, coming into contact with the environment. In the case of soft exoskeletons, such
as those designed by Klaptocz et al. and Azambuija et al., this greater distance is taken advantage of to
better absorb the collision force. Exoskeletons do have certain disadvantages when compared to other
approaches. The larger form factor of exoskeletons results a significant increase in total drone weight,
which directly affects performance and endurance. When flying in dense real-world environments,
structures such as branches can get caught inside the exoskeletons which can result in the exoskeleton
becoming more of a hazard than a benefit in these cases. Finally, these external structures could make
perching more complicated as they might limit the angles from which the perch can be approached.
Due to this, in combination with the other listed reasons, it was decided that exoskeletons are not the
best mechanical collision resilience strategy for this design.

The soft body approach to collision resilience is uniquely elegant in not requiring any additional external
structures to absorb impact. Instead the collision resilience is achieved through deformation of the
drone’s body itself. This is especially attractive for design concepts such as the lightweight quadrotor
being researched for this project where keeping the overall weight of the drone to a minimum is a priority.
Not having any additional external structures also keeps a sleek overall drone profile, beneficial for
aerodynamics and performance. In contrast to the exoskeleton concept, the significantly smaller form
factor would result in a much easier time flying through obstacle dense environments without snagging
onto any objects. The soft body concept does, however, have its own set of unique disadvantages.
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The largest of these disadvantages being that the deformations in the soft frame of the drone due to
aerodynamic forces such as rotor thrust can lead to unpredictable in-flight behaviour. Ideally, the frame
would be rigid in certain directions to prevent this, but, as seen in both Nguyen et al. and Mintchev et
al.’s designs, current concepts aiming to achieve this have not yet been completely successful. This
deformation of the frame could also influence perching with a passive perching mechanism. These
mechanisms function through converting the collision force with the perch to mechanism actuation
and, if the frame were to absorb part of this impact, larger collision forces may be required for this
actuation and these higher forces may be hard to generate using a small UAV.

Bumpers can combine the sleek profile of the soft body approach and maintain the performance ben-
efits of a rigid quadrotor frame. They can also be viewed as a stripped back exoskeleton that only
encompasses the propellers of the drone. Since they are not as large as an entire exoskeleton they
can be much lighter and do not inhibit flight within a tight environment as much. Much like exoskele-
tons, both rigid and flexible bumpers exist. The former is the most common and is widely available
as an add-on to many commercially available drones [32]. The latter is less common, but can absorb
the collision impact force more effectively, in much the same way as a soft exoskeleton or soft drone
body. This improvement in collision absorption can be seen in Figure 3.2. An example of this are
the origami bumpers designed by Dilaveroglu and Ozcan. These extended the arms of their quadrotor
with bumpers that could deform to absorb and dissipate the impact, improving collision resilience. Such
bumpers could be mounted onto an otherwise rigid drone frame and thus avoid the in-flight and perch-
ing consequences of a soft frame. The main disadvantage of bumpers, especially when compared to
an exoskeleton, is that they only protect the drone over a limited range of collision approach angles.
They typically offer no protection for collisions from above or below. This is a real drawback from a
collision resilience perspective, but it does mean that they do not interfere with quadrotor perching ma-
noeuvres approached from above or below such as would be necessary for the mechanism described
in chapter 2. For the design of a lightweight perching drone, these sets of advantages and disadvan-
tages are the most favourable, therefore it was decided to use soft bumpers to achieve mechanical
collision resilience.
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Figure 3.2: Soft bumpers out-perform rigid structures, as show in: 1. Sareh et al. [13], 2. Dilaveroglu and Ozcan [14].
3.3. Incorporation of origami into bumpers

Origami refers to the ancient Japanese art of folding thin sheets of paper to create three dimensional
models. In the past fifty years engineering has increasingly explored the same principles used in
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origami—more accurately, kirigami which also allows for cutting—to construct structures with unique
mechanical properties from thin sheets [33]. Instead of paper, sheets of materials, from composites to
metals, are plastically deformed through bending beyond their yield point to the desired crease pattern.
These structures can be designed to have unique dynamic properties where the folds result in different
kinematics in different sections of the origami structure. A few common crease patterns are the Miura-
ori pattern, the waterbomb base, the Yoshimura pattern and the diagonal pattern [34]. The first two of
these have the interesting property of having a negative Poisson’s ratio, meaning that the when the
pattern is expanded in one direction, it also expands in an orthogonal direction. The Yoshimura pattern
results in a curve or cylinder by folding a diamond pattern into the sheet and the diagonal pattern can
be used in folded cylinders to allow for contraction through rotation. These crease patterns can be seen
in Figure 3.3.

Figure 3.3: Four common crease patterns: (a) waterbomb base, (b) Miura-ori patter, (c) Yoshimura pattern and (d) Diagonal
pattern [33].

The main advantage of using origami structures in drones is their light weight. As stated previously, this
is hugely advantageous as it allows for better drone performance and endurance. Any weight saved
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here also allows for other components of the drone to be heavier, such as the perching mechanism and
the computational hardware. The flexibility of certain origami structures can also be exploited to obtain
mechanical collision resilience. This is the same principle used by soft exoskeletons and bumpers.
Through the utilisation of smart folding patterns, a lightweight sheet can be folded to elastically deform
upon collision and thus protect the drone. Origami manufacturing can also have the benefit of being
a relatively inexpensive and simple process. The cost depends mostly on the material used and often
the material is an inexpensive and commercially available polymer. Also depending on the material
used, the folding of the structure can often be performed manually by hand which means that the only
machine required during the manufacturing process is for the cutting of the sheet. In most scenarios,
this can be performed quickly and precisely using a laser cutter.

Many possible ways exist to incorporate origami engineering into drone bumper design. One of the
more creative was designed by Sareh et al. with their freely rotating bumper that surrounds the drone
in the horizontal plane to protect it from collisions [13]. The manually-folded origami bumper deforms
to absorb the normal forces during a collision and the free rotation of the bumper helps mitigate the
tangential forces. This design is exceptional at minimising the yaw moment to the drone resulting from
a collision. In contrast to this intricate design, an elegantly simple approach to origami bumpers can
be found in Dilaveroglu and Ozcan’s paper [14]. Their bumpers consist of a single laser-cut piece of
cellulose acetate with a single half-fold which is attached to the end of each of the drone’s arms. These
bumpers deform elastically on collision and then release the stored energy by moving the drone away
from the impact point.

For the purposes of a lightweight perching drone, a approach more akin to that of Dilaveroglu and
Ozcan is the better choice. This might seem counter-intuitive as the "Rotorigami” design presented by
Sareh et al. leads to better performance, especially at reducing yaw moments during collisions, yet it
also has certain disadvantages that must be considered. Although the rotating origami bumper was
designed to be as lightweight as possible, constructed from a thin polypropylene sheet, its 4.5g still
ends up making 9.3% of the total drone weight. The circular frame and connector make this number
even higher. This is a big proportion of the total weight and restricts the other hardware components
that could be added to the drone. This is especially relevant in the case of a lightweight perching drone
since it could affect the perching mechanism. The larger form factor of a design like the "Rotorigami”
also impacts the aerodynamic characteristics of the drone resulting in more drag, especially when flying
upwards or downwards. This may lead to lower attainable speeds in both these directions. Againm
this is especially relevant to a perching drone since certain speeds will need to be reached in these
directions to close the passive perching mechanism. These reasons make simpler and lighter weight
implementations like that of Dilaveroglu and Ozcan the best option.

3.4. Validating mechanical collision resilience measures

Any form of mechanical collision resilience needs to be tested after implementation to determine how
well it functions. These experiments should determine how well the collision forces are absorbed and
how large an impact can be sustained without damage to the sensitive drone components. For a drone,
it is also important to determine under which collision conditions the collision resilience measures now
enable the drone to withstand the collision while remaining in flight. Unfortunately, due to the nature of
drone collisions, in-flight tests with a full drone will likely be destructive, especially in the cases where
the mechanical collision resilience is not sufficient to completely mitigate impact forces. Due to thisitis a
good idea to first conduct some initial, more tightly controlled experiments to determine the boundaries
of the collision resilience measures and then expand upon these tests with in-flight experiments.

Perhaps the most common experiment used to measure collision resilience is the drop test [9][11][12].
The height and the orientation of the drone before the drop can be controlled so that the collision con-
ditions are as desired. The rotors of the drone should remain stationary to minimise damage to these
delicate components. Accelerations can be measured by equipping the drone with an inertial measure-
ment unit (IMU). A more expansive version of these tests can be found again in the work done by Sareh
et al. where they tested the performance of their origami bumper through a series of pendulum tests.
For these tests, a drone equipped with the bumper was attached to the end of a rope and then swung
against a collision surface. This was done in such a fashion that the collision speed and angle could
all be controlled and easily replicated between tests. A tangential velocity component could be added
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Figure 3.4: Dilaveroglu and Ozcan’s origami bumper design [14].

to the collision and the collision surface could be adjusted to determine their effects on the collision
resilience. The experiments were conducted with and without the origami bumper equipped to deter-
mine the difference made by the bumpers. The drone’s rotors remained stationary during these tests
and the IMU on board the drone was used to measure the forces and angular velocities experienced
during collision. This expanded experimental setup is deemed preferable over typical drop tests since
it allows for much finer control.

Being able to recover in flight from a collision is the ultimate goal of incorporating collision resilience
into a drone’s design and in-flight tests are needed to determine how well the added collision resilience
measures allow for this. These tests will involve flying the drone towards an obstacle with a certain
velocity and approach vector and seeing whether it is able to regain stability after a collision. These
tests are usually conducted in a controlled environment where the collision behaviour can be filmed
clearly for later analysis [35] [14]. For complete validation of the system, however, flights in the real-
world operating environment of the drone should also be conducted. For a perching drone this could
mean flying amongst the tree branches that it might perch on. Final tests could involve collisions with
these tree branches to see how the limited space affects recovery. Since these tests will almost certainly
lead to the destruction of the drone, they should only be conducted after the other tests have determined
the boundaries of impact speeds and approaches from which the collision resilience measures provide
the drone a reasonable chance of recovery.



Perching Point Detection

Each section of this chapter answers one of the sub-questions from the third set, pertaining to the
perching point detection system. Three different common approaches are analysed and their unique
sets of strengths and limitations are discussed. It is shown that a modified version of a random sample
consensus (RANSAC) algorithm is the best option for determining the relative position of suitable long
and narrow structures which can be perched on.

4.1. Perching point detection system requirements

A successful implementation of a perching point detection system would enable the quadrotor to detect
the position of suitable perching features relative to its own position. For this, it would first have to be
able to determine what is in fact a suitable perching point. For this design, these points would be
long and narrow features that can be grasped by the perching mechanism. The exact dimensions of
suitable features would be determined during the final design and testing of the perching mechanism,
but could be generalised as features that fit within certain bounding cylinders, see Figure 4.1. After
such structures have been detected, their position would also need to be determined. Their absolute
position is not immediately relevant, instead their position relative to the drone is. The UAV will have
to detect suitable perches from flight and then manoeuvre to a certain location and attitude relative to
the perch to initiate the landing procedure. This means that the algorithm should be able to run fast
enough that it can be used as a real-time, in-flight input to the flight controller.

Since this system is to be used on board a lightweight quadrotor, there are other essential requirements
for the system to be feasible. The algorithm used by the system should be as computationally inexpen-
sive as possible. This allows it to be run at a fast enough rate to interact with the flight controller, and
keeps the total weight of the system down. A more computationally complex algorithm would require
additional hardware to run this algorithm. This could also lead to a snowball effect where this additional
hardware requires more power and thus a larger battery, further increasing the weight. To this same
goal of minimising the total weight of the system, the number of additional sensors required for perching
point detection should also be kept as low as possible. Each additional piece of hardware will take up
a valuable portion of the total weight budget for the quadrotor which is already very limited. If too much
of this budget is taken up by the perching point detection system, other functionalities may have to be
sacrificed.

An overview of the requirements for the perching point detection system design are listed below:
1. The system should detect the relative position of perching points of suitable dimensions.
2. The system should run fast enough on board the drone to be used as a control input.

3. The additional weight required by the system should be kept as low as possible.
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Figure 4.1: Perch dimension check using bounding cylinders.

4.2. Comparison of different perching point detection systems

The three approaches considered for the perching point detection system are those based on the ran-
dom sample consensus (RANSAC) algorithm, Hough transforms and neural networks. The RANSAC
algorithm is one of the most common approaches for fitting shape primitives to three-dimensional point
cloud data and this is reflected in the UAV perching literature. The AGRASP drone designed and built
by Popek et al. uses a RANSAC algorithm to detect suitable cylindrical perches using only on-board
processing [36]. An algorithm using RANSAC has also been developed by von Frankenberg and Nok-
leby that can be used to detect more general long narrow features viable for UAV perching [15]. Hough
transforms have also seen wide use in fitting cylinders in point clouds. A great example of this can
be seen in the work done by Rabbani and van den Heuvel, where they show how Hough transforms
can be used to efficiently fit cylinders to objects in an industrial site [16]. Suitable perches could be
determined in a similar manner by finding structures where the bounding cylinder falls between certain
boundaries. Finally, neural network methods also exist for fitting primitives to point clouds, such as in
the work done by Li et al. [37]. This could be adopted to determine suitable perches within certain
geometric bounds much in the same way as the Hough transform method. Combinations of neural
networks and Hough transforms have also been explored by, for example, Figueiredo et al. who use a
neural network to first detect cylinders from an image and then perform Hough transforms to fit these
cylinders [17].

It should be mentioned that some other methods that could be used to determine suitable perches do
exist, but it was decided to focus on RANSAC, Hough transforms and neural networks because they
were deemed to be most common and thus most proven. The only other method that came close in
these measures were visual-servoing-based approaches. Seo et al. used a combination of RANSAC
and visual servoing to fit cylinders that could be grasped with a gripper, but this failed when both ends
of the cylinder were not in frame [38]. This would not work for perching where the ends of the perch
structures are rarely visible. Spica et al. developed a visual servoing model that they used to determine
the structure of spherical and cylindrical objects. Their algorithm relied on these objects being easily
distinguishable from the rest of the environment beforehand which would again not be the case for the
perching use-case [18]. Other papers have used visual servoing for perching but these did not extend
to actually determining which structures were suitable to perch on [20] [19]. For these reasons it was
decided to exclude visual-servoing based-approaches, even though they have been shown to work in
certain restricted problem spaces.
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Random sample consensus is an iterative algorithm that can be used to fit data in the presence of
outliers. The RANSAC algorithm functions by randomly sampling a subset of the data and then fitting
a model to this smaller subset. All the other data points outside this subset are checked to see how
many of them fall as inliers for the model and this is then used to score the model. This process is
repeated a given number of times with, ultimately, the highest scoring model being taken as the best
fit. RANSAC can be utilised for many purposes as outliers are present in the outputs of most real-world
sensors, but it has found particularly widespread use in computer vision applications such as video
stabilisation and fundamental matrix estimation [39]. For perching point detection, RANSAC could be
used to detect structures of suitable dimensions from the three-dimensional point cloud data returned
by a depth camera. These sensors are prone to outliers, so RANSAC is a good choice for fitting
shape primitives such as cylinders to their outputs. As previously mentioned, the work done by von
Frankenberg and Nokleby presents a method on how this can then be extended to find long and narrow
features that a UAV can perch on. The main disadvantages of a RANSAC-based approach is that it
can be computationally expensive, von Frankenberg and Nokleby’s algorithm ran on a Intel i7-4770
3.40 GHz 4 core processor which is much more powerful than the processors that can fit on board a
lightweight quadrotor, as well as the algorithm’s susceptibility to the masking effect where certain data
points only emerge as influential after the deletion of other points [40]. Both of these can, however, be
at least partially mitigated through tuning of the algorithm’s parameters.

Much like RANSAC algorithms, Hough transforms are also commonly used in computer vision. The
Hough transform was originally used to find lines in images, but has since been expanded to also find
other classes of shapes in images. Hough transforms are robust to outliers and can detect imperfect
instances of shapes according to an incorporated voting procedure. Here each point votes for the set
of shape parameters possible including that point and then, after the procedure is finished, the set of
parameters with the highest score is chosen. The three-dimensional Hough transform has been used
on point clouds to fit cylinders in the environment (see again the well-known work done by Rabbani
and van den Heuvel) and this is also how it could be used for perching point detection. In this work,
the cylinder detection is split into two stages: first the cylinder orientation is estimated using the nor-
mals of each point and then the position and radius of the cylinder are estimated by rotating the point
cloud. Hough transforms tend to be computationally expensive, and this increases exponentially with
the dimensionality of the problem. Rabbani and van den Heuvel's method significantly increases effi-
ciency by reducing the cylinder estimation problem from a single five-dimensional Hough transform to a
two-dimensional Hough transform followed by a three-dimensional Hough transform. Despite this, the
method still requires considerable optimisation to be able to run on board drone hardware and, similar
to RANSAC, the masking effect could affect results.

Neural networks are extremely versatile and this extends to perching point detection. A neural-network-
based approach would require a network to be trained to recognise perches of suitable dimensions
and inference would then need to be run on board the drone using this network. Although, the training
process would require a large amount of data, solutions could be devised to expedite this process, such
as by automatically creating large amounts of point cloud data with a computer program or expanding
the size of a set of images through image manipulation techniques. Running inference on board the
drone would also necessitate a separate processor, but lightweight options designed specifically for
this purpose do exist such as the Nvidia Jetson and Coral boards [41][42]. The Supervised Primitive
Fitting Network built by Li et al. uses three-dimensional point cloud data to determine object structure
and is shown to be robust to noise. Training a similar model or transfer learning this model for a
depth sensor that can be used in the drone design would likely result in good performance, but would
be very computationally expensive. This is not necessarily a deal-breaker as the training could be
performed on a separate computer, but the resulting model would need to be compatible with the
processor used on board the drone, which is not guaranteed. Taking inspiration from Figueiredo et
al. a neural network could be used as a pre-processing step for another algorithm, such as a Hough
transform. This may help with some of the limitations of the other method, but could quickly become
too large a computational load to run on board a small quadrotor, directly influencing the rate at which
the algorithm can be run.

Considering the strengths and weaknesses of each of the approaches and the requirements for the
perching point detection system, it was decided that a RANSAC algorithm is the most appropriate
choice. Each of the approaches could be used to autonomously detect the relative location of suitable
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perching points if implemented correctly, hence they all meet the first requirement. It is in the second
requirement, relating to the rate at which the algorithm can be run on the drone, that the RANSAC
approach starts to rise above the others. This is the only approach already used in a comparable
perching point detection system run on board a drone [36], and this offers the most definite proof
possible of the feasibility of such a system. While true that Luo et al. built a system that ran a neural
network on board their drone to land on cylindrical perches, this system did not actually determine
the dimensions of the perch so would be unable to sufficiently meet the first requirement. The extra
hardware needed for each of the approaches would likely also be similar. A depth camera capable of
generating three-dimensional point clouds would be needed for each approach in addition to some form
of extra processor to run the algorithm. Since, to the author’s knowledge, no on-board implementations
exist for neural-network or Hough-transform-based systems which can detect the relative locations of
perching points of suitable dimensions, it is unfortunately not possible to make an informed decision
on the exact computational hardware that would be required. Popek et al. did, however, show that the
hardware does exist for RANSAC with their design. A final advantage of the RANSAC-based approach
that is not directly reflected in the requirements is the ease of implementation. The ROS Point Cloud
Library [43] would simplify the process of building a RANSAC-based system allowing extra time to focus
on other aspects of the project.

4.3. Implementation of RANSAC for detection of long narrow fea-

tures

The implementation of the perching point detection system should be based on the algorithm presented
by von Frankenberg and Nokleby. This is one of the few systems that allows for the detection of not
just cylindrical perches, but general long narrow features. The algorithm used in this paper can be
broken down into eight steps, summarised here in text and shown below in Figure 4.2. The first step is
to throttle the frame rate received by the depth camera to a rate that can be handled by the hardware.
In the original setup, a frame rate of 10Hz was used. The second step is to down-sample the resolution
of the point cloud. This is done using the Point Cloud Library and an input leaf size. After this, the point
cloud is cropped to further reduce the number of points considered. This could simply mean taking a
region in the center of the point cloud, or, more intelligently, taking a region-of-interest based on the
location of previously detected features. The fourth step is line segment detection where RANSAC is
used to detect line segments based on the inputs of line length, line width, minimum number of points
lying on the line and number of iterations. In step five, an orientation check is performed where lines
are disqualified if their angle with the horizontal plane is larger than the input maximum angle. This
angle is defined according to the perch orientations that the UAV with equipped perching mechanism
is capable of perching on. Next, gaps are checked for in the line by moving a small rectangular prism,
the size of which is determined by the maximum diameter that the perching mechanism can grasp,
over the length of the detected lines. If there are any parts of the line where no points are inside the
prism, this is detected as a gap and the line is disqualified. Step 7 is the removal of all points which
were located inside the prism in the following step. This is in preparation for the eighth and final step,
the proximity check. Here a larger rectangular prism is moved across the length of the remaining lines.
The size of this prism is determined by the size of the perched UAV and is used to ensure that there
are no obstacles near the perch to obstruct perching. If any points are detected inside the prism, the
landing point is disqualified. Note that this base form of the algorithm will be slightly modified when
implemented, as is discussed in the future work section of the original paper. Cylindrical regions will
replace the rectangular prisms in steps six and eight and the cropping will be performed based on
regions of interest.

The hardware that required for this approach is a depth camera that is capable of generating three-
dimensional point clouds and an extra on-board processor to run the algorithm. In von Frankeberg and
Nokleby’s paper a Microsoft Kinect camera is used to generate point clouds. This was not designed
to be flown on board a lightweight drone, subsequently its form factor and weight would pose some
issues. Alternative depth camera options do exist, such as the Tara USB 3.0 stereo camera and the
Intel RealSense cameras [44][45]. Both options can be used with ROS to generate point clouds, with
the latter having been used in the system presented by Popek et al. For the companion computer,
Popek et al.’s system utilised the Mastermind 3b board equipped with a Intel i7 four core processor.
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This is the same kind of processor used by von Frankeberg and Nokleby to test their algorithm, so it
can be said with a reasonable degree of certainty that this same setup would allow the algorithm to run
on board a drone. Unfortunately, this board is no longer available so an alternative must be chosen.
This alternative could be the Raspberry Pi 4, compatible with many flight controllers such as the PX4
[46]. This lightweight board supports ROS, but it is less powerful than the Intel i7. With correct tuning it
should still be capable of running the perching point algorithm, albeit at a lower frame rate. In their tests,
von Frankenberg and Nokleby were able to run their algorithm at 10Hz on the 3.4G Hz processor. Some
back-of-the-napkin, and admittedly over-simplified, calculations suggest that the 1.5GHz Raspberry Pi
board may be able to run the same algorithm at a little over 4Hz [47], which should be fast enough
for initial tests. The best choice of drone hardware is, of course, also affected by external factors
such as price and availability, but this should suffice to show as proof that such a system is currently
feasible.



Guidance, Navigation & Control

Although not a priority for this project, a smart choice for the guidance, navigation and control system is
crucial to allow the quadrotor to perform as desired. This chapter discusses how this choice was made
for each component of this subsystem. Once again, each section of this chapter answers a single
research sub-question, mirroring the research process.

5.1. Guidance, navigation & control system requirements

Quadrotor guidance, control and navigation (GNC) systems are a well-established and well-Oresearched
field. For a perching drone there is no need to re-invent the wheel in this area, but instead it is more
appropriate to implement what has already been proven to work in a way that facilitates autonomous
perching. For this, one must first determine the requirements for an autonomous control system for a
perching drone. For any perching manoeuvre, the drone must first fly towards the location of the perch.
The assumption is made that the environment is obstacle-free, apart from the perch structure, so the
perch can be approached directly. Work has been done in building perching control systems where
this is not the case, such as the perception-aware perching system presented by Paneque et al. [48],
but this was deemed outside the scope of this project. The relative location of the perch is determined
using the perching point detection system outlined in chapter 4, but this relative position can only be de-
termined while the perch is in view of the depth camera, which will typically not be the case throughout
the whole perching procedure. Here, the first requirement must be imposed on the navigation system
of the quadrotor. Namely, that it allows the drone to continuously determine its own position and orien-
tation in a fixed reference frame during flight. This means that once the relative position of the perch
has been obtained from the perching point detection system, the perch’s position in the fixed reference
frame can also be determined. Since the perch is stationary, the perch no longer needs to be kept in
frame and flying towards the perch now just involves manoeuvring towards this predetermined loca-
tion. Finally, once the drone is near the perch, the choice of a passive perching mechanism means that
the actual perching part of the manoeuvre is as simple as approaching the perch with a given velocity
and orientation. This is determined by what is required for the perching mechanism to successfully
grasp the perch structure. This last step is also simplified through the knowledge of the drone’s and
the perch’s positions in the fixed frame at all times and it reduces the whole perching control problem
to waypoint control.

Prior to the perching manoeuvre, it is also necessary to implement a control law for the drone to follow
before it has detected any perching points. In this stage, the drone should be autonomously patrolling
until it locates a suitable perch structure. There are many ways that one could choose to implement this
patrol phase, such as following obstacle free trails [49] or trajectory optimisation elements to allow the
drone to fit through geometrically constrained regions [50] as it looks for perches. The inclusion of such
features would be invaluable in specific use-cases, but both are outside the scope of this paper where
an obstacle-free environment has already been assumed. This assumption again greatly simplifies the
problem as the patrol phase can now also be approached by flying directly to certain waypoints within
the flight space until a perch is located. This could potentially miss perching structures outside the field
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of view of the quadrotor as it flies between waypoints. Another approach would be to have the quadrotor
remain at a fixed location and rotate about its z-axis until it spots a suitable perching point. This has
the disadvantage of potentially missing perches that are located too far away from the quadrotor for the
perching point detection system to pick up. Combining the two approaches and having the quadrotor
fly to fixed waypoints and then rotate helps to mitigate both of these shortcomings.

Both the patrol and perching phases of the mission can be accomplished by controlling the drone
to certain waypoints with a given velocity and orientation. This gives the main requirement of the
guidance system to be that it should generate a trajectory for the quadrotor between given waypoints
with a desired final velocity and orientation. The control system should then control the drone’s actual
position using the continuous desired position and attitude of the quadrotor as an input. A secondary
requirement for all parts of the GNC system is that they should be as computationally inexpensive
as possible. This will leave as much processing power as possible available for the perching point
detection system. These requirements are given in numbered form below for each :

1. The guidance system should generate a continuous trajectory between waypoints with given final
quadrotor velocities and poses.

2. The navigation system should provide the actual position and attitude of the quadrotor continu-
ously in a fixed reference frame.

3. The control system should use the continuous drone position and attitude inputs to allow control
of the quadrotor to input waypoints with a given final quadrotor velocity and pose.

4. All GNC systems should be as computationally lightweight as possible.

5.2. Guidance strategy

The objective of the guidance system is trajectory planning: the generation of a path for the drone to fol-
low between waypoints. This path is used to determine the desired position and pose at each timestep
which can then be passed onto the controller. Following the requirements presented in section 5.1, a
trajectory planner that can generate a trajectory between waypoints that have a desired attitude and
velocity associated with them is required. Since the assumption has already been made that opera-
tion will occur in an obstacle-free environment and to best meet the computational cost requirement,
the trajectory generation should be kept simple and computationally lightweight. Trajectory planning is
often solved as an optimisation problem. Feasible trajectories that meet mission requirements can be
found by, for example, minimising the position and attitude error at waypoints given the quadrotor dy-
namics. Due to the differentially flat dynamics of quadrotors, this optimisation problem can be reduced
into a quadratic program that can be solved in real time [51]. Nonetheless, this optimisation step adds
an extra layer of complexity to the process. Looking at nature, one can find a more direct approach
to path planning, general tau theory [52]. Tau theory allows for the direct generation of trajectories in
real-time based on a defined motion gap between the current and desired final state. This is perfect
for application in perching where the aim is to reach the perch location with the velocity and orientation
needed for the perching mechanism to grasp the perch structure. The good fit of general tau theory to
UAV perching is also reflected in literature.

In his 1976 paper, David Lee presents his tau theory in the context of how drivers visually control their
braking using information on the time-to-collision [53]. This has since been expanded to a bio-inspired
general theory to describe animal movement. It states that control actions are taken with the goal of
closing a motion-gap, the difference between the current state and a desired state. Tau, t, is then
defined as the time to close this motion gap. This theory has been used to describe all manner of
animal behaviour, from the way drivers control their braking in Lee’s own paper to how honey bees
control their landing speed in Baird et al.’s paper [54]. More relevant to the area of drone perching,
tau theory has also been used for trajectory generation. Zhang et al. present a framework for how
tau theory can be used for UAV perching where they show how they can generate trajectories from a
hovering or flight state to a perching point with a desired final position, pose and velocity [55]. For this
they close multiple motion-gaps, for example the gaps in the UAVs horizontal and vertical position, at
the same time using tau coupling. For this, the time to close both motion-gaps, tau, is kept constant so
both gaps are closed at a constant rate relative to one another. This same tau-coupling principle can
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be used to couple the distance and angle motion-gaps. The freedom in the definition of the motion-
gap already make tau theory trajectory generation a great fit for perching, but this does not consider
the computational load. Fortunately, this algorithm can be very lightweight, as demonstrated by Wang
et al., who were able to run a trajectory planning based on the same principles as Zhen et al.’s with
addition optical-flow calculations at 30fps on a Raspberry-Pi 3B+ microcomputer [56]. This is extremely
good performance and serves to further validate the use of general tau theory for autonomous perching
trajectory planning.

5.3. Navigation system

The navigation system is required to continuously provide the quadrotor’s attitude and position in a
fixed reference frame. This information is then used as an input for the drone’s controller. This allows
the drone to determine the position and orientation of suitable perching points in fixed space using the
perching point detection system’s output of the position and orientation of these points relative to the
drone. Many methods exist that allow for this objective to be achieved. Common on-board approaches
consist of combining information from multiple sensors. An example of this can be found in the work
done by Deilamsalehy and Havens where the movement of points of interest inside a camera frame is
measured and combined with information from an IMU and a LiDAR sensor using an extended Kalman
filter [57]. Doing this, they are able to estimate the pose of a platform in three-dimensional space.
Another common example is the combination of IMU and global positioning system (GPS) data. This
allows for a navigation system that overcomes the shortcomings of each of these individual sensors
[58].

To meet both the navigation functionality and the computational load requirements, an off-board nav-
igation system was deemed to be the best fit. This completely removes the computational load of
estimating pose from the drone itself and means that this can instead be performed using an external
computer. An off-board system also eliminates the need for extra sensors, such as a camera or GPS
system, that would be used solely for navigation purposes. This results in a lower total drone weight
and, consequently, better endurance and performance. Off-board position and orientation estimation
can be performed using a motion capture system. This is an accurate and extremely common ap-
proach for indoor flight tests and has been used in much of the previously cited work: Nguyen et al.
used motion capture in the testing of their soft-bodied perching drone to name but a single example [9].
There are a few disadvantages to using motion capture. Markers may need to be placed on the drone
to allow the system to accurately track the drone and these could have some impact on performance,
depending on the form they take. The much larger drawback is that this system only works inside the
range of the motion capture system. This makes this setup unsuitable for flying outdoors in real-world
environments where it will likely be impossible to accommodate a motion capture system. In these
situations, a separate on-board navigation system will have to be implemented. This is definitely an
area of interest for future work, but, for the current set of requirements, a motion capture system is the
best fit.

5.4. Control strategy

At its most basic level, quadrotor control consists of controlling a quadrotor to follow a pre-determined
trajectory as closely as possible. This is far from a trivial problem and must be broken down into three
smaller steps: position control, attitude control and motor speed control. These controllers can be
either linear or non-linear, as will be discussed later. A well-know general approach to this problem was
presented by Mahony et al. [51] and the working principle presented there will be summarised again
shortly here. Quadrotor control takes the form of several hierarchical nested feedback loops, with the
position controller being the outermost loop and the motor controller being the innermost. Before the
control process can even start a trajectory must be planned. This can becan be accomplished using
general tau theory, as described in section 5.2. This provides a continuous desired trajectory position
and attitude which are then input into the position and attitude controllers, respectively. The position
controller then converts the error between the actual position and attitude, from the navigation system,
and the desired trajectory position to inputs for both the motor controller and the attitude controller.
The attitude controller takes both the inputs from the trajectory planner and the position controller to
calculate the rotation needed to achieve the desired trajectory attitude and then converts this to a
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second control input for the motor controller. This innermost loop, the motor controller, takes both the
control inputs from the position and the attitude controller and uses these to control the motor voltage
of each of the rotors. This controls the amount of thrust generated by each rotor and, through the
quadrotor’s dynamics, the quadrotor’s actual trajectory. To complete the loop, this is then input back
into the position controller for the next timestep.

UAV controllers can be either linear or non-linear and both approaches have their own strengths and
weaknesses. In their survey, Mo and Farid present an overview of various non-linear and adaptive
techniques for UAV control [59]. Quadrotor dynamics are themselves non-linear and the linearisation
of these dynamics necessary for linear controllers can lead to constricting the operating space of the
quadrotor. Especially in the presence of unknown perturbations such as gusts, non-linear controllers
can lead to better stability due to their more complete description of the dynamics. Non-linear con-
trollers are also necessary for performing acrobatic aerial manoeuvres outside the bounds of a linear
controller, as shown in Antal et al.’s paper where they developed a non-linear controller for backflipping
small quadrotors [60]. One method to develop a non-linear controller is through the use of neural net-
works. This approach has the benefit of not requiring an exact model of the UAV dynamics, especially
useful when these dynamics may be complicated due to the presence of an added perching mech-
anism. Network-based controllers have also been sshown to be extremely capable, for example the
stability shown in Hwangbo et al.’s controller trained through reinforcement learning [61] or the acrobat-
ics performed in Kaufmann et al.’s paper [62]. The simulation-to-reality gap can cause errors for these
kinds of controllers, particularly when encountering scenarios not present in the training process. An-
other issue with network-based controllers is the computational cost of both training and running these
networks. The training process of neural networks is infamous for its high cost, luckily this can mostly
be performed off-board, but even running inference on board a drone can be expensive compared to
other methods. This is the main drawback to non-linear controllers in general when compared to linear
controllers. The linearisation of the dynamics reduces the computational cost of the controller. Addi-
tionally, more control tools are available for linear controllers which can aid in further optimising these
controllers compared to their non-linear counterparts. For this reason, and taking the computational
cost into account, a linear controller should be used if it can sufficiently meet the control requirement.
Only if the dynamics of the quadrotor and perching mechanism prevent this requirement from being
met, should a simple non-linear controller be implemented instead.

There is one additional requirement that one may want to impose on the GNC subsystem to expand the
possible perching space of the drone that would require a non-linear controller. This is the capability
to invert the drone so it can perch both above and below a perch with only a single perching mecha-
nism. This would expand the perching space by allowing the drone to perch under certain structures
where perching above is not possible due to obstructions in the environment. Yu and Wong present
a framework for vision-based inverted perching using bi-directional thrust where this functionality can
be seen [63]. Due to the modularity of this framework, the inversion manoeuvre presented here could
be implemented in a separate design with minimal issues. It would, however, require both a non-linear
controller and the hardware capable of generating thrust in two directions. It should also be noted that
little to no adjustment would have to be made to the perching mechanism described in chapter 2 to
allow it to work for perching both above and below perches. This is, of course, given that it has already
been designed to grasp with a force greater than the drone weight. Since this functionality is not part
of the scope of this research objective, it will not be included but this is again an interesting area for
future work.

To conclude this chapter, a visual representation of the GNC system of the quadrotor is given below, in
Figure 5.1
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Integration

This final chapter in the main body of the report discusses the integration of the different subsystems
into a final and complete drone design. This is shown to be relatively straight forward as most of
the subsystems are only connected to each other physically and do not directly communicate during
operation. The final two sub-questions from the introduction are answered here, each in their own
section.

6.1. Required hardware

The perching mechanism discussed in chapter 2 can almost be considered as a stand alone part of
the drone design. Through its design it indirectly affects the design of other subsystems, such as the
perching point detection system, but during operation it is not required to communicate with any other
subsystems. Due to the passive design it does not require control inputs or access to computational
power; it will automatically close upon contact with a perch. This means that the only hardware nec-
essary for this part of the drone is the perching mechanism itself and it's connection to the quadrotor
frame. The design principle for the mechanism consists solely of slapper bracelets covered with a non-
slip material. How exactly this should be attached to the drone is difficult to say this early in the design
process, but one could easily envision several possibilities. For example, a connector that allowed the
slapper bracelets to be screwed to the frame could be 3D printed. This would allow for precise customi-
sation of the orientation and position of the mechanism relative to the frame. An even simpler possible
connector would be to simply zip-tie the mechanism to the frame. This approach would sacrifice some
of the stability and flexibility of a custom 3D printed connector, but would be an extremely lightweight
and quick to assemble option. Again, the exact design of this connector should be chosen later in the
design process once both the mechanism and quadrotor frame have already been built but, suffice it
to say there are many possible and easy to construct solutions.

The origami bumpers are a similarly isolated part of the drone, only connected to the rest of the drone
via a physical attachment. The bumpers themselves can be cut from a single sheet of a lightweight
material, for example cellulose acetate, and then folded to the correct shape. These will then need to
be attached to the ends of each of the quadrotor arms so that they can protect the rotors. There will
again be several possible ways of achieving this and the final decision should only be made after the
bumpers and quadrotor have been assembled, but it is hard to imagine a more elegant approach to
that taken by Dilaveroglu and Ozcan in their original design [14]. They designed the bumper in such
a way that it could be mounted directly under the rotor and then fastened with a single screw. This
approach should be used as inspiration for any final connection designs.

The perching point detection system’s hardware is the first that cannot be considered in isolation. This
subsystem requires a depth sensor and a companion computer to handle the extra processing. These
will need to be connected to each other and to the GNS subsystem so that they can be used to provide
control inputs for the drone. As mentioned in chapter 4, there are many options for both the depth
camera, such as the Intel RealSense series, and the companion computer, such as the Raspberry Pi
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4, but a definitive choice for these can be made once the perching point detection software has been
finished. The chosen hardware should allow the software to run optimally. The sensor and companion
computer will also need to be mounted to the quadrotor and the best method for this will again depend
on the quadrotor frame, the sensor and computer hardware that is used. One possible solution is 3D
printing mounting points, although printing a custom printed circuit board (PCB) is perhaps the more
interesting approach. A PCB would allow for some of the wiring to be housed inside the board, cutting
down on the external wiring that would otherwise be needed. The board could also be designed to
include mounting points so it can be used as a connector. Printing custom boards through commercial
companies can often only be done in bulk which may result in a slower construction process due to
the delivery times. This could make testing several prototypes to make iterative changes a difficult and
expensive process.

The hardware for the guidance, navigation and control system has two parts, the on-board hardware
and the off-board hardware. The on-board component consists of the flight controller. An off-the-shelf
flight controller that is compatible with the companion computer should be chosen for this. For example,
if the Raspberry Pi 4 is used as the companion computer, the PX4 flight controller would be a good
choice. This is a well known and commonly used flight controller leading to widespread availability
and easy to find support. The PX4 also supports position and orientation estimation through motion
capture meaning that it will be able to receive and process inputs from the off-board hardware [64].
This off-board hardware is, of course, the motion capture component of the GNC system. The choice
of the motion capture system is not too important as long as it is compatible with the flight controller
and able to estimate the quadrotor’s position and orientation at a sufficiently high rate and resolution.
Two well known options are VICON [65] and OptiTrack [66] and both of these have been widely used
in drone applications.

The final hardware component is the quadrotor itself. The exact form that this quadrotor takes is not
overly important as long as it can support all the other on-board hardware components. This means that
it needs propellers and motors that are capable of generating enough thrust to fly with the combined
weight of all the drone subsystems, that the battery is capable of supplying the electronics of the drone
with enough power throughout the mission’s duration and that the structural strength of the frame is
sufficient to support the weight of all hardware that is to be mounted to it. The main focus of this research
was the perching capabilities and the mechanical collision resilience measures, the exact form that the
quadrotor takes was not a priority. This means that although it would be possible to design and build
a custom quadrotor, in this case it would be more efficient to incorporate the other subsystems onto a
preexisting off-the-shelf lightweight quadrotor body. This will minimise losses if a quadrotor is destroyed
during testing as a new one could simply be purchased and will also allow more time to be spent on
the other aspects of the design.

6.2. Subsystem integration

There are two ways that the different subsystems of the drone interact with one another. The first is
in the design phase. Here the way in which each subsystem is designed may have an indirect impact
on the design of another subsystem. An example of this would be that if the perching mechanism
is designed to be able to grasp features of certain dimensions, this means that the perching point
detection system needs to be able to detect features of those dimensions. Another example would be
that if the origami bumpers are designed to protect the quadrotor for collisions up to a certain maximum
velocity, the control system should ensure that the velocity of the drone is kept under that maximum
value. These kinds of interactions can be found for each of the subsystems and are very specific to the
exact implementation of each of the design principles.

The second and more general interactions between subsystems are those that occur during the drone’s
operation. This is, for example, the communication between the motion capture system and the flight
controller or between the depth camera and the companion computer. An overview of these interactions
is presented below in Figure 6.1. In this figure, it can be seen that the perching mechanism and origami
bumpers do not directly interact with any of the other subsystems. While this is true if considering only
communication between subsystems, these systems, along with each of the others, do all mechanically
interface with the quadrotor body through their attachment to the frame. Since this is the same for each
of the systems it was considered redundant to show it in the image.
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Conclusions and Future Work

This literature review is concluded by revisiting the research objective and questions presented in the
introduction. The aim of the research behind this review was to analyse the current perching drone
literature in preparation for the design, construction and testing of a new drone concept that will be
the focus of a master’s thesis project. In this chapter, the plan for the continuation of this project is
presented along with the conclusions of the literature review.

7.1. Conclusion

The main objective of this research project was to answer the following question: How can a passive
perching mechanism be combined with mechanical collision resilience to achieve perching on long
narrow features with a lightweight quadrotor without prior knowledge of the location of suitable perching
points? To make the research process more manageable, this question was split into five sets of sub-
questions. The first four of these each related to a separate subsystem and the final one related to
how each of these systems can be combined in a complete design. The first three subsystems, the
perching mechanism, the mechanical collision resilience measures and the perching point detection
system, were the priorities for this research project. By combining state-of-the-art individual designs
for each of these subsystems into a single design, this project makes a unique contributes to the current
body of research. The GNC subsystem and quadrotor body were viewed as secondary interests as
these are both well-developed research fields and to spend excessive time designing new approaches
for either runs the risk of reinventing the wheel while taking time away from the design of other aspects.
The goal of both these systems was to keep them simple but still capable enough to facilitate the other
subsystems.

It was decided that a passive perching mechanism design is more suitable for this application than
an active design. A passive mechanism results in a much simpler and lighter weight system as it
does not require the use of servos for actuation or a control system capable of actively closing the
mechanism at the correct time. To help with the design of this passive gripper, the following list of
six requirements was made: the mechanism should firmly attach the UAV directly above or below the
perch, the bistable mechanism should close on contact with the perching point, the mechanism should
be robust to perch structure, the mechanism should be lightweight, the perching mechanism should be
easy to construct and a mathematical model should exist for the perching mechanism. Three different
perching mechanism designs concepts, claw grippers, helical grippers and slapper grippers, were then
evaluated based on how well they fulfilled each of the requirements. The slapper grippers came out
on top of this analysis and thus it was decided to adopt these design principles into the final perching
mechanism design. For how this design might look, inspiration was taken from Nguyen et al.’s work
where a similar perching mechanism was used [9]. This design should, however, be modified to use
slapper bracelets instead of tape measure segments due to the ease of construction. The basis for
the design should be one or two of these segments aligned in parallel to each other and covered in a
non-slip surface. This design is best suited to meet all of the perching mechanism requirements.
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To justify the inclusion of mechanical collision resilience an analysis was first performed to see where
this would be of use and to compare it to alternatives such as an obstacle avoidance system. Colli-
sion resilience was found to be extremely beneficial to a perching drone in the real-world where the
drone may not be able to reliably navigate through the obstacle-dense environments where perches
tend to be located without collisions. Mechanical measures are more suitable than software-based
obstacle avoidance due to a higher reliability, no computational load and not limiting flight speeds due
to an algorithm only being capable of operating at a certain rate. Exoskeletons, soft drone bodies and
rotor bumpers were each evaluated to determine the most suitable form of collision resilience for a
lightweight perching quadrotor. Soft rotor bumpers, despite their somewhat smaller coverage of im-
pact approach angles, were deemed the most appropriate due to their small form factor and low impact
on the aerodynamics of the drone. To investigate how to implement soft rotor bumpers, inspiration was
taken from the principles of origami structures. These structure can offer great collision resilience while
being lightweight and easy to construct. For the exact implementation of these techniques into drone
bumper design, Dilaveroglu and Ozcan’s work was chosen as the best approach due to the simplicity
and extremely low profile [14]. Finally, a discussion on how to test the collision resilience measures
was presented. Bench tests such as drop tests or pendulum tests should be combined with in-flight
tests to properly evaluate the performance of the collision resilience measures and determine for what
range of impacts they allow recovery.

The goal of the perching point detection system is to identify structures in the environment on which the
quadrotor could perch. To help with the design of this system, it was decided that it must meet the fol-
lowing three requirements: the system should detect the relative position of perching points of suitable
dimensions, the system should run fast enough on board the drone to be used as a control input and
the additional weight required by the system should be kept as low as possible. Much like for the other
subsystems, several possible approaches from the literature were analysed and evaluated based on
how well they fulfilled these requirements. These approaches were RANSAC-based methods, Hough-
transform-based methods and neural-network-based methods. Of these three, a RANSAC-based ap-
proach was found to be the best fit due to it being the only method that has already been shown to work
on board a drone for perching point detection. It also allows for detection of a wider range of possible
perches, not just limited to cylinders. A final point that the RANSAC approach has in its favour is the
fact that libraries already exist that will greatly simplify the system’s development. Finally, the imple-
mentation of a RANSAC-based perching point detection system was discussed both from a software
and hardware perspective. The algorithm presented by von Frankenberg and Nokleby [15] was chosen
as this allows for detection of the widest range of perching points. To run this algorithm a depth camera
and companion computer would be required.

As previously stated, innovation was not considered a priority in the design of the GNC system. The
GNC subsystem consists of three parts: guidance, determining the path that the drone should follow;
navigation, determining where the drone is in space; and control, the issuing of commands to the drone
to ensure that its position and the desired position along the trajectory are as closely aligned as possible.
The following set of requirements were imposed upon the GNC system: The guidance system should
generate a continuous trajectory between waypoints with given final quadrotor velocities and poses,
the navigation system should provide the actual position and attitude of the quadrotor continuously
in a fixed reference frame, the control system should use the continuous drone position and attitude
inputs to allow control of the quadrotor to input waypoints with a given final quadrotor velocity and
pose and all GNC systems should be as computationally lightweight as possible. It was decided to
base the guidance portion of the GNC system on general tau theory. The light computational load and
the fact that it has been proven to work for perching makes it an ideal fit for a lightweight perching
quadrotor. The navigation will be handled mostly off board the drone using a motion capture system.
These systems can provide extremely accurate continuous position and orientation information and
will reduce the on-board computational load. Despite this limiting the possible mission space, this is
considered a worthwhile trade-off, especially when viewed through the lens of the GNC requirements.
Finally, a linear flight controller will be used for the control segment. These controllers do not perform
as well as non-linear controllers in the presence of disturbances or while performing aerial acrobatics,
but the lower computational load make them the best option for the purposes of an initial perching
drone concept where neither of these things will be an issue. A non-linear controller could be an area
of interest for further work, however, as it could allow for both inverted and conventional perching using
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just a single perching mechanism.

To conclude this paper, an overview of the hardware needed to combine all these subsystems into a
complete design along with the interactions between each of the separate subsystems is presented.
The hardware includes all the sensors and processors necessary for each subsystem, the attachment
methods of each subsystem to the drone frame and the quadrotor itself. The theme for each hardware
component is that as long as compatibility is not a problem, everything should be kept as easily available
and simple as possible. This will simplify construction of the drone which is especially relevant during
design validation, since quadrotor testing is infamously destructive. The components interact with each
other in both the design phase, where the limitations of one system might inform the requirements
of another, and in the operation phase, where different subsystems will physically and electronically
interact with one another. Each subsystem interacts with at least the drone body through its hardware
connection, but only certain systems communicate with other systems during operation. In fact, the
only communication between subsystems is between the perching point detection system and the GNC
system. Both the perching mechanism and collision resilience features are completely passive and thus
do not require any active control. With this final overview the final set of sub-questions is answered
and the research objective complete. The next step is to validate the findings presented in this paper
through the construction of a real-world lightweight perching quadrotor. How this will be approached is
discussed below.

7.2. Project plan

This literature review was conducted as part of a master’s thesis in Control and Simulation at the
aerospace faculty of the Delft University of Technology. The ultimate objective of this thesis is to de-
sign, construct and test a mechanically collision-resilient quadrotor capable of autonomous perching.
The first phase of this project consisted of a thorough analysis of the current literature in this area and
the findings of this research were presented in this document. These findings will all be verified and
validated in the later phases of this thesis project when the proposed design principles will be imple-
mented to create, construct and test a final drone design. A plan for these next steps has already been
created to ensure that the project can be completed within the nominal period of study.

An overview of this planning is available in the Gantt chart included below. Here all the tasks that will
need to be completed over the duration of the project and the deadlines that must be met during the
completion of a Control and Simulation master’s thesis are shown. These deadlines were decided
upon ahead of time with the supervisor of this project, Salua Hamaza. Holidays have been included in
this planning since these will inevitably cause certain tasks to be delayed. These holidays align with
those in the academic calendar of the university for the academic year 2022/2023 [67].

There are several similar types of tasks that take place multiple times throughout the project. The
first of these is the familiarisation stage. This occurs at the earliest stage of the design process for
each subsystem and refers to building a base level of experience with the equipment and techniques
necessary for later stages. It was decided to allocate a longer period, either one or two months, for these
tasks since more time spent refining these base skills will ensure that future tasks can progress more
smoothly. These tasks are planned in parallel with other tasks, which is also why it is useful to reserve
additional time for them. The second type of recurring task is the initial design and construction stage.
This refers to the design and construction of the first version of a component or subsystem to the point
where it can be tested. These tasks can only begin after the initial familiarisation stage is complete and
differing amounts of time are allocated based on perceived complexity. Once the familiarisation and
design and construction tasks have been completed, each subsystem must be tested. These tests are
very briefly summarised in the Gantt chart, with a detailed description available in the full project plan
document, also completed for this thesis [68]. The tests are dependent on the initial designs and often
also on other tests. These tests sometimes depend on an integration stage where different subsystems
are combined so that their combined functionality can be tested. Two weeks has been allocated for
each of the tests. The tests themselves will likely not take a full two weeks, but time is also reserved
for result analysis and possible adjustments to the test setup. Finally, five months is allocated over
the duration of the project for the writing of the thesis with an additional twenty days for presentation
preparation. These are both required by the university and will be the main deliverables of the thesis
project.
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