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Bio-inspired Propellers toward Safety Collision for Unmanned Aerial Vehicles

by BuI Tien Son

There is an increasing demand for vertical take-off and landing vehicles, in-
cluding drones, that are safe to use and can handle collisions. These vehicles face
risks of damage from collisions with humans, environmental obstacles, and other
drones. To address this issue, researchers have been looking to nature for exam-
ples of resilient structures that can be used to design propellers that reduce these
risks and increase safety. My proposed solution is a bio-inspired drone propeller
called the Tombo propeller, which is inspired by the flexibility and resilience of drag-
onfly wings. In this study, the design and fabrication process for the Tombo pro-
peller is presented, which allows it to withstand collisions and recover quickly while
still providing sufficient thrust to hover and fly. The performance characteristics
of the propeller, such as thrust force, collision force, recovery time, lift-to-drag ra-
tio, and noise, were also investigated through the development of an aerodynamic
model and experiments. Additionally, a control strategy was designed for a drone
equipped with Tombo propellers that could collide with an obstacle, recover from
the collision, and continue flying. The results show that the maximum collision
force generated by the Tombo propeller is less than two-thirds that of a traditional
rigid propeller, indicating the potential for using deformable propellers on drones
in cluttered environments. To enhance the collision sensing capabilities of the pro-

peller, a novel hub was also introduced, with details on its design, fabrication, force



iv

modeling, and preliminary experiments with potential results. This research has the
potential to inform the design of flying vehicles for agile and resilient performance.
Keywords: Bio-inspired design, Collision accommodation and sensing, Deformable

propeller, Soft robotics, Drones’ safety
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1 Introduction

1.1 Drone collision safety

A
8 A ] e

Infrastructure Agriculture Transport Security

Investment monitoring, Analysis of soils and drainage, Delivery of goods, medical Monitoring lines and sites,
maintenance, asset inventory, etc. crop health assessment, etc. logistics, etc. proactive response, etc.

Entertainment and Media Insurance Telecommunication Mining

Advertising, entertainment, aerial Support in claims settlement Tower maintenance, signal Planning, exploration, environmental
photography, etc. process, fraud detection, etc. broadcasting, etc. impact assessment, etc.

FIGURE 1.1: Various applications of drone benefit human lives in many fields

Drones have provided numerous benefits to various industries, such as VTOL
which are capable of vertical takeoff and landing. These drones have been used
for surveillance, inspection, logistics, transportation, and entertainment (see Figure
1.1). Due to their small size and ability to maneuver in tight spaces, drones have
gained interest from both academia and industry, with the potential for a large mar-
ket [1], [2]. According to Precedence Research, the global commercial drone market
is predicted to be worth around USD 504.5 billion by 2030, with a compound annual
growth rate of 46.04% between 2022 and 2030 !. Additionally, a report by Phystech
Ventures states that USD 5 billion Additionally, a report by Phystech Ventures states
that [3].

Thttps://finance.yahoo.com/news/commercial -drones-market-size-worth-220000386.
html
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Prime Air (Amazon —2013) Wing (Alphabet — 2014) Aquila (Facebook - 2014)
for autonomous drone delivery service  for autonomous drone delivery service for solar-powered drone as an atmospheric satellite

B ' , e b
FarmBeats (Microsoft with DJI — 2015) DRONES (FedEx-2018) Skylink (IBM —2016)
for enabling data-driven farming for autonomous drone delivery service for remote control aircraft

FIGURE 1.2: Big Techs with drones

Several companies have started initiatives to explore the use of drones in dif-
ferent industries. For example, Amazon launched Prime Air in 2013, Alphabet
launched Wing in 2014, and FedEx launched DRONES in 2018 for autonomous
drone delivery. Microsoft partnered with DJI in 2015 to create FarmBeats for data-
driven farming, Facebook developed Aquila in 2014 for a solar-powered drone that
could act as an atmospheric satellite, and IBM created Skylink in 2016 for remote
control aircraft (as shown in Figure 1.2). Taxis, a traditional industrial service, promises
to be a huge potential market as prototypes from many big names such as Boeing [4],
Airbus [5], Delta Air Lines?, and the city of Paris [6] are continuously introduced,
and public pilot flights of drone taxis are successful® 3 4.

A major concern in drone operation is the possibility of a collision with the en-
vironment (see Figure 1.3). Drones remain sensitive to collision, especially in case
of colliding with a propeller. In such a scenario, birds, UAVs, or planes (see Figure
1.3) might create a drone’s mid-air crash. As a result, both the environment and the
drone itself can suffer damage due to property damage.

If a drone experiences problems with its propellers, it could potentially cause

harm to a person or damage property if it were to crash. To address this issue,

Zhttps://waw.youtube. com/watch?v=4wbFw165ar0&t=3s
Shttps://www.youtube . com/watch?v=WEQk_wOpn_o
“nttps://www.youtube . com/watch?v=x3yz46jN5go
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Bird attacks Drone collides tree Drone collides drone Drone collides airplane

FIGURE 1.3: Drone crash by bird attack [7], tree, UAVs, and airplane [8]

various safety technologies have been developed for drones, such as protective
cages and obstacle-avoidance algorithms. These solutions can either add additional
weight to the drone or require more processing power, meaning there is a trade-off
between efficiency and safety. Despite this, there is a growing demand for drones
to be used in crowded areas or close proximity to people, making it necessary to

implement measures to prevent accidents or injuries from collisions.

1.2 Research question

There is a balance that must be struck between the safety of drones and their struc-
ture and design. While there have been efforts to enhance the structure and per-
ception capabilities of drones in order to prevent collisions, they are still vulnerable
to accidents due to technical limitations and unpredictable factors. This is a signifi-
cant concern as drones are becoming more widely used in a variety of complex and
potentially cluttered environments. The question remains: Is it possible to signifi-
cantly improve the safety of drones without compromising their basic design and
function?

This dissertation introduces the Tombo propeller, which is a bioinspired design
that is able to withstand collisions while still providing enough rotation and thrust
to keep a drone in the air. The Tombo propeller has a unique hinge-like structure,
called the nodus, which is made of silicone and fiber tendons and is inspired by
the structure and function of a dragonfly wing nodus. This nodus mechanism al-
lows the propeller to self-recover and rotate properly within 0.46 seconds at a speed

of 2000 rpm after a collision, allowing drones to bounce back from sudden impacts
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FIGURE 1.4: Safety drone equipped with Tombo propellers. Collision-accommodated
propellers that can deform passively (A) upon collision and then self-recover (B) to work
normally (C) are employed for uncrashed drones.
with their surroundings. In addition, the Tombo propeller is a hybrid design made
up of both soft and hard parts, which allows it to regain stiffness and generate
enough rotation thrust to keep the drone in the air. Furthermore, the Tombo pro-
peller has a deformable leading edge that reduces the impact force and damage in-
flicted on objects during a collision, making it a safer choice compared to traditional
drone propellers. Additionally, an extra mechanism called TomboHub was devel-
oped to support the collision sensing and shock absorbing for Tombo propeller. In

this research, the following are the most significant contributions:
1. Proposal of a novel bio-inspired design for drone propellers.

2. The creation of an aerodynamic model of the Tombo propeller, as well as an

open-source program for simulating aerodynamic parameters®

3. An analysis of the Tombo propeller using various configurations of nodus has

been conducted using both theoretical and experimental methods.

4. Proposal of a control strategy which allows a drone equipped with Tombo pro-

pellers to recover from collisions.

Shttps://github.com/Ho-1lab-jaist/tombo-propeller.git
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5. Proposal of a novel design of a collision sensing and absorbing hub for UAVs.

In my Ph.D. research, I conducted a thorough analysis of the Tombo propeller,
including examining variations in material composition and configuration as well as
different rotational speeds. I also developed a model to characterize the thrust force
generated by the propeller, taking into account its deformation and aerodynamic
properties. In addition, I proposed several metrics for evaluating and determining
the optimal design based on user needs. Furthermore, I tested the flight ability of a
drone using the Tombo propellers and suggested a simplified control strategy for re-
covering a drone after a collision. Finally, I proposed an additional collision-sensing
mechanism to support the activation of the automatic control strategy. This is an
expansion on previous research [9] which only introduced the design, fabrication,

and initial measurement of the thrust force of the Tombo propeller.

1.3 Publications

Journal publication:
S. T. Bui, Q. K. Luu, D. Q. Nguyen, N. D. M. Le, G. Loianno and V. A. Ho, "Tombo
Propeller: Bioinspired Deformable Structure Toward Collision-Accommodated Con-
trol for Drones," in IEEE Transactions on Robotics, 2022, doi: 10.1109/TRO.2022.3198494.
IEEE Transactions on Robotics metrics: Impact Factor: 6.835, Eigenfactor: 0.12362,
Article Influence Score: 2.451, CiteScore: 14.2; Ranking: Q1 in Computer Science Ap-
plications, Q1 in Control and Systems Engineering, Q1 in Electrical and Electronic
Engineering; #4 journal in top publications of Robotics by Google scholar.
Conference proceedings:
S. T. Nguyen, H. Nguyen, S. T. Bui, V. A. Ho, T. D. Ngo, and H. M. La, "An Agile
Bicycle-like Robot for Complex Steel Structure Inspection," in International Confer-
ence on Robotics and Automation (ICRA), 2022, doi: 10.1109/ICRA46639.2022.9812153,

#1 conference in top publications of Robotics by Google scholar.
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1.4 Structure of thesis

In general, this dissertation will describe how bio-inspired structures can benefit
novel robotic mechanisms for the accommodation of collision, especially on un-

manned aerial vehicles.

¢ Chapter 1 highlights the potential of the UAVs industry, the current problem,

and a question that arises for my research.

¢ Chapter 2 introduces concrete reviews of the state-of-the-art collision avoid-
ance and collision impact reduction of UAVs. This section also discusses both
the advantages and disadvantages of the current solutions, and from that, one

again reminds the reader of the research question of this dissertation.

¢ Chapter 3 shows the bio-inspired design for the deformable propeller, bio-
inspired from dragonfly’s nodus. This section also briefly reviews insect wings
and their inspiration for flying robots. Focus on the dragonfly’s wing ability
for shock accommodation, an investigation of this wing structure is summa-
rized as an inspiration for Tombo propeller design. The fabrication and the

improvement of Tombo quality have been reported.

¢ Chapter 4 presents in detail the analytical model for aerodynamics parameters
of Tombo propeller and the simulation in three approaches: Numerical imple-
mentation from Matlab, JAXA rFlow 3D-based simulation, and TommboGenerator

a self-developed simulation tool.

¢ Chapter 5 investigates the characteristics of Tombo propeller through several
experiments in comparison with the estimation from Chapter 4. This section
also gives a deep discussion about the experimental results, readers can see a

huge picture of Tombo in various parameters.

¢ Chapter 6 demonstrates the experiment for a drone equipped with Tombo pro-
pellers in two cases: with and without a recovery strategy. The fly ability of

drones has been confirmed, and the need for a recovery strategy is proved.
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¢ Chapter 7 introduces TomboHub, a collision sensing and shock absorbing mech-
anism, a next step device to support Tombo to activate the recovery strategy au-

tomatically. The design, fabrication, and initial test results have been reported.

¢ Chapter 8, finally, summarizes all the findings and contributions presented
in this dissertation and discusses potential applications and future research

directions to develop the works are also introduced.






2 Background and related works

This section of the discussion looks at various approaches that have been imple-
mented to enhance the safety of Unmmaned Aerial Vehicles (UAVs). These strate-
gies can be broken down into two categories: Collision Avoidance, which is a proac-

tive approach, and Collision Impact Reduction, which is a passive method.

2.1 Collision avoidance

To prevent collisions, various techniques have been suggested, including geometric,
force-field, optimized, sense, and avoid [10], [11] (as shown in Figure 2.1 and Figure
2.2). To detect objects within the drone’s range, it is advisable to use passive sensors
like monocular cameras [12], [13], stereo cameras, and depth cameras [14], [15], or
active sensors such as ultrasonic sensors [16], [17], light detection and ranging [18],
and radar [19]. It is also possible to use a combination of these sensors [20], [21] for

collision avoidance.

2.1.1 Vision-based methods

Vision-based sensors are popular choices for drones because of their extensive range
of senses. Herissé et al. use a minimum system including an Inertial Measurement
Unit (IMU) and a monocular camera for hovering and landing tasks. This method
helps a successful landing on a deck of a sea-going vessel but can not help to avoid
other obstacles such as buildings or trees. Multiple stereo cameras were used by
Gohn et al. in order to detect obstacles in real-time from any direction by providing
360 degree coverage [22]. An active sense and avoid system for flying robots has

been developed by Chen et al., drawing inspiration from the abilities of owls [23].
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The system, which is designed for use in dynamic environments, includes a stereo
camera and servo motor mounted on a quadrotor, functioning similarly to an owl’s
head and neck in order to "look around" and track dynamic obstacles while also
monitoring the direction of travel, as shown in Figure 2.1b. M. Lacono and A. Sgor-
bissa employed a depth camera and designed algorithms for an autonomous UAV
to follow a path and avoid obstacles indoors. While the results demonstrate that the
method is able to adjust in real-time to avoid various types of obstacles, there is no

mention of the UAV being able to avoid flying objects [24].

NVIDIATX2

Stereo Camera

Gimbal
Zenmuse X3

Onboard
Computer

~ Monocular

Camera ¥ e o) OL y | .
Flight Controller

X

(B) Stereo camera [23]

(C) Depth camera [15] (D) Event camera [25]

FIGURE 2.1: Drone-equipped vision-based sensors for collision avoidance

Despite the wide field of view and high resolution of these cameras, their ability
to detect obstacles through their associated algorithm is greatly influenced by factors
such as weather, lighting, reflective surfaces, and low visibility due to smoke or fog.
Furthermore, these vision sensors work best with stationary objects, but they must

still be able to accurately respond to fast-moving images traveling at speeds of over
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(A) Ultrasonic sensor [17] (B) Self-designed radar [27] (C) CSM radar [28]

FIGURE 2.2: Drone-equipped sensors for collision avoidance

35km/h [26]. To address the issue of blind spots and improve calculation accuracy,
additional sensors are necessary, which can increase the weight and cost of UAVs.
Recently, researchers have explored the use of event cameras on UAVs, find-
ing that they are effective at avoiding fast-moving obstacles [25]. However, event
cameras tend to be heavier, larger, and noisier than standard cameras, even at the
exact resolution. Additionally, their high noise levels can decrease their accuracy at

greater distances, limiting the range of reliable detection to about 1.5m.

2.1.2 Other contactless methods

Gageik et al. see a set of infrared and ultrasonic sensors as a good and cheap solution
to detect obstacles and avoid collision [17]. However, during the experiment, the
moving obstacle (person) had a speed of approximately 1 m/s. That speed is quite
far from the velocity of natural flying obstacles (such as birds, tennis balls, etc.).
Laurijssen et al. introduce sonar sensor as a flexible low-cost sensor solution for
drone [29]. However, this is only to prove that the sonar sensor weight is light
enough (90 g) to assemble into drone without affect too much to the payload. No
flight was conducted. Radar has a more extensive range of sense than the standard
cameras and works well with various weather and light conditions [27], [28], [30].
This sensor senses and feedbacks obstacles and their attitude. While the self-design
radar in [27] has a big size and a low sensing angle, the CSM radar [28] is a state-of-
the-art radar for drones. This CSM camera can detect thin power lines or cable lines
and work even at nighttime, which vision-based cameras can not do. Moreover,

this modern radar has a large sensing angle of about 360°in the horizontal direction,
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sensor

sonar sensor

(A) Drone with sonar sensor[29] (B) Drone with magnetometer sensors [31], [32]

FIGURE 2.3: Sonar sensor and magnetometer sensor equipped on drones

60°in the vertical direction, and 45°in the upper direction. Moreover, this CSM radar
can detect obstacles at long distances between 1.5 and 30 meters. However, this
radar can not sense the below things, such as the top of a tree when it flies above.
Overall, the bulky size, the limitation of sensing angle, and the high-cost band the
application of radar on small UAVs (see Figure 2.2).

Magnetometer (not the one in drone controller) is another exciting sensor that
has been equipped on drones! [31], [32]. This sensor was utilized to identify un-
exploded ordnance, detect the location of underground metal pipes and shielded
cables, uncover archaeology, and survey for any metal objects weighing more than
a few hundred grams that are buried underground. This function, for sure, can help
the drone to avoid some particular cases but can not work with popular non-metal
material obstacles such as trees or rocks. In addition, the noise of data becomes more
intense when the sensor approaches the metallic object. Therefore, this sensor was

limited to obstacle avoidance.

2.2 Collision impact reduction

To reduce the impact of collisions, protective measures must be implemented to
safeguard the rotors (actuators) or enable recovery following a collision (as shown
in Figure 2.4). One common solution is the use of a cage [33]-[37], which is a cost-

effective and easy-to-use option that provides protection for motors and prevents

Ihttps://integrated.ugcs. com/magnetometer-drone
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multi-directional impacts. However, these cages can be bulky and may increase the
risk of collision due to their size, as well as add extra weight to the drone, reduc-
ing its flight time. This method is suitable for some tasks, such as underground
investigations, where the construction is complex, and the light is weak??.

One possibility for reducing the size and crash risk of UAVs in tight spaces is to
utilize foldable structures, as has been suggested in several studies [38]-[40]. These
transformations help the drone adapt to the changes in the environment to keep
flying. However, the transformation in most cases is not fast enough to deal with the
speed of flying obstacles as mentioned above. Additionally, this solution requires
extra actuators and mechanisms that increase the drone’s weight and reduce flying
time. An innovative method that combines both rigid and soft components has been
developed to decrease the impact of crashes, absorb collision shock, and maintain
resilience during collisions. This approach involves using both rigid guards and
deformable mechanisms to achieve these goals [40]-[43]. While resilient drone [41]
can deform and reshape impressively, the rotorigami [42] presents a delicate design
for impact reduction. Both kinds of drones perform nicely in their showcases but
also imply that they can not prevent the shock in the vertical rotor plane. However,
integrating systems can be complex and resource-intensive due to the need for a
control strategy. scenarios.

Another exciting approach is changing the design of the propeller (see Figure
2.5). Folding propellers [44]-[47] are able to adapt to collisions and return to their
original shape due to the presence of rotating joints and the use of centrifugal force.
However, these propellers are not able to prevent collisions from occurring from
other directions, such as those that occur parallel to the rotor axis as seen with the
Aero-Naut CAM carbon folding propeller. Additionally, the time it takes for the pro-
peller to recover after a collision in the air is largely dependent on the use of centrifu-
gal force, which could potentially take longer than what is necessary for the drone

to regain control. In addition, assembly error generated by the gap between surfaces

’https://www.intelligentliving.co/tokyo-drones-inspect-subway-tunnels/
3https://www.commercialuavnews.com/construction/underground-surveys-inspections-drones
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— Servo Motor Force (Active)
— Passive Force

(C) Deformable quad-rotor [38]

(D) Foldable arms [40] (E) Resilient drone [41] (F) Rotorigami [42]

FIGURE 2.4: Drone with special mechanisms toward impact collision reduction

and the unbalance of halves of the propeller creates unwanted vibration that must
be considered. Our experiment has indicated that cheap resilient propellers have a
significant vibration that can not be ignored. There has been increased interest in
the concept of a flexible blade [48], which allows a propeller to deform and return
to its original shape without the need for additional components when it comes into
contact with an object. However, it is still potentially harmful to soft materials like
human skin. In addition, none of the practical flight and collision events of a drone
equipped with flexible blades were reported. That raises a question of the flight
ability of drones with flexible blades in case of strong wind or external impact force
applying. Additionally, thin blades that are large in size tend to undergo significant
deformations while rotating, which limits the application of these propellers in large

unmanned aerial vehicles (UAVSs).

The development of technology helps drones become popular with users for var-
ious needs. However, a complete safety solution as a standard for drones does not

public. This limits the application of drones in closed human environments such as
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(A) Aero Naucam prop [45]

() DJI prop [44]

FIGURE 2.5: Resilient propellers

metropolitan delivery or factories.

(C) Flexible blade [48]
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3 Bio-inspired design for deformable
propeller: A case study on dragonfly’s

nodus

3.1 Insect wing and their inspiration for flying robot

Mother Nature can be seen as the ultimate creator and a valuable source of informa-
tion for those in the field of robotics research. She provides a wealth of knowledge
that can be utilized to find solutions to engineering issues. In order to see the in-
spiration for insect wings, Hasan and colleagues conducted a study in which they
examined over 2700 scientific articles about insect wings and their various applica-
tions from 2012 to 2018 using the Web of Science search engine (see Figure 3.1). In
Hasan’s research, the publications were grouped into 10 categories based on their
focus on various aspects of insect wing bio-inspiration. The results indicated that in-
sect wings have excellent efficiency in many research fields, from aerospace to anti-
bacterial. Among these great applications, the collision accommodation of insect
wings has strongly attracted researchers in the field. While insects like dragonflies,
[49], yellowjackets, and bumblebees [50] are able to collide with objects in their en-
vironment without causing any harm or damage, seemingly gliding through with
ease [51], [52]. That plays the key in inspiring many insect wing-mimicked flying
robots (see Figure 3.3).

Former research indicates that although they are different in size, insect wings

share some important features, such as shape, structure, and function. From mosquitoes
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FIGURE 3.1: The graph illustrates the distribution of research that involves insect wings
across different fields from 2012 to 2018 [53]

to Goliath beetle, their wings are composed of two membranes that are supported
by a rigid vein structure. In detail, the cuticle is used as an exoskeleton to form the
shape of the wing [54], [55]. The cuticle, which is found in the wings of insects,
displays various characteristics depending on the layer. These characteristics may
include the thickness or the materials that make up the cuticle, such as chitin or long-
chain hydrocarbons. These properties can vary among different orders and species
of insects. Epicuticle is the cuticle outermost layer, which is thin and could be clas-
sified into meso-, outer, and inner epicuticle [56]. Multiple studies have analyzed
and described the outermost epicuticle layer of various species of dragonflies [57],
[58]. The outer layer of a dragonfly’s wing is primarily composed of fatty acids and
aliphatic hydrocarbons with long chains, such as stearic and palmitic acid.. Procu-
ticle, the next layer of the dragonfly wing, which is grouped into a soft endocuticle

and a hard exocuticle, is made of chitin proteins and microfibers. The cross-linking
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of quinone compounds attributes to the exocuticle hardness through individual pro-
tein molecules within a sclerotization process [54], [59]. The appearance of resilin,
an elastic protein, helps the endocuticle become softer [60], [61]. The resilin present
in the wings of insects like dragonflies, beetles, and damselflies gives the wings a
higher level of stiffness and reduces their ability to be deformed under the pres-
sure of aerodynamic forces. This elastic property helps the wings withstand the
forces they encounter while in flight [62]-[64] (see Figure 3.2). Previous research has
shown that insect wings can be subjected to stress due to wind gusts and impacts
with their surroundings [50]. To deal with these challenges, the structure of insect
wings has evolved to incorporate features that help absorb shock and prevent dam-
age upon collision [51], [52]. Note that at the same time, these experiments have
indicated that the damage to the insect wings appears mostly on the membrane of
the trailing curve. All of this research build a fundamental knowledge about insect

wing anatomy that benefits the later researchers to apply to robotic applications.

(A) Dragonfly’s wing (B) S. lutaria’s wing [65] () Yellowjacket’s wing [50]

FIGURE 3.2: Insect’s wings accommodate collision with wind and surrounding objects

These aforementioned interesting characteristics lead to the question of applying
the structure of insect wings to aerial vehicles. In my study, I examine the dragonfly
wing as a model of shock absorption and self-recovery due to the high flexibility of
the nodus, a hinge-like structure [49]. From the perspective of soft robotics, replicat-
ing such structures or functions through biomimicry can help improve the safety of

drones.
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FIGURE 3.3: Several motor-powered, tailless FW-MAVs (miniature aerial vehicles) that
are inspired by insects and can fly freely and be controlled, includes (A) Nano Hum-
mingbird from AeroVironment Inc [66]. (B) TechJect Dragonfly from TechJect Inc [67].
(C) BionicOpterfrom Festo AG & Co. KG [68]. (D) iMotionButterflies from Festo AG &
Co. KG [69]. (E) Robotic Hummingbird from Texas A&M University [70]. (F) KUBeetle
from Konkuk University [71]. (G) Colibri robot from the Universit’e Libre de Bruxelles
[72]. (H) Robotic Hummingbird from Purdue University [73]. (I) Quad-thopter from
Delft University of Technology [74]. (J) NUS-Robobird from the National University of
Singapore [75]. (K) DelFly Nimble from the Delft University of Technology [76]. (L)
Butterfly-type Ornithopter from Beihang University [77].



3.2. Dragonfly’s nodus: a bio-inspiration for deformable soft joints 21

3.2 Dragonfly’s nodus: a bio-inspiration for deformable
soft joints

The nodus, a hinge-like structure found in dragonfly wings, plays a vital role in their
function. It has the ability to flex in response to external contact without being dam-
aged [49], something that foldable propellers are unable to do. This flexible com-
ponent, made of resilin similar to rubber, both reinforces the wing’s structure and
absorbs shock. As a result, the wing maintains its aerodynamic properties while also
being able to withstand collisions without being damaged. As discussed above, the
insect wing inspires many flying robots. However, because these robots completely
mimic the structure of insect wings, the flying principle is flapping (see Figure 3.3).
As a result, these robots generate low thrust and are not suitable for delivery tasks.
In my research, the insect wing structure and function need to be adapted into a

drones with rotational propellers in a novel way.

}
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(A) The dragonfly B. contaminata (B) Nodus SEM image (C) Nodus CLSM image
FIGURE 3.4: The dragonfly B. contaminata wing (modified from [49]). (A) Structure of
dragonfly B. contaminata wing. (B) Dorsal side SEM images of the forewing nodus, rep-
resenting the interface of the pre- and post-nodal parts. The costal and subcostal veins
are located on the pre-nodal part of the nodus. The elevated ridge (white arrow) is lo-
cated on the distal end of the costal vein in the proximal part of the nodus and somewhat

covers its distal part. Scale bars: 500um. (C) Dorsal side CLSM images of the forewing
nodus. Scale bars: 200um

In order to apply the insect structure to drone propellers, two main problems
must be overcome. Firstly, insect wings with veins and membranes will easily de-

form when rotating (drone propeller works at thousands of rotations per minute).
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Another problem is how to structure and locate the insect’s nodus for applying to

propeller design.

3.3 Tombo propeller design and fabrication

3.3.1 Design

9 Dragonfly wing (*)

1 —Rigid hub

2 — Rigid wing

3 — Bendable segment
4 — Deformable edge
5 —Tendons

Nodus

91’

-
Lo

(*) Designed by macrovector/Freepik
FIGURE 3.5: Tombo propeller was designed with inspiration from the wings of a dragon-
fly

The Tombo propeller is a new type of deformable propeller that has been designed
based on the characteristics of the dragonfly wing nodus (Figure 3.5). It consists of a
hub (1) and wing (2) that are connected by a flexible segment (3) made from silicon
rubber and reinforced with nylon fibers, known as tendons (5). The structure of the

nodus in the Tombo propeller is similar to that of a dragonfly’s nodus, with the fibers
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acting as veins and the silicone rubber functioning as soft membranes. The fibers
are distributed evenly within the cross-section of the nodus to ensure uniformity in
the materials and ease of drilling holes for fiber insertion. An additional deformable

edge (4) can also be added to the propeller to allow for quick absorption of an impact

during a collision.
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FIGURE 3.6: Original cross-sections for Tormbo design

Nodus (hinge) is successfully applied in the flapping wing designs toward colli-
sion accommodation (Figure 3.7). Although they have different approaches, these
designs share the same way of using flexible mechanisms like tendons to bend or
twist the flapping wings (such as TPE films [78], or a spring tendon [79]. In the
Tombo case, the nodus of a rotary propeller needs to be stronger than that of the flap-
ping wings. While the flapping wing accepts the soft winding during a flapping
beat, the rotary propeller limits the deformation toward a stable rotation. Moreover,
the collision force with the external object of flapping wings seems weaker than the
rotary propeller’s one. In addition, the nodus of Tombo needs to be done in a hall
section, while in the flapping wing, it takes only the rigid frame part. The reason is
that the flapping wing mimics the structure of insect wings with frames and mem-
branes, which leads to the need for folding the rigid frames only. Therefore, in my
design, the nodus consists of several tendons and silicone rubber.

A slow-flying propeller model citeNexusmodels was taken into consideration as

a basis for creating the Tombo propeller. By referencing this particular propeller, I
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(A) Flying beetle robot hinge design (B) Insect-inspired collapsible wing hinge design

FIGURE 3.7: Nodus — liked hinge of different flapping robots [78], [79]

incorporated thick airfoils in the design of the Tombo propeller to ensure an appro-
priate morphology. In detail, I have used five airfoils (cross sections) at the position
of span length at 0, 5, 25, 45, 100, and 110 mm, respectively. The parameters of each
airfoil can be seen in Figure 3.6. Then a halve of the propeller was constructed us-
ing Loft function of SolidWorks CAD software. These thick airfoils can help solve the
two problems I have mentioned in section 3.2. These explanation has been described

below.

¢ The airfoils provide a solid structure for stable operation with minimal defor-
mation and vibration, and also allows for the placement of fibers within the

nodus.

* The nodus position was set at the close-to-center part of the propeller to reduce

the unwanted effect on aerodynamics.

Additionally, the airfoil along the length of the span can be identified using the
airfoil tool of TomboGenerator, a software I created for detecting any airfoil from a 3D
model of a propeller (the code and implementation can be found in our git project!).
The detail of this software will be discussed at section 4.2.3.

The mechanical properties and performance of the nodus significantly impact the

effectiveness of the proposed propeller. As shown in Figure 3.8, the rotation of the

Ihttps://github.com/Ho-1ab-jaist/tombo-propeller.git
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A

Tombo propeller at rotational state

B

_________________ H Tombo propeller at rest state
FIGURE 3.8: Effect of deformable Nodus on geometrical characteristics of the Tombo pro-
peller

propeller leads to a reduction in the pitch angle, known as theta, due to the deforma-
tion of the propeller. This decrease in the pitch angle negatively affects the ability of
the propeller to generate thrust, which is heavily dependent on the pitch angle. Ad-
ditionally, the softness of the nodus may affect the stability of a drone using Tombo
propellers. As a result, this study investigates various configurations of the nodus
structure and materials, including the use of silicone rubber with monofilament ny-

lon fibers, in order to determine the optimal construction for Tombo propellers.

3.3.2 Fabrication

The fabrication process for Tombo propellers, as depicted in Figure 3.9, involves
seven steps in order to create a fully deformable propeller. The first step involves
designing the rigid parts and molds using SolidWorks. The second step involves
injecting these rigid parts through the use of injection molding. The third step in-
volves attaching tendons to the rigid parts using adhesive solid glue to form the
frame of the propeller. This frame is then placed on an aluminum alloy mold and

covered with silicone rubber to create the deformable propeller. The propeller is
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FIGURE 3.9: Process for fabrication of the deformable propeller

then removed from the mold, and finally, PPX glue is used for solid adhesion be-
tween the soft and rigid parts. This process is used not only for the propeller shown
in Figure 3.9, but also for smaller sizes such as 5, 9, 10, 20 inches.

In previous work [9], the rigid parts of the propellers were made of Acryloni-
trile Butadiene Styrene (ABS) through the use of Fused Filament Fabrication (FFF)
3D printing, which resulted in a layered structure that reduced strength upon lat-
eral impact. Therefore, in this work, a new model is proposed in which the rigid
parts are fabricated through injection molding like commercial rigid propellers to
improve the uniformity of the Tombo propeller. In order to improve the surface
quality, particularly the nodus-like part, the molds were made of aluminum alloy

fabricated through CNC machining rather than ABS 3D printing.
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(A) Mold for fabricating wing

(B) Mold for fabricating shaft

FIGURE 3.10: Injection molds for Tombo rigid part fabricating

TABLE 3.1: Comparison of surface roughness between two methods of fabrication at
different parts of Tombo propeller

Upperend | Uppermid [Uppertip  |[Lowerend [ Lowermid [ Lower tip
Rz, Ra [m]
Tombo v1 | 96.693, 8.588 | 107.246, 8.494 | 107.246, 8.494 | 7116.48, 7.274 | 85.829,7.981 | 85.829,7.981
Tombo v2 | 62.670,1.288 | 109.519, 0.800 | 56.695,1.484 | 38.156,1.510 | 88.154,0.649 | 43.312, 0.638

3.3.3 Improvement of Tombo propeller quality

Using aluminum alloy molds in injection molding helps to increase the quality of the
Tombo propeller clearly. In order to evaluate the improvement of the Tombo surface
quality, I have used the color 3D laser microscopy VK-9700 (Keyence, USA), 20x,
scale bar 500 um to measure both Ra (the average of the absolute heights of the
profile over a specific period of time) and Rz (the average of the absolute heights of
the five highest peaks and the depths of the five lowest valleys within the same time
frame) of the end, middle, and tip area of each Tombo surface version. The result has
been summarized in Table 3.1. Overall, it can be seen that the surface roughness of

the Tombo propeller’s second version is relatively lower than that of the first version.

Firstly, while the roughness Ra of the second version is almost one-eighth of
that of the first one, the roughness Rz does not show the same results. The main
reason is that the surface quality of injected part copies the surface quality of the

injection mold, which can be improved massively by Computer Numerical Control
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(CNC) machining and high-skill manual finishing. In contrast, the quality of 3D
printed objects based on the diameter of the nozzle and the precision of printer axis
movement can not be compared with that of the CNC machine (see Figure 3.11).
Note that, the other images of Tombo surface roughness at the middle and the tip of
both versions can be found in Appendix A. Moreover, the surface roughness Rz of
the two propeller versions shows similarities in the center position of the wing, but
there is a large difference in the tip and tip positions of the wing. This is explained by
the morphology of the wing when the curvature diameter (in the flatwise direction)
is largest and gradually decreases towards the ends of the wing. Therefore, in the
center position, the wing surface is flatter than the two ends, leading to quite similar
results, while at the wing tips, the change in pitch (due to the small curvature) causes
difficulty for the 3D printing method. As a result, the roughness Rz between these
locations is different.

Next, I have used these Tombo propellers for durability tests for normal tasks
of a drone to clarify the damage types of both versions. The detail of each test is
described in Chapter 5. While the Tombor first version used to break after a critical
collision, the second version can stand several critical ones without total damage.
Figure 3.12 shows the improvement of Tombo durability in the next version, while
most damages focus on the tip and tendon. None of the broken at the rigid part of
the wing has been reported, again confirming the injection method’s success in the

advantages of Tombo quality.
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(A) Tombo v1 upper end

(B) Tombo v2 upper end

FIGURE 3.11: Improvement of Tombo upper end surface quality by injection molding,
measured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 ym
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e

3D printed layer

Tombo v2 after several critical collision

Tombo v1 after one critical collision

FIGURE 3.12: Damage types of two versions of Tombo propeller
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4 Aerodynamic modelling and

simulation for Tombo propeller

4.1 Aerodynamic modelling

4.1.1 Revisit of the aerodynamic model of a classical propeller

/z\ dF'n
7 [ ANdF,
P leading edge
56\ ’fd d Tm'
O | 2
rotor plane
t;ailing edge D
Urel

FIGURE 4.1: Pressure center of an airfoil

There are established models for the aerodynamics of standard propellers and
quadrotors [80]-[82]. The main aerodynamic factors, including the normal force
(Fn), tangential force (F;), lift force (F;), and drag force (F;) (seen in Figure 4.1), can

be calculated using this equation below.

F = / pwzcidezdx, i€ {n,tld} 4.1)
P
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where the length of the span for the airfoils, denoted as P, is a function that is de-
termined in advance. The density of the air is represented by p, and the rotational
speed is represented by w. The aerodynamics force coefficients noted as C; = C;(6)
(see [83]), is a function that depends on the pitch angle, represented by 6, which
is also a function that is predetermined and shown in Figure 4.1). The boundary
surface function, represented as S, is also predetermined. The length of the span

element along the airfoils is represented by x.

4.1.2 The role of deformable angles «, 5, and v

FIGURE 4.2: Nodus deformation represent in three deformable angles

The nodus’” ability to deform helps protect the propeller from collision damage,
but it can also cause deformation during rotation. Specifically, the rotation of a rotor
causes displacement of the rigid wing, which is measured by the bending anglesw, f3,
and twist angle oy shown in Figure 4.2. These deformable angles change the shape of
the propeller, including the pitch angle 6, and affect the aerodynamic forces F; and
F;. Therefore, a Tombo propeller’s aerodynamic model must take these deformable

angles into account to ensure the device functions efficiently.
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To assess the flexibility of the angles, I utilize a combination of composite and

beam models to analyze both the material and structure (morphology) of the nodus.

4.1.3 Nodus modelling

Material modelling

A
y

fiber\

3
2
1

fibers

matrix material

matrix

(A) Composite structure [84] (B) Composite structure of nodus’ material

FIGURE 4.3: Composite structure of nodus” material

Based on the design of the nodus, it appears to be made up of a combination of
silicone rubber and a tendon serving as the material matrix and reinforced fibers,
respectively (as shown in Figure 4.3b). The compliance material matrix [M] of the

composite beam is defined as [84].

[ e
Egy Eyy Eyy
—Vyz —VUxz
- 0 0 0
Eyy E;. E;.
O T
M) = | Ew Bz Ea 1 (4.2)
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According to Younes et al.’s research on composite modelling [84], the Chamis model
was chosen due to its high accuracy in predicting elastic modulus coefficients in var-
ious matrix and fiber materials. This model defines the Young modulus Ey and the
shear modulus Gy of nodus as follows:

E™ G™
En = ,GN =

1—\/07(1—%) 1—\/5(1—%),

(4.3)

where the fiber volume fraction, denoted as v/, is a measure of the percentage of
tiber area within the composite cross-section. It ranges from 0 to 1 and has a sig-
nificant impact on the mechanical properties of the nodus. The Young modulus and
shear modulus of the matrix material are represented by E™ and E", respectively,
while the Young modulus and shear modulus of the fiber material are represented
by E™ and Gf. By altering the number of fibers or their diameter, the fiber volume
fraction v/ can be modified, leading to a corresponding change in the stiffness of the

nodus.

force gauge

v R Llﬂhuh!hhh\at—.l;'h.‘..':.

linear stage [/

FIGURE 4.4: Stress - strain experiment setup
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Therefore, material characteristics of nodus required the Young and Shear mod-
ulus of the silicon rubber (matrix material) and the tendon (fiber). I have done a
stress-strain experiment to measure the Young modulus of DragonSkin 10, Drag-
onSkin 20, and DragonSkin 30 (Smooth-On, Inc., USA) at various strain ratios. The
experiment apparatus and results have been shown in Figure 4.4 and Figure 4.5. The
samples are created from the DragonSkin series, which follows the ASTM 412 Die D
dumbbell size and shape standards set by the American Society for Testing and Ma-
terials, and fixture by a linear stage (Suruga Seiki Co., Ltd - Japan). I controlled and
recorded the movement of this linear through a controller by Matlab 2019b. Two
force gauges (IMADA Co.,Ltd, Japa) 5N and 50N have measured the applied force
on the sample at two ranges (the first one with a high ratio for the range of strain
(from 1% to 20%), the second one for the range from 20% to 300%). The test has
been taken in these ranges due to the working of nodus strain are defined lower 20%

during the flying process with the size of a 9-inch propeller and the rotational speed

under 8000 rpm.
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FIGURE 4.5: Stress - strain test result

Table 4.1 compares the stress of the Dragonskin series at different strains from

the manufacture datasheets, my experiment, and other research. In my experiment,
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TABLE 4.1: The stress of the Dragonskin series at different strains

Manufacture datasheets ! | My experiment | Other experiments
Stress . - .

psi | Pa psi | Pa psi | Pa
DragonSkin 10 (100% modulus) | 22 | 151,685 11.8 | 81,333 39 | 271,722 [85]
DragonSkin 20 (100% modulus) | 49 | 337,843 44.7 | 308,000 | - -
DragonSkin 30 (100% modulus) | 86 | 592,949 56.2 | 387,333 | 58 | 398,000 [86]
DragonSkin 20 (30% modulus) | - - 15.7 | 108,133 | 20 | 140,951 [87]

TABLE 4.2: The contribution of tendons in the material properties of nodus

Nodus (strain = 1%) Tqmbo’s Conf. 1 . Tombo’s Conf. 2 ' Tqmbo’s Conf. 3 .

with tendons | without tendons | with tendons | without tendons | with tendons | without tendons
Young modulus (KPa) | 151 113 570 427 775 580
Shear modulus (KPa) | 54.1 40.5 203.7 152.4 276.9 207.1

I record the stable data in 5 minutes at each step and twice in tests of a sample.
The result indicates that none of the publications share the same extensive strain
range as my experiment. While Dragonskin 20 data in my experiment is close to
the official datasheets, Dragonskin 10 and 30 show the difference. Additionally, my
Dragonskin 30 result is close to the publication from Ranzani et al. [86]. Moreover,
the data varies between one experiment at different conditions of strain processing
[88]. Therefore, I keep using my result to do the next step due to the extensive result
range and the stable results.

Next, the Young and shear modulus of nodus of Conf. 1, Conf. 2, and Conf. 3
are calculated and summarized in Table 4.2. Here, both Young’s modulus and shear
modulus see a significant improvement with the appearance of tendons. Therefore,
it can be said that the tendons contribute to the behavior of the nodus in bending or

twisting.

Structure modelling

My hypothesis was that the nodus would follow the behavior of a cantilever beam
with one fixed end as it rotated (refer to Figure 4.6a). To model the deformable an-
gles of a stationary cantilever at a specific rotation speed, we used beam modeling.

Based on this, the bending angles « in the Oxy plane and § in the Oxz plane of the
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Tombo propeller were determined according to [89] as follows:

N = FgN—L%\’ B = % (4.4)

2ENIG, 2ENIY
where the forces from the wing applied to the nodus are represented by FgN, Fin
while Ly refers to the nodus length and Ey represents the Young modulus of the
nodus. I]]{] and I3; are the inertial moments of the cross-section of the nodus in the
7 and Z directions, respectively. It can be seen from Equation 4.4 that there is a
strong connection between the nodus length, the position of the cross-section, and

the deformable angles « and .

beam modelling

A
(] fixed end
- free end
6mm | Gmm | cantilever beam behaviour
__A —-— median line

(A) Deformation of nodus as a cantilever beam deflec- (B) The representative cross-section parame-
tion ters

FIGURE 4.6: Structure modelling of nodus

Hybrid modelling

In order to study the mechanical properties of the nodus, we employed a hybrid
modeling approach that took into account both material and structural models.
However, we found that the composite models discussed in [84] and the beam
model [89] often assume a high level of material homogeneity and a standard cross-
sectional area structure, which do not accurately reflect the nodus with its different
directions of nylon tendons and variable morphology along its body. As a solution,

we proposed using a representative cross-section (shown in Figure 4.6b) located in the
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middle of the nodus (section A-A) for all related calculations. This particular cross-
section was chosen to simplify the modeling process and account for the unique
features of the nodus. The twist angle 7 of a Tombo propeller can also be defined as

an elongated cross-section, as described in [90].

4T
LY )
T 3agu) Ty

GNE /

3(1

(4.5)

Here, the applied torque, represented by T, is caused by the aerodynamic forces
F; and F;. It is calculated by taking into account the infinitesimal length along the
camberline (dU), the area and length of the camberline on the representative cross-
section (Ay and U), and the length of the nodus (Ly). The thickness of the airfoil,
perpendicular to the median line, is also considered (t). The center of pressure at the
quarter-chord point, denoted as P, can be used to define the applied torque element
(dT,,). This information can be found in references [81], [91] and is illustrated in

Figure 4.1.

dnr:dalﬂiilﬁl+daLﬂiiiﬁl, (4.6)

where the coordinates of the front and back edge of the cross-section in the £ and 2

directions are represented by yrg, zrg, yTE, and zTE. YLE, ZLE, YTE, and zTE.

414 Aerodynamic model of Tombo propeller

At a particular rotational speed, it was assumed that the shape of the deformable
propeller remained unchanged. Therefore, the aerodynamic forces acting on a Tombo
propeller could be calculated using Equation 4.1. It was also assumed that the op-
tional deformable edge (4) of the propeller did not change shape during rotation,
so its influence was considered insignificant in the computational model. The main
factors influencing the deformable angles in the model were the span length, aero-

dynamic force coefficient, and boundary surface. The aerodynamic forces acting on
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the propeller were made up of three components generated by the hub, the nodus,

and the wing, which could be explained as follows:
F=F'+FN4+Fp, ic{ntld} (4.7)

I can use Equation 4.1 to determine both F/ and FN due to the rigidity of the hub
and the fact that the nodus length is approximately 10 % the length of the propeller.
Regarding the aerodynamic force of the Tombo propeller’s wing [81], it is necessary
to consider the influence of the deformable angles as below.

v — pwzqied(sde)agdx, i€ {n,tld} (4.8)

! pde

where The deformable span length function, P%, along the airfoils is influenced by
the deformable pitch angle function, #4°(x), of the Tombo propeller airfoil, repre-
sented by C% = C;(6%(x)). The deformable boundary surface function, $%, an P%
can also be determined by the projections of the wing in the £ direction and the
Oxy plane when deformation occurs. It is important to note that the position of the
wing can be described using the rotation matrix, R(«, B, ), which belongs to SO(3)
and involves a sequence of roll, pitch, and yaw rotations around the axes of a fixed

reference frame [92]:

R(a, B,v) = R(Z,4)R(7, B)R(%,7), (4.9)

where the functions « and B represent the bending angles of the nodus on the Oxz
and Oxy planes, respectively. The twist angle around the centroid contour along the
nodus is represented by . R(%,7), R(7, ), and R(Z, «) are rotations around the £,
7, and Z axes of the fixed reference frame (as illustrated in Figure 4.2), respectively.
To clarify the change in the boundary surface function, I divided the wing into
three planes: Oxy, Oyz, and Ozx. This allowed me to calculate the equation for the

aerodynamic forces acting on the wing, which is shown below.
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12 24

FIGURE 4.7: The design of a propeller includes a boundary surface element d(S) and ge-
ometrical functions L and T. The magenta lines mark the locations where cross-sections
are taken to gather data about the airfoil

cos w cos B cos(0 — 7y)

<0 (L—T)x*dx, i€ {ntl,d}  (4.10)

R
F = / pwCi¢
N

where the radii of the inner and outer curvatures of the design are denoted by ry
and R, respectively, starting from the nodus. The leading and trailing edges have
specific geometrical functions represented by L and T.

Using SolidWorks 2020 and AutoCad 2022, half of a propeller was analyzed by
dividing it into 24 cross-sections along the span (as shown in Figure Figure 4.7 and
Table 4.3). The angle of attack and the coordinates of the leading and trailing edges
were collected for each section. Then, using the polyfit function in Matlab R2020b,
the L, T, and 6 functions were determined based on the span length. The coefficients
of the interpolated polynomials of f(x) and g(x) are presented in Table 4.4. Note that

the mean square error of each poly-fitted function is under 0.6%.

4.2 Aerodynamic simulation

4.2.1 Numerical implementation of the aerodynamic model

According to the principle of the model, there is an inherent issue caused by the rela-

tionships between the input variables. While non-linear techniques can address this
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TABLE 4.3: Parameters of LEPs, TEPs, and attack angle on several sections of a halve of

propeller

ii‘;:g:r Leading edge points Trailing edge points A:t%ilg f
X coordinate [m] Y coordinate [m] X coordinate [m] Y coordinate [m] [degree]

1 0.015 0.00831 0.015 -0.00265 36.34
2 0.02 0.00919 0.02 -0.00243 37.99
3 0.025 0.01001 0.025 -0.00286 37.9
4 0.03 0.01076 0.03 -0.00399 36.56
5 0.035 0.01139 0.035 -0.00562 34.78
6 0.04 0.01191 0.04 -0.0075 33.03
7 0.045 0.01231 0.045 -0.00937 31.51
8 0.05 0.01261 0.05 -0.01104 30.21
9 0.055 0.01278 0.055 -0.01243 29.07
10 0.06 0.01281 0.06 -0.01351 28.03
11 0.065 0.0127 0.065 -0.01426 27.08
12 0.07 0.01241 0.07 -0.01467 26.19
13 0.075 0.01195 0.075 -0.01473 25.34
14 0.08 0.01132 0.08 -0.01442 24.53
15 0.085 0.0105 0.085 -0.01376 23.75
16 0.09 0.0095 0.09 -0.01275 23
17 0.095 0.00832 0.095 -0.01139 22.29
18 0.1 0.00697 0.1 -0.00972 21.58
19 0.105 0.0052 0.105 -0.00769 20.71
20 0.106 0.00468 0.106 -0.0072 20.5
21 0.107 0.00405 0.107 -0.00666 20.28
22 0.108 0.00325 0.108 -0.00605 20.09
23 0.109 0.0022 0.109 -0.00534 19.8
24 0.11 0.0007 0.11 -0.00445 19.48

TABLE 4.4: The coefficients of the interpolated polynomials of f(x) and g(x)

Xmin[mm]  Xyax[mm] polynomials
Part] 10 25 f(x) = —13.5+ 0.5185x — 0.00739x [m]

g(x) = —1.3 + 0.2219x + 0.0052735x2 [m]
0(x) = —29900 + 1356.9x + 22.739x? [rad]

‘Partll 25 110  f(x) =27.893+0.590x — 0.551x% +0.012x3 [m]
g(x) = —35.52 4 3.697x + 0.0504x2 + 0.01015x> [m]
0(x) = —27306.8 + 6959.764x — 741.005x% + 53.295x3 [rad]

PartIm 110 111 -
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issue, a more straightforward method involving an iterative loop until convergence
is reached may be more practical. This approach has been demonstrated through
Algorithms 1 and 2, which were applied to a traditional propeller and a Tombo pro-

peller, respectively (see our git project? for more details).

Algorithm 1 Aerodynamics Parameters Estimation for Rigid Propellers

Input: Airfoil parameters, air density p, and rotational speed of propeller n,
1: N := number of cross-sections
2: Sc = {S; : [xc, YLE,, ZLE, YTE,,» 2TE;, Oc,] } = coordinate of leading edge and trail-
ing edge, and pitch angle i € {1 N}
Output Arodynamics forces Fj, j € {n t,1,d}

./ /Separate geometric functions into parts by order
k := Number of geometrical function parts

0; := Order of the ith part
P}ZZZO

fori:=1tokdo
P; = polyﬁt(xC,]/LE/]/TE/Oi)
F]. := polyfit(xc, Cj(GC)/Oi)
10: end for
11: return F;

D S A N

Both algorithms were used for estimating the aerodynamic forces of rigid pro-
peller and Tombo propeller and the results have been shown in Section 5. This ap-
proach is suitable when approximating the aerodynamic parameters of a single pro-

peller model. However, it also has many disadvantages as below:
1. Manual handling
2. Requires commercial softwares (SolidWorks, AutoCAD, Matlab)
3. Large total errors can arise from accumulating errors through each step.

All of these disadvantages leads me to find another solution for Tombo aerody-

namic simulation, which I will introduce in the next section.

Zhttps://github.com/Ho-1lab- jaist/tombo-propeller.git
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Algorithm 2 Aerodynamics Parameters Estimation for Tombo Propellers

Input: Airfoil functions, representative section, nodus parameters, air density p, and
rotational speed of propeller n,, loop options
1: Sc, k, P;, L, T := Airfoil parameter and functions
2: Uc, Ac, F := Representative cross-section parameters
3: En, Gn, IE, IE, xn, Ly = Young’s and shear modulus, coordinate and length of
nodus
4: nblt := Maximum number of iterations
5: Tol := Acceptance tolerance
Output: Arodynamics parameters F;, C;, j € {n,t,1,d}, Tor, lift-to-drag ratio €;,4
6: //LOOP
7: loop
8: N = IX(Fd,EN, I(Z:)
9: B = B(F, En, I})
10: Tor = Tyr (th, Fp, Gc)
11: v = y(Tor, GN, Fc)
12: F]w = Fj(p,nr,QC,C]-,xN,LN),j € {n,t,l,d}
13:  //Calculate the results
4 F=F+FV+F
15:  //Convergence Criteria
16:  if i > nblt then

17: break

18: else

19: if |Pt — Ftlast| + |Fd — Fdlust| < Tol then
20: break

21: end if

22:  end if

23: end loop

24: return Fj, Cj, Tor, and €1,
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4.2.2 JAXA rFlow3D-based simulation and results

rFlow3D is a bash programming analysis tool developed by Japan Aerospace Exploration
Agency (JAXA) to solve the three-dimensional compressible Navier-Stokes equa-
tions of aerial vehicle propeller based on the input data [93]-[98]. This software
can perform flight dynamics analysis (trim analysis), aerodynamic loading (CFD
analysis), elastic deformation analysis (CSD analysis), and particle calculation. The
output of rFlow3D can be visualized by third-party software such as Techplot® or

Paraview?. Figure 4.8 shows the architecture of rFlow3D.

Pre-processing Processing Visualization (Tecplot/Paraview)

Objects | pointwise | Grid files

(propeller, or HexaGrid (*.plot3d) STEP_******* .whole.tec.dat
aireraft etc) Grid files Grid files (File for visualization tools.)
(inner grid) (outer grid)
N . (*plot3d) (*.plot3d)
Background | Peintwise| Grid files GG
(LxHxW) or HexaGrid (*.plot3d)
— rFlow3D Vtk* flkles
Input conditions (v
(time integration method,
Mach number etc.) converter
STEP_*******.whole.tec.dat
(File for visualization tools.) Paraview Tecplot

Other files

(license, data base)

FIGURE 4.8: rFlow3D’s architecture

The input of rFlow3D includes the object information (propeller/blade, aircraft,
etc.), the background (length x height x weight), and the simulation conditions (time
integration method, Match number, etc.). While the simulation conditions are an ed-
itable text file (*.txt), and the background file can be generated by a Jaxa-developed
program (SOH3D.exe), the blade information required standard airfoils for devel-
opment. In detail, the user can choose the code (four digits or five digits) to generate
a National Advisory Committee for Aeronautics (NACA) airfoil. This approach is
called a bottom-up method (see Figure 4.9). However, in our design, the original
airfoils (see Figure 3.6) are customized. That leads to developing a program (Airfoil

tool) to generate cross-sections from arbitrary propeller 3D models (see Figure 4.10).

Shttps://www.tecplot.com/
“nttps://www.paraview.org/
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Naca 4,5 digit.exe i i + Twist angle, chord length, blade gl"ld
+ airfoil coordinates of the upper and _
lower surfaces

N N

Blade_Re#f_sample.xlsx
Grid_distributions_sample.xlsx

FIGURE 4.9: Bottom up method approach for rFlow3 blade input
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FIGURE 4.10: Top down method approach for rFlow3 blade input

In fact, this top-down approach program has been built successfully and was used to
create input files for rFlow3D software. This program can make a cross-section at a
point with a normal vector, and after that, it transforms all airfoils into the standard-
ized one (twist angle equals 0 and chord length is 1 unit length) by a rotation step
and scaling step in this sequence. The output of this program is a Fortran format file
(see Figure 4.10). Finally, the blade grid of a Tombo propeller has been simulated by
using five cross-sections at r/R = 0.2,0.4,0.62,0.8, and 1 of span length (see Figure
4.11).

The simulation for the deformable propeller has not been done by rFlow3D.
Firstly, rFlow3D is designed for a high accuracy for aerodynamic simulation based
on a deep computing method [99], it requires a high computational load. For exam-
ple, a simulation for ten revolutions of Tombo propeller costs more than 300 hours
for computing by a desktop computer with Intel(R) Core(TM) i9-10850K CPU @
3.60GHz, 64.0 GB installed RAM configuration. Moreover, the implementation of
soft material into a rFlow3D model is complex and easy to errors. Overall, these
challenges motivate me to develop an specialized program for Tombo propeller sim-

ulation.
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Step 1: 3D propeller design — made by SolidWorks Step 4: Blade grid - SOH3D_Gridgen.exe

by outline

Step 2: 2d airfoils - Airfoil tool
(1] e

. 1<
— I

by wireframe

™

R= 02\ " 1/R=0.4 |_r/R=062

Step 3: 2d a|rf0|ls - OH2D Grldgen exe

r/R ° r/R o

FIGURE 4.11: Process of generating blade grid of Tombo propeller by rFlow3D using
Airfoil tool as an input processing program, the results of step 3 and step 4 are visualized
by Paraview

4.2.3 TomboGenerator: A simulation tool for Tombo propeller

Section 4.2.1 and section 4.2.2 have shown two approaches to the analysis of the
aerodynamics of the Tombo propeller. While the first approach can process aerody-
namic force fast, the second one takes advantage of accuracy and multi-parameter
generation. However, they both required commercial software (such as Matlab,
AutoCAD, SolidWorks, rFlow3D, etc.) and several manual steps. With that in
mind, based on sectionproperties °, a Python open source package, I have devel-
oped TomboGenerator toward fast and free simulation for Tombo propeller. The ar-
chitecture of TomboGenerator has demonstrated in Figure 4.12 while the detail can be
found in Figure 4.17. A 3D model of the propeller can be inputted to this software
in Standard Triangle Language (STL) or MSH format while the output includes a
graph, numerical data, and so on. The main component is the processing core in-

cludes three tools: Airfoil Tool, Material Tool, and Aerodynamic Tool.

Airfoil Tool

This tool provides the parameter analysis of any cross-section of a 3D object by giv-

ing the point of the cross-section plane and the normal vector. Users can export an

Shttps://sectionproperties.readthedocs.io/en/latest/index.html
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INPUT
3D model Material
information information
Y
PROCESSING
Airfoil Tool ’ Material Tool Aerodynamic
Tool
Y
OUTPUT
- . Material Aerodynamic
klf‘fOll Propertles’ [ Properties ] [ Parameters ]

FIGURE 4.12: TomboGenerator architecture

STL or MSH file from a 3D object model as input for Airfoil Tool. This tool can:

* Visualize 3D view of an object including Display, Rotate, Zoom (In or Out)

functions (see Figure 4.13),
¢ Calculate the airfoil properties (see Figure 4.14),
* Visualize analyzed section view (see Figure 4.15).

While the 3D visualization functions were built by using trimesh package®, the sec-
ond latter ones are the development based on the airfoil parameters from [99], [100]
and the aerodynamic properties required from the numerical approach in section
4.2.1.

Figure 4.13 show the visualization functions of Airfoil Tool. Users can rotate
and zoom in or out for a detailed view of a 3D object. Note that the number of
notes and faces of the object model decides the rendering speed of these functions.
These numbers can be adjusted toward a better result based on the object’s size
and shape and the aerodynamic processing accuracy. I recommend GMSH, a three-

dimensional finite element mesh generator with built-in pre- and post-processing

®https://trimsh.org/trimesh.html
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-

(A) Display (B) Rotation

(C) Zoom out (D) Zoom in

FIGURE 4.13: Airfoil Tool visualization functions:

facilities made by Christophe Geuzaine and Jean-Francois Remacle, as a 3D model
tool for TomboGenerator input.

First, an airfoil was created in the format of a point set by the inputted 3D model
with the information of cross-sectional plane and normal vector. After that, the air-
foil properties were generated from Airfoil Tool (see Figure 4.15). Here, popular
cross-sectional parameters (such as area, moments of inertial, and elastic centroid)
and typical airfoil properties (such as the position leading edge, trailing edge, chord
length, and twist angle) have been defined. Additional parameters such as chord-
wise position from the leading edge, tension axis from the leading edge, or rotor
axis also have been investigated following the NASA document [99], [100] toward
the future work of TomboGenerator. Next, an arbitrary propeller’s cross-section (air-

foil) was displayed as Figure 4.14.
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Propeller Airfoil

Original YY axis
Original ZZ axis
11 Minor axis

22 Major axis

33 Flapwise axis
44 Chordwise axis
55 LE Flapwise
66 LE Chordwise
Chord Line
Elastic centroid
Leading Edge
Trailing Edge

Z [mm]

FIGURE 4.14: The cross-section view of Tombo propeller at X = 40 mm

Materials Tool

Materials Tool also contributes to the airfoil analysis with several parameters such
as section mass and flexural rigidity (see Figure 4.15). These parameters were calcu-
lated by combining the geometrical calculating and integrated materials properties.
Users can define the materials by the elastic modulus, poison ratio, density, yield
strength, and color. Nodus, the critical part of the Tombo propeller, has a developing
function. First, the wing mass and the wing center of pressure were determined.
Then the wing centrifugal, bending forces, and twist moment applied on the wing
were generated. In the case of composite structure, the elastic modulus and shear
modulus of Nodus were calculated by Equation 4.3. In addition, it is possible to
define nodus material if users know the distribution of material components (homo-
geneous type or mixed materials, for example). That is the future development of

Tombo, which will be discussed in Chapter 8.

Aerodynamic Tool

With the insight from the numerical approach in section 4.2.1, this tool firstly calcu-

lates the aerodynamic forces of a rigid propeller with the same morphology as the
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AIRFOIL PROPERTIES AT X = 40 [mm]

Property Value Unit Expression
Ecw jx | 8.63e-03 m Chordwise CG position from Leading Edge
Et |x | 8.00e-03 m Tension axis from Leading Edge
Ee jx | 9.69e-03 m Elastic axis from Leading Edge
Ra jx | 1.00e-02 m Rotor axis (Pitching axes)
Ms jx | 8.11e-02 [ kg/m Mass distribution (ABS)
kA | 6.14e-03 m Radius of gyration
Elx |7.13e+00 kg.m Flapwise Flexural rigidity
Ely | 3.30e-01 kg.m Chordwise Flexural rigidity
Ip jx | 3.77e-05 kg.m Polar mass moment of inertia
Eiyy |x |7.13e+00 |[N.m™2 Flapwise stiffness
Eizz jx | 3.30e-01 [N.m™2 Chordwise bending stiffness
Gj jx | 8.88e-01 |[N.m”™2 Torsional stiffness
Tw jx |3.36e+01 deg Twist (R = 75%) =0
Al 7.91e-05 m”™2 Airfoll area
Ae T |-2.79%e-12 m”™3 Tension axis position
| eta [ -1.32e-10 m”™4 Inertia about minor principal axis
| zeta | -2.85e-09 m” 4 Inertia about major principal axis
Ak2_A()) [ -2.98e-09 m”™4 Torsion constant
B1]-2.22e-13 m”™6 Blade cross-section integral
B 2 | 5.76e-12 m™5 Blade cross-section integral
m |-8.11e-02 | kg/m Section mass (ABS)

me | -2.86e-09 kg

mkZ ml | -1.35e-07 kg.m Flapwise mass moment of inertia distribution
mk2 m2 | -2.92e-06 | kg.m Chordwise mass moment of inertia distribution
CL | 2.31e-02 m Chord length

FIGURE 4.15: The airfoil properties of the cross-section at x = 40 mm

Tombo propeller and the wing torque. Then, the deformable angles were introduced
as the input for modifying the aerodynamic forces as Equation 4.8. Then a loop was
set to find the convergent results. Finally, the output was saved for visualization
later.

Additionally, users can visualize the deformation of the Tombo propeller versus
the rotational speed using the output from TomboGenerator (see Figure 4.16). This
program did not optimize to integrate to TomboGenerator, so it was not demonstrated
in Figure 4.17. PyVista package” was used as the core toolkit for visualization here.

Overall, the detail of TomboGenerator architecture has demonstrated in Figure
4.17. This is the very first version of TomboGenerator toward a full simulation soft-

ware for deformable propellers.

"https://docs.pyvista.org/
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Velocity: 1800 rom Floer: Nyion &, Diamator 0.9mm
o Number of fibers: 6
Ep=5.29 Length of Nodus: 12mm
| osition of Nodus: 23mm
Slg 3 920 Positi f Nodus: 23
Dp=-2.29°

scalars

FIGURE 4.16: Visualization of the deformation of Tombo propeller with the output gained
from TomboGenerator
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FIGURE 4.17: The detail of TomboGenerator architecture
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5 Experimental investigation of

Tombo propeller’s characteristics

5.1 Measurement of Tombo propeller’s characteristics

The purpose of this section is to discuss the results of indoor experiments that were
conducted to evaluate the characteristics of Tombo propellers using different com-
binations of nodus matrix materials and fiber diameters (as detailed in Table 5.1).
These experiments were carried out in order to gain a better understanding of the

performance of these propellers.

1. To assess the accuracy of the aerodynamic model presented in Chapter 4 through

examining the thrust force and deformation angle outcomes,

2. To gain an understanding of its performance such as thrust force, collision
force, and noise at different rotational speeds. By observing its characteristics

in action, we can build a foundation of knowledge about how it behaves.

The setup used in the experiment consisted of an X2212 960 KV motor connected
to a 12V power source that powered a rotating propeller. The motor was mounted
on a force gauge (IMADA ZTS-5N 10Hz, Japan) and placed on an acrylic base plate
to protect the conductor and other components (section 5.1.1). A high-speed cam-
era (DSC-RX10M4, Sony, Japan) was utilized to record the recovery time and de-
formable angle B measurements (sections 5.1.3 and 5.1.4). Lighting and a black
background were also utilized to aid in visual detection. The findings from the

experiments are discussed in Chapter 8.
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TABLE 5.1: Tombo propeller configurations used to evaluate the aerodynamic model and observe working characteristics

Name Nodus’ configuration Ummougm_u._m edge Size (inch)
materials
Matrix material Fiber | Number of | Diameter of | Length | Young’s modulus | Shear modulus
material fibers fiber (mm) | (mm) En (MPa) Gn (MPa)

Conf. 0 - - - - - - - - 9
Conf.1 | DragonSkin 10 | Nylon 6 6 0.94 12 0.1542 0.0551 - 9
Conf. 2 | DragonSkin 20 | Nylon 6 6 0.94 12 0.5705 0.2036 - 9
Conf. 3 | DragonSkin 30 | Nylon 6 6 0.94 12 0.7873 0.2809 - 9
Conf. 4 | DragonSkin 30 | Nylon 6 6 0.38 12 0.6557 0.2341 - 9
Conf. 5 | DragonSkin 10 | Nylon 6 5 0.5 12 0.1315 0.0469 | DragonSkin 10 9
Conf. 6 | DragonSkin 10 | Nylon 6 5 0.75 12 0.1413 0.0505 | DragonSkin 10 9
Conf. 7 | DragonSkin 10 | Nylon 6 5 0.9 12 0.148 0.0528 | DragonSkin 10 9
Conf. 8 | DragonSkin 20 | Nylon 6 5 0.5 12 0.4862 0.1736 | DragonSkin 20 9
Conf. 9 | DragonSkin 20 | Nylon 6 5 0.75 12 0.5227 0.1866 | DragonSkin 20 9
Conf. 10 | DragonSkin 20 | Nylon 6 5 0.9 12 0.5473 0.1954 | DragonSkin 20 9
Conf. 11 | DragonSkin 30 | Nylon 6 5 0.5 12 0.671 0.2396 | DragonSkin 30 9
Conf. 12 | DragonSkin 30 | Nylon 6 5 0.75 12 0.7213 0.2574 | DragonSkin 30 9
Conf. 13 | DragonSkin 30 | Nylon 6 5 0.9 12 0.7552 0.2695 | DragonSkin 30 9
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5.1.1 Thrust force measurement experiments

For this experiment, I examined how the thrust force of the Tombo propeller changed
with rotational speed in 13 different configurations. The measurements were taken
at rotational speeds from 2000 to 3200 rpm. The experiment took place indoors and
the motor’s axis was positioned vertically in relation to the ground (as shown in
Figure 5.1). The results are presented in Table 5.1. The measurement sampling rate
was 10 Hz, and 200 samples were collected to calculate a thrust force and the mean

square error of it (the thrust force deviation).

FIGURE 5.1: The experiment setup for thrust force measurement experiments: 1 - Tombo
propeller, 2 - IMADA force gauge ZTS-5N, 3 - Brushless motor X2212 960KV, 4 - Motor
base

5.1.2 Deformable angle f measurement experiments

A high-speed camera with a 960 fps capability was used for this measurement. It
was positioned perpendicular to the plane of the rotor and aligned with the rotor’s
axis, as depicted in Figure 5.2.

To begin, I increased the speed of the rotor to a specific rotation speed and then

started recording while reducing the rotor speed to Orpm. The video that was
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FIGURE 5.2: The experiment setup for deformable angle f measurement experiments: 1
- Tombo propeller, 2 - IMADA force gauge ZTS-5N, 3 - Brushless motor X2212 960KV, 4 -
Motor base,

recorded was then processed using OpenCV in Python, resulting in a series of still
image frames that appeared blurry (as shown in Figure 5.3a). I then used a nor-
malized 10-continuous-frame combo to determine the rotational speed of the Tormbo
propeller in each image frame and the corresponding propeller diameter (as shown
in Figure 5.3b). In order to determine the propeller diameter at each combo, I needed
to focus on the center of its rotation (as shown in Figure 5.3c). Initially, I attempted
to use the OpenCV function for center detection, but the generated coordinates had
to be integers and the results were poor (as shown in Figure 5.3d). To improve the
accuracy, I transformed the coordinates of each pixel to the real field (as shown in
Figure 5.3e) and then utilized a RANdom-SAmple Consensus (RANSAC) [101] al-
gorithm to determine the appropriate center of a point cloud (as shown in Figure

5.3f). This allowed me to define the diameter of a 10-continuous-frame combo using
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Hull’s contour (as shown in Figure 5.3g). Finally, I was able to calculate the de-
formable angle B based on the change in diameter and the position of the nodus (as
shown in Figure p). It is important to note that I excluded recorded image perspec-
tive distortions caused by the change of propeller tip in the vertical direction due to

the small increment of the camera angle of view &y (which was less than 1.2 %).

5.1.3 Time recovery measurement experiments

The purpose of this experiment was to measure the time it takes for a Tombo pro-
peller to recover after a collision. To do this, a silicone rubber (Dragon Skin 30)
model finger with a nylon core was used, along with a high-speed camera to record
the collision and recovery process (both in terms of rotational speed and thrust) (see
Figure 5.4). The model finger was inserted manually above the propeller and col-
lided randomly with it. The recovery time for the propeller was determined by mea-
suring thrust force with both a force sensor and the camera, while rotational speed
was determined from video data. The experiment was performed three times for
each propeller, and the longest recovery time from a single collision was recorded.

There were instances where the propeller hit the finger multiple times.

5.1.4 Collision force measurement experiments

To ensure accurate measurement, the direction of the collision force must be aligned
with the axis of the force gauge. The ZTS-500 force gauge, equipped with a wide
range of measurement (up to 500 N) and a tube of 3 cm diameter and 150 cm length,
was positioned perpendicular to the plane of the motor (as shown in Figure 5.4).
The process of measuring the collision force involved dropping an obstacle freely
within the guide tube from the top end so that it would collide with the propeller at
a specific location, and the force gauge would record the collision force.

In this experiment, two parts were conducted. The first part involved identify-
ing the most hazardous crash zone on the propeller blade by striking an object at

different distances from the center of the propeller, such as 50, 60, 70, 80, 90, and
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nal radius of a Tombo propeller is denoted as r?. If the propeller is deformed, its radius
is represented by 4. The distance from the center of the propeller to the beginning of the
nodus is referred to as ?. The camera view angles in the resting state of the propeller are
designated as ¢, and when it is in a deformable state, the camera view angles are referred
to as ?. The difference between the two camera view angles is represented by dy, which
is calculated as the change in the angle from the deformable state to the resting state
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INSET A
SCALE1 : 4

FIGURE 5.4: An experiment was conducted to measure the time needed for recovery in a
particular scenario, as depicted in Inset A of the setup. This scenario involved a propeller
colliding with a simulated human finger

TABLE 5.2: Collision force and thickness of collided blade of a Tombo propeller Conf. 13
at 2500 rpm

Collision area I II I11 IV A" VI

Distance to the hub center (mm) 50 60 70 80 90 100
Maximum collision force (N) 206.5 | 337.2 | 331.2 | 244.4 | 225.3 | 136.3
Thickness of the blade (mm) 6.2 6.2 6.0 5.3 3.7 2.8
Force per thickness (N/mm) 332 | 544 | 552 | 458 | 614 | 49.1

100 mm. The position at 90 mm from the center was determined to be the most dan-
gerous based on the highest critical force per thickness recorded (61.4 N/mm). For
the second part of the experiment, the collision force was measured for a range of
Tombo propeller configurations, ranging from Conf. 5 to Conf. 13 (see Table 5.1).

The results of these tests are presented in Table 5.3.

5.1.5 Noise measurement experiments

For this experiment, I used a Meter MK09 Sound Lever Meter to measure the noise
levels of single propellers at various distances, including 1, 2, 3, 4, and 5m. Both a

rigid propeller and Tombo propellers were used and the configurations for these are
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FIGURE 5.5: The experiment setup for collision force measurement experiments: 1 -
Tombo propeller, 2 - IMADA force gauge ZTS-5N, 3 - Optical breadboard, 4 - Acrylic
plate, 5 - Collided object, 6 - IMADA force gauge ZTS-500N, 7 - Guide tube, 8 - Rope

(A) Schematic of noise measurement method (B) Noise measurement
required devices

FIGURE 5.6: Noise measurement method and requirement devices: : 1 - Transmitter for
rotational speed control, 2 - Handheld Meter MK09 Sound Lever Meter
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detailed in Table 5.1. Finally, a drone noise test was conducted with two objectives:
the former with a set of standard propellers and the latter equipped by a set of
Tombo propellers at the distance of 2m. Overall, the result indicates that the noise

of a Tombo propeller and a Tombo drone are almost the same as that of the standard

ones.
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FIGURE 5.7: Noise measurement results

5.2 Aerodynamic model of the Tombo propeller

5.2.1 Nodus’ parameters

The mechanical and geometrical features of the nodus are crucial in constructing a
propeller model that is aerodynamically efficient. It is important to consider the fol-
lowing parameters when using the nodus model outlined in section 4.1.3: the length
of the nodus, details about the representative cross-section, the number of fibers,

the diameter of the fibers (as determined by the design), the Young modulus and
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FIGURE 5.8: Comparison of thrust and collision response among Tombo propellers with
different nodus configurations. Experiments were conducted with three configurations
of the Tombo propeller (Conf. 1, Conf. 2, and Conf. 3), and a rigid propeller (Conf. 0)
in the speed range 2000 rpm to 3200 rpm. The red line plots the estimated thrust force
(EsT), the blue line depicts the experimental thrust force (ExT), and the yellow triangles
indicate the error of simulation (EoS). The subgraphs (in boxes within graphs a, b, ¢, and
d) show EsT and ExT of the propeller operating at a speed of 2500 rpm. (a) Conf. 1. (b)
Conf. 2. (c) Conf. 3. (d) Conf. 0.
shear modulus of the matrix material and fibers (as determined by experiments us-
ing American Society for Testing and Materials Standard ASTM 412 Die D dumbbell
specimens and a Poisson ratio of 0.4). The Young and shear modulus of the nodus
were then calculated using Equation 4.3 and recorded in Table 5.1. The results show
that the mechanical properties of the matrix are the most important factor in deter-

mining Young’s modulus and shear modulus of the nodus. Additionally, increasing

the number and diameter of the fibers increases these moduli.

5.2.2 Aerodynamic model of the Tombo propeller

Several experiments were conducted to compare the estimated and experimental

aerodynamic parameters of Tombo propellers with different configurations (shown
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in Table 5.1). As shown in Figure 5.8, the model demonstrated good thrust pre-
diction when the estimation error was below 8 % for various levels of nodus stiff-
ness. Additionally, as the nodus stiffness increased, the magnitude and stability of
lift force at the same speed also increased. The experimental and simulated thrust
forces demonstrated linear characteristics within the rotational speed range of 2000-
3200 rpm. Still, the simulated results over a broader range (up to 8000 rpm) showed
more clearly the nonlinear characteristics (as seen in Figure 5.9). Furthermore, Fig-
ure 5.8 indicates that a propeller with lower stiffness may lead to more significant
vibrations (thrust deviation) than the others. Therefore, it is suggested that Tombo
propellers be checked for stiffness changes in the nodus after extended use to deter-

mine if they need to be replaced.
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FIGURE 5.9: The thrust forces acting on four different configurations of propellers were

investigated over a range of rotational speeds up to 18,000 rpm in order to determine

the distribution of these forces. The maximum thrust force for each configuration (des-

ignated as Conf. 1, Conf. 2, and Conf. 3) occurred at the respective rotational speeds of
w1, wy, and ws.

This model allows for the simulation of the aerodynamic characteristics of the
Tombo propeller over a wider range of rotational speeds. As shown in Figure 5.9,
both experimental and simulated results demonstrate that as the rotational speed
increases, the thrust force of the Tombo propeller remains proportional to the stiff-

ness of the nodus. However, at higher speeds, there is a notable difference between



64 Chapter 5. Experimental investigation of Tombo propeller’s characteristics

the rigid propeller and the Tombo propeller. Specifically, the Tombo propeller experi-
ences a maximum thrust force, known as Tyax, at a rotational speed of w,,;f (referred
to as the maximum thrust speed) in a steady force state. As the rotational speed in-
creases, the deformable angle < increases in phases I 112, and I° of Conf. 1, Conf. 2,
and Conf 3, respectively (as shown in Figure 5.9). This leads to a decrease in the lift
coefficient (C;). Initially, the ratio between the effect of the rotational speed increase
and the decrease in C; is greater than one, causing the thrust force to continue in-
creasing. At w;s, this ratio becomes equal to one, resulting in the maximum thrust
force of Tmax. The critical thrust value heavily depends on the nodus stiffness, with
a stiffer nodus resulting in a higher critical thrust force. In the subsequent phases
111, 112, and II° of Conf. 1, Conf. 2, and Conf 3, respectively, when the rotational
speed exceeds wy;f, the aforementioned ratio is less than one, leading to a signifi-
cant decrease in thrust force. This finding suggests that w,; is a suitable choice for

unmanned aerial vehicles that need to carry heavy loads or require high accelera-

tion.
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FIGURE 5.10: Simulation was conducted to determine the lift-to-drag ratio of three dif-

ferent Tombo propellers (Conf. 1, Conf. 2, and Conf. 3) at various rotor speeds. The

results showed that the maximum [lift-to-drag ratio (e,,;4) was achieved at specific rota-
tional speeds (w! ,, w?,,, and w3 ) for each propeller, with a value of 2.17.

Figure 5.10 illustrates the connection between the lift-to-drag ratio (¢,4) and the
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rotational speed of the Tombo propeller. This relationship was simulated using
equations refeq: 1 and refeq: 1, with ¢, equal to the ratio of the lift force (F) to the
drag force (F;). Rigid propellers typically have a constant ¢;,; value regardless of
rotational speed because their geometry does not change during rotation. However,
the Tombo propeller exhibits a ¢;,; that varies with rotational speed. Each Tombo
propeller has a critical rotational speed (w,,;4) at which the ¢;,; reaches its maximum
value (denoted as ¢,,7). This maximum value is the same for all Tombo propeller
configurations, as they all have the same initial geometric design. When these con-
tigurations are deformed, they interfere with the state that produces the highest
€104 Value, regardless of the specific configuration. The critical lift-to-drag velocity
(wWm1q) can vary between Tombo propellers and tends to increase with nodus stiff-
ness. Therefore, selecting an appropriate w,,;; can enable the efficient operation of

UAUVs for tasks such as travel or delivery.
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FIGURE 5.11: Simulated lift forces of propellers Conf. 0, Conf. 1, Conf. 2, and Conf. 3

versus rotor power

Figure 5.11 shows the simulated lift forces of several propellers versus rotor
power that share the same details as Figure 5.9 such as the phases of recommen-

dation or the maximum thrust speed w,,s. Moreover, this Figure compares the thrust
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force of different propellers generated at a rotor power value. In other words, users

can choose the suitable rotor power to deal with the weight of the designed drone.
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FIGURE 5.12: Simulated deformable angle of Conf. 1 versus rotational speed of rotor

The Tombo propeller’s deformable angles can be predicted using Equations 4.4
and 4.5. As seen in Figure 5.12, the angles alpha and beta increase rapidly and reach
a stable value of approximately 10 degrees when the propeller’s rotational speed
is between 2000 to 5000 rpm. <, on the other hand, continues to increase rapidly
without reaching a plateau. This trend, combined with Equation 4.10 and the in-
formation presented in Figure 5.9, demonstrates the significant impact that gamma
has on the propeller’s thrust force. To validate the simulated deformable angles, an
experiment was conducted using a Conf. 4 Tombo propeller (shown in Figure 5.13).
The results showed that the simulated value for angle beta was similar to the exper-
imental value at rotational speeds above 2000 rpm. However, at lower speeds, the
observed angle displayed a larger deviation due to limitations in the experimental
model (described in Section 5.1.2). When the motor’s speed was rapidly decreased,
the inertia force caused the blade to flutter at a rotational speed close to zero, result-
ing in a significant change in the deformable ang]le.

To investigate the contribution of -y to the aerodynamics of the Tombo propeller, I

simulated this angle as shown in Figure 5.14. Despite different configurations, Tormbo
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FIGURE 5.13: Comparison of theoretical and practical deformable angle 8

propellers that share the same original design will reach critical thrust and critical
lift-to-drag ratio states at the same 7,4 and 7,,s. This finding strongly confirms

that y plays a decisive role in the deformable states of the Tombo propeller.

5.3 Characteristics of Tombo propeller with different con-
figurations

The Tombo propeller is a deformable propeller designed specifically for use on un-
manned aerial vehicles (UAVs). It is designed to improve safety and therefore, it
was necessary to study its characteristics in order to understand and confirm its
beneficial features. Nine different configurations of the Tombo propeller and one
rigid propeller were analyzed, focusing on six characteristics including thrust force,
deviation in thrust force, collision force, recovery time, simulated lift-to-drag (L /D)
ratio, and noise (Table 5.3). All of the experiments were conducted at a propeller
rotation speed of 2000 rpm, and the results were normalized based on those of the

rigid propeller in order to compare them visually in Figure 5.15.
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FIGURE 5.14: In Conf. 1, Conf. 2, and Conf. 3, the twist angle ¢ had the same value
of Yutf and ;4 in both situations where the maximum thrust force and the maximum
lift-to-drag ratio were achieved.

In summary, the Tombo deformable propeller appears to have some advantages
over a traditional rigid propeller. Both the Tombo and rigid propellers had similar
levels of thrust force, thrust force deviation, simulated L/ D ratio, and noise (0.621 N,
0.098N, 1.9663, and 50dB, respectively vs 0.658 N, 0.11N, 1.776, and 49.4dB, in
turn). However, the Tombo propeller had a lower mean of thrust force deviation
and a smaller collision force, which could potentially lead to less risk of injury or
damage in the event of a collision. Additionally, the thrust force deviation of the
Tombo propeller was more variable, with a range of 0.03 to 0.26 N across different
configurations. In practical use, this deviation is important for maintaining balance
in a drone, so the specific configuration should be taken into consideration when

selecting a propeller.
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TABLE 5.3: Characteristics of Tombo propellers and a rigid propeller measured at
2000 rpm of rotational speed

Thrust Thrust force  Collision Recovery Simulated (dis tlj :::: 5m)
force [N] deviation [N] force [N] time[s] L/D ratio [ dBi

Conf. 0 0.658 0.11 269.3 0.3 1.776 49.4
Conf. 5 0.656 0.03 147.3 0.63 2.0822 49.1
Conf. 6 0.537 0.14 93.7 0.55 2.0718 51
Conf. 7 0.631 0.04 81.5 0.32 2.0652 49.6
Conf. 8 0.589 0.09 80.4 0.32 1.9323 48.7
Conf. 9 0.622 0.07 159.6 0.3 1.9251 49.2
Conf. 10 0.656 0.12 123.7 0.66 1.9206 50.2
Conf. 11 0.666 0.07 123 0.39 1.9051 49.5
Conf. 12 0.624 0.26 189.9 0.55 1.899 52.4
Conf. 13 0.611 0.06 145.5 0.42 1.8952 50.7
Mean 0.621 0.098 127.2 0.46 1.9663 50.0
—Conf.0 —Conf.5 —Conf. 6 Conf.7 —Conf. 8 Conf. 9 Conf. 10 — Conf. 11 Conf. 12 —Conf. 13

collision force . thrust force deviation

recovery time |- <z

thrust force

Conf. 10

“ noise

lift-over-drag ratio

252151050 Conf. 11 Conf. 12 Conf. 13

(a) Characteristics of nine Tombo propellers from Conf. 5 to (b) Characteristics of each Tombo propeller
Conf. 13 in comparision with that of the rigid one Conf. 0

FIGURE 5.15: Comparison between nine variations of the Tombo propeller and a tradi-

tional rigid propeller, normalized using the metrics of the rigid propeller. The results

are presented in Table 5.1, showing the Tombo propeller in various colors and the rigid

propeller in black. Table 5.3 contains further information about the metrics used for each
Tombo propeller configuration in comparison to the rigid propeller.
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6 Fly experiments with Tombo

propellers

This section investigates the performance of Tombo propellers on drones (quadro-
tors, as depicted in Figure 6.5) during practical flight, as well as how the controller
responds to a collision between the Tombo drone and a stationary obstacle in mid-
air. The Tombo propellers (specifically, Conf. 13) were chosen for this experiment
due to their low thrust deviation (as described in section 5.3) and high stiffness of
the nodus and deformable edge (as shown in Table 5.1), which makes them easy to
fabricate and produces consistent results among fabricated propellers. To enhance
the self-recovery capabilities of our deformable propellers, an equilibrium bounce
reaction scheme was implemented [102] specifically designed to rescue the Tombo

drone (quadrotor) from a sudden fall in the event of a propeller-obstacle collision.

6.1 Recovery control strategy for Tombo propeller

In order to enhance the safety of drones through the use of deformable propeller
recovery, I conducted a study on an equilibrium bounce reaction strategy that aims
to prevent a Tombo quadrotor from falling in the event of a collision between a pro-
peller and an obstacle (as shown in Figure 6.1a). I examined a scenario where the
quadrotor is flying along a designated trajectory X; and one of its front propellers
hits an obstacle located at a designated position x, € R in the global {W} coordi-
nate frame (as depicted in Figure 6.5). Once x, is reached and the collision occurs,
the reaction mode is activated, setting the equilibrium position to x, = x. 4+ d;n,. In

this equation, d, > 0 represents the bounce distance and n, is the reactive normal
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FIGURE 6.1: Illustration of the response strategy that was carried out after the Tombo
propeller hit a stationary object is provided.
that is opposite to the direction of flight prior to the collision. This process prompts
the low-level controller to generate virtual forces that guide the quadrotor towards
the equilibrium state x,, allowing it to stabilize at a safe distance from the obsta-
cle. Based on experiments, the falling rate of the quadrotor was found to be around
0.3m/s and the propeller recovery time was approximately 0.42seconds. There-
fore, a PID (proportional-integral-derivative) cascaded controller could potentially
be used for low-level control. The equilibrium bounce reaction strategy is summa-
rized in Figure 6.1b, and the implementation of the reactive control strategy using

Robot Operating System (ROS) [103] is available in our git project! as open source.

6.2 Drone setup

6.2.1 Hardware

Based on the S500 frame?, a customized drone was built (see Figure 6.2). The main
hardware of this drone includes Tombo propellers, pearl markers, a Pixhawk Px4

flying controller?, and an onboard computer TX2 Jetson®.

Ihttps://github.com/Ho-1lab- jaist/tombo-propeller.git

Zhttps://www.amazon.com/Readytosky-Quadcopter-Stretch-Version-Landing/dp/
BO1NOAX1MZ

3https://www.amazon.com/Readytosky-Pixhawk-Controller-Autopilot-Splitter/dp/
BO7CHQ7SZ4

“https://developer.nvidia.com/embedded/jetson-tx2


https://github.com/Ho-lab-jaist/tombo-propeller.git
https://www.amazon.com/Readytosky-Quadcopter-Stretch-Version-Landing/dp/B01N0AX1MZ
https://www.amazon.com/Readytosky-Quadcopter-Stretch-Version-Landing/dp/B01N0AX1MZ
https://www.amazon.com/Readytosky-Pixhawk-Controller-Autopilot-Splitter/dp/B07CHQ7SZ4
https://www.amazon.com/Readytosky-Pixhawk-Controller-Autopilot-Splitter/dp/B07CHQ7SZ4
https://developer.nvidia.com/embedded/jetson-tx2
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FIGURE 6.2: Main hardware of the experimental drone: Tombo propellers, pearl markers,
a Px4 flying controller, and an onboard computer TX2 Jetson

In Figure 6.3, the control system of the PX4° drone is depicted. This system in-

cludes a combination of P and PID controllers, which can be used to estimate the

drone’s states through the application of an Extended Kalman Filter 2 (EKF2) algo-

rithm. The control architecture for the quadrotor is set up in a cascaded manner,

featuring an outer loop P position controller followed by P angle and PID angu-

lar rate controllers. These controllers operate at frequencies of 50 Hz, 250 Hz, and

1kHz, respectively. Depending on the mode selected, the outer position loop may

be bypassed, as indicated by the multiplexer located after the outer loop. The posi-

tion loop is only utilized when the drone is being held in a specific position through

offboard control or when the requested velocity in a particular axis is zero.
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FIGURE 6.3: A standard cascaded control architecture of PX4°

Shttps://docs.px4.io/main/en/flight_stack/controller_diagrams.html
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6.2.2 PID tunning

A Proportional-Integral-Derivative controller (PID controller) is a control loop mech-
anism employing feedback that is widely used in industrial control systems and a
variety of other applications. In the drone field, PID is an algorithm as a part of flight
controller software reads data from sensors and takes transmitter stick commands
to calculate how fast the motors should spin to push the aircraft into the desired
rotational speed. The desired rotational speed is referred to as a “set-point”, and
the displacement between the gyro sensor measurement (the actual values) and the
set-point is named error. The goal of a PID controller in a UAV drone is to reduce
error to zero by adjusting the speed of the rotors. It will repeat this control loop to

minimize error.

unstable rolling

)
P
a) PID tuning setup b) fail roll tuning
QGroundControl interface stable rolling
{mm—
d) PID parameters saving ¢, successful roll tuning

FIGURE 6.4: PID tuning experiment (case of roll tuning)

PID tuning can be done using methods such as heuristic tuning, Ziegler-Nichols
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tuning, or trial-and-error PID tuning. Here, the PID of the PX4 controller was tuned

by trial-and-error PID tuning because of its easy processing and practical result.

6.2.3 ROS implementation

ROS (Robot Operating System) was installed in the drone-embedded Jetson TX2 for
autonomous control model (e.g., Takeoff, Landing, Hovering). Here, the position
and orientation of the drone can be streamed wirelessly from the motive mocap sys-
tem through the VRPN client. After that, these data and the desired state of the
drone will be commanded to Px4 using an FTDI connection. ROS works as a high-
level controller that promises offboard control for drone mid-air missions such as
path planning, reaction, or other complex flying strategies. In fact, the proposed
collision test is simple, with the recovery control strategies mentioned in the sec-
tion 6.1. In this experiment, ROS kept updating the state of the drone and the fixed
desired position (collision area) and triggered the recovery strategies when the col-
lision signal was activated. Note that the collision area is characterized by a set of a
radius in the YZ plane and a threshold on the collided propeller in the X direction.
This radius and threshold have been tuned by a pre-test and can be applied in both

flying experiments of rigid propellers and deformable propellers.

6.3 Flying test setup

The illustration in Figure 6.5 shows the indoor location where the flight and colli-
sion experiments were conducted. The experiment used a quadrotor equipped with
tour Tombo propellers and 8 reflective markers. The position of the quadrotor was
accurately tracked by the OptiTrack motion capture system, consisting of 6 Flex 13
tracking cameras, with a positional accuracy of up to 1.2mm. The 6-DoF pose of
the quadrotor, which includes its position and orientation, was determined by the
mocap system on a desktop PC (Intel i7-7700 CPU at 3.6GHz and 8 GB RAM) and

then sent to an onboard computer (Jetson TX2, NVIDIA) at a rate of around 30 Hz.
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FIGURE 6.5: During flight tests and collision experiments, the OptiTrack Mocap system
was utilized to determine the location of the Tombo quadrotor within an indoor setting.
This system is specifically designed for motion picture and 3D tracking.

This allowed the real-time implementation of the automatic flight and collision reac-
tion scheme using a PID-based low-level controller running on Pixhawk 4 autopilot

hardware®

. The real-time posture information provided feedback signals for the
position and angle controllers, while the onboard inertial measurement unit was
responsible for the inner PID control loop for angular rate. A collided object was
mounted on a force sensor at 2n height as the desired collision position. In this fly-

ing test, both a soft and rigid obstacle were tested to evaluate the recovery strategy

performance.

6.4 Flying experiments

An experiment was conducted to assess the effectiveness of the Tombo propeller and
the bounce reaction strategy in responding to a collision. The quadrotor was flown
along a predetermined trajectory X; in , and the front left propeller was made to

collide with an obstacle at a specific location x, = [0.0, 1.7, —2.0]T m. The bounce

®https://px4.io/


https://px4.io/
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Hovering Pre-collision Collision
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(A) Quadrotor’s behaviour without reaction strategy

Hovering Pre-collision Collision

Stabilization Recovery Falling

(B) Quadrotor’s behaviour with reaction strategy

FIGURE 6.6: An investigation of how a quadrotor responds to colliding with a Tormbo pro-

peller obstacle revealed that without a specific reaction strategy in place, the quadrotor

would crash to the ground. However, video evidence showed that the reaction strategy
was able to stabilize the quadrotor within 5 seconds after the collision.
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FIGURE 6.7: The records of the quadrotor’s position and orientation during the flight
and collision experiment reveal that the reaction control mode was activated at the mo-
ment of the collision (¢.) and attempted to stabilize the quadrotor in a safe position with
coordinates x, = [0.2, 0.9, —2.0]™. It is important to note that the height of the quadrotor
is represented by the negative z-coordinate.
distance was set at d, = 0.8 m, resulting in the quadrotor reaching an equilibrium
position x, = [0.2, 0.9, —2.0]T m for the recovery process to begin. During the hover-
ing and pre-collision (flying along the y-direction) phases (Figure 6.6b), the quadro-
tor was able to maintain stability while tracking the reference trajectory (see Figure
6.6b). However, without the bounce reaction strategy, the quadrotor was unable to
recover from the collision and crashed. However, with the use of the bounce reac-
tion strategy and the fast recovery of the Tombo propeller, the quadrotor was able
to stabilize following the collision (see Figure 6.6b).
The behavior of the quadrotor during a collision and recovery process is shown
in Figure 6.7. When a collision occurred at around ¢, = 23 seconds, the quadrotor
went through an unstable phase where it oscillated and overturned, with a large

fluctuation in roll angle, before starting to fall. However, it did not fall all the way

to the ground, and it took about 1.5 seconds to overcome the unstable phase before
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FIGURE 6.8: Mid-air collision force report

beginning a recovery process that lasted approximately 3.5 seconds. The Tombo pro-
peller and the reaction strategy were effective in allowing the quadrotor to recover
and attain a stable state. During the recovery, the quadrotor followed a straight-line
path towards its predefined equilibrium position, starting from the lowest point at
which its orientation had been restored to its initial state. The results of this exper-
iment demonstrate the quadrotor’s ability to recover after a collision and its ability
to perform basic flight and hovering, even with the use of a softer propeller that
reduces the risk of damage, that can be found in the video..

Consequently, in this section, I confirmed the flight ability of the drone with a
Tombo propeller in a real platform and the recovery ability after the collision. In
addition, the obtained results reveal that with minimal invasion of the classical con-
trol strategy, the drone with Tombo propeller still can perform basic flight/hovering

and novel reactions upon collision with the surrounding. As a result, introducing

"https://youtu.be/zjHvukgf Juc
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softness to the propeller decreases the risk of damage and does not necessarily com-
promise the flight ability of the drone.

Mid-air collision force has been reported in Figure 6.8. The result indicated that
the collision force made by a Tombo propeller was one-seventh of that of a rigid one.
Although the posture of collision might be a little different between both cases cause
of the error of propeller posture at the collision spot, this collision force measure-
ment once again confirmed the essential contribution of soft material to propellers.
In the future, more investigations of mid-air collisions will be conducted to elaborate

on the potential of deformable propellers in different tasks.
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7 TomboHub: Collision sensing and

shock absorbing

The propeller crash topic attracts less attention than the drone collision issue be-
cause of the apparent fact that in most accidents, the collided propeller is mainly
broken, and the drone is flat down. There are many studies on the state recovery of
drones after a collision [102], [104]-[111], however, the level of impact, as well as the
collision characteristics with the object of the propeller and other parts of the drone,
is different. In detail, the crash force of the propeller is much more critical than that
of the guard or body. Therefore, the most common propeller-related research public
is the rotor failure [112]-[115].

The successful flying test in Chapter 6 suggests that if a drone wants to survive,
recover, and keep stable working after a propeller crash, these conditions named

"un-falling conditions" must be satisfied.
¢ Collided propeller is not broken,
* Recovery strategy needs to be activated on time after a collision,
¢ The room for recovery is enough;

In practical missions without a vision-based tracking system (e.g., outdoor delivery
task), the drone remains sensitive to propeller crashes. While the Tombo propeller is
one of the solutions for the first aforementioned condition and the third condition
can be resolved by a fast and reasonable recovery strategy, the second condition
remains challenging for both Tombo and standard propellers because of the lack of

research. Despite conducting extensive research, none of reports about the method
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of detecting the collision of drone’s propeller was found. Moreover, the Tombo pro-
peller has room for development and finishing, so it is a process of bringing Tombo to
life. In this scenario, a new question appears in my mind: Is there any mechanism
that can sense the propeller crash to support Tombo propeller trigger the recovery

strategy?

state

R — —a— recovered ;
/,Y collided
6"\

recovery

trat bedded
SHraloRy crmbeaee collision signal

FIGURE 7.1: TomboHub’s structure idea

The above question becomes the motivation for proposing the TomboHub, a colli-
sion sensing and shock absorbing mechanism. TomboHub was designed as an extra
device that can be mounted on the top of the rotor to support collision sensing and
shock absorption.

The idea of TomboHub functions as illustrated in Figure 7.1. First, TomboHub is
integrated into the drone’s rotor. When a collision happens, TomboHub will help the
propeller rotate in the inverse rotational direction while keeping the rotor rotating.
If the collision force is over the impact force threshold, a collision signal is sent to
the embedded computer on the drone. Then the recovery strategy that is mentioned
in section 6.1 was activated. Overall, TomboHub can be equipped with arbitrary
propellers, including Tombo, to support the abilities of collision impact reduction

and collision detection as an essential input for re-hovering control.
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7.1 Structure design

FIGURE 7.2: TomboHub structure includes Hub.Outer 1, Hub.Shaft 3, Hub.Ring 4,
Hub.Button 5, Hub.Adapter 8, Hub.Spring 10, Hub.Battery 11, Hub.Screw(s) 12, and
Hub.IR.Led(s) 13

The design of TomboHub is shown in Figure 7.2. Hub.Shaft 3 has a free end which
is used to lock the propeller. Hub.Adapter 8 connects with a rotor for a moment
transformation. In the rest state, Hub.Shaft 3 coincides with Hub.Outer 1 by the
initial compress force from Hub.Spring 10, a double torsion spring, and covered by
Hub.Ring 4. When the rotor rotates in the clockwise direction, Hub.Outer 1 will
move in the same direction as Hub.Shaft 3, which leads to the rotation of the pro-
peller. When a collision happens, Hub.Spring 10 will deform and bring the propeller
back to an un-colliding state. This motion helps Hub.Shaft 3 triggers Hub.Button 5,
as a result, collision signal generated by Hub.IR.Led 13 will be active and transferred
to a receiver implemented on the drone arm. Hub.Battery 11 supports the energy
for Hub.IR.Led(s) 13. Finally, the embedded computer on the drone receives and
processes this signal to activate the control strategy and leads the drone bound back

to a safe position.
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The design helps TomboHub can be scaled up or universal assembly with various
type of propellers. Figure 7.3 shows that a TomboHub can works well in practical test

with these propellers with the size from 5 to 10 inch.

FIGURE 7.3: TomboHub universal design for assembly with various sizes propeller

7.2 Fabrication

Figure 7.4 shows the fabrication process of TomboHub. In the first step, TomboHub
was designed using 3D CAD software SolidWorks 2020. Next, the Hub.Outer 1,
Hub.Shaft 3, Hub.Ring 4, and Hub.Adapter 8 was made of polylactide (PLA) plastic
and printed by a 3D printer Sermoon D (Creality 3D, China). Finally, these printed
parts are assembled with other commercial products (such as a button battery 3V,

two infrared LEDs, and a push-button) to get a completed TomboHub.



7.3. TomboHub modelling 85

Commercial products

.
+ M

oo

(1) Design (2) 3D printing (3) Completing

FIGURE 7.4: Tombo Hub fabrication process
7.3 TomboHub modelling

In this section, a propeller collision event is modeled to define the behavior of Tombo-
Hub (see Figure 7.5). The following assumptions were used for simplicity in this

event investigation.

* The energy losses when transmitted through the contact surfaces of the Tormbo-

Hub are neglected,
¢ The propeller is rigid, and the impact is absolutely elastic.

The collision process is complex in the case of a Tombo propeller crash. The main
reason is the soft nodus and deformable edge can absorb impact energy and deform.

In this case, a development collision modeling must be elaborated in the future.

force gauge

(A) Impact force modelling (B) Twist angle modelling (C) Torsion spring rigidity coeffi-
cient experiment

FIGURE 7.5: Illustration of TomboHub collision modelling and rigidity coefficient mea-
surement
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7.4 Impact force modelling

Figure 7.5a illustrates a propeller collision. Assume that a propeller has mass 1,
rotating with the rotational speed at w; collides with an obstacle of mass m, ap-
proaching with velocity v,; at a point R; from the center of the propeller. With the
aforementioned assumptions, the kinetic energy and momentum of the system are

conserved before and after the state of collision, therefore

1 2 1 2 1 2 1 2
Emlvh' —+ Emzvzi = Emlvlf —+ EWZZVZf (71)
MyVe; + myvs, = mlv%f + mzv%f (7.2)

with vy;, vif are the velocities of the collided point in the propeller before and af-
ter the collision, respectively; vy is the velocity of the obstacle after the collision;

therefore, I have

01; = w,'rch- (7.3)

From Equation 7.1 and Equation 7.2, the velocities of the propeller and obstacle after

a collision can be defined below

my — My 2my
_ | . 74
o1f My +my N + my +my 2 74)
2mq my — mq
= ; 7.5
7 +my m + oy 2 75)

If I call At the length of the collision duration time (or the time of contact), AP is the

change of propeller’s momentum (impulse) during the collision process,

AP = m (Vli — Vlf) (7.6)

2mymy
———(Vp; — Vy; 7.7
my + 1 (Voi — v1i) (7.7)

AP =
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Finally, I have
—F?2 =F =F,y (7.8)
AP

F.. = — 7.9
col At ( )

2mymy Vo — Vy;
F., = 7.10
col my + 1y At ( )

with F!2 and F?! are the collision forces from the propeller applies to the obstacle
and vice versa, respectively.

Equation 7.7 indicates that the impulse of a propeller with or without Tombo-
Hub after a collision is the same. However, the difference between in two cases is
presented in Equation 7.10. Here, the time of contact decides the magnitude of the
impact force. The system includes TomboHub seems "softer" than the standard one,
therefore, it is forecasted that the collision force of a propeller equipped TomboHub is
lower than that of the one without TomboHub. This assumption needs to be proved

by practical experiments.

7.5 Twist angle modelling

Based on the aforementioned assumptions, the kinetic energy of the propeller will
be transmitted intact to Hub.Shaft 3 and canceled by the resistance of the spring (see
Figure 7.5b). In other words, the kinetic energy of the propeller will be transformed

into the potential energy of the torsion spring. Therefore, I have

1 1
Emlxﬁf = Ekeg (7.11)

with 6. the maximum twist angle of the torsion spring

m
0, = 7101 f (7.12)
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Here k is the rigidity coefficient of the torsion spring defined by a pre-experiment.
From Equation 7.12, the TomboHub can be designed based on the sensing range of

magnitude of impact force as below.

* The maximum twist angle of the torsion spring in the design must be larger
than 6. (calculated by the maximum impact force of the sensing range). That
means I can change this maximum twist angle by design or choose another

torsion spring with different rigidity to satisfy this condition,

* The position of Hub.Button 5 is defined by the minimum twist angle of the

torsion spring, calculated by the maximum impact force of the sensing range

¢ The magnitude of impact force is estimated by the time length between two
collision signals (the former activates when the torsion spring starts deform-
ing, and the latter receives when the torsion is recovering). In detail, this time

length ¢, is calculated as below

nmq 0
teor = 24/ T arccos G_i (7.13)

with 6; is the angle design of Hub.Button 5 (see Figure 7.5b).

7.6 Torsion spring rigidity coefficient measurement

Figure 7.5c shows the principle of the experiment for measuring the rigidity of the
torsion spring k. This principle is simple. One of this spring’s ends is fixed at the
top of the force gauge, while the other end is free. Note that the central axis of the
force gauge must be normalized with the spring’s fixed end. First, the free end of
the spring will be set at a rotational angle 0,,. Then, the measured force F; will be

reported, and k can be calculated by Equation 7.14.

k= fm (7.14)
Om
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FIGURE 7.6: Propellers used for experiments

TABLE 7.1: Recovery time of several propellers with/without TomboHub

Propeller’s nam Hobby Foldable 10x6 Tombo
opelier's hame with/without TomboHub | with/without TomboHub | with/without TomboHub
Recovery time (second) | 0.517/0.733 0.448/1.35 0.439/0.378

7.7 Experimental setup and results

7.7.1 Recovery time experiment

This experiment was conducted as in section 5.1.3 with three types of propellers:
commercial Hobby 10inch propellers, a commercial foldable Aero Naucam 10x6
propeller, and Tombo propellers (see Figure 7.6) in both cases: with and without
TomboHub. The result was summarized in Table 7.1.

The results indicate that TomboHub plays an important role in shortening the
recovery time of commercial propellers after the collision. While the Hobby pro-
peller’s recovery time was reduced by about 30%, the foldable Aero Naucam 10x6
propeller with TomboHub saw a significant reduction as the recovery time was only
one-third compared to that of this propeller without TomboHub. This change is im-
portant for the recovery process as mentioned in the un-falling conditions. Based
on my understanding, none of the extra mechanisms can benefit the same value as
this.

In the case of the Tombo propeller, the story follows a different scenario. Because
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the Tombo propeller allows the blade to be folded at nodus, the hypothesis put for-
ward here is that in the event of a collision without TomboHub, most of the impact
energy will be transferred to nodus and cause extensive local deformation here. As
a result, the axial portion of the propeller continues to rotate, and only a fraction of
the impact energy impedes this rotation, causing recovery time. In case of a collision
with TomboHub, the collision energy will be transferred to nodus. However, because
TomboHub enables Tombo propeller to rotate around the axis in the opposite direction
of the rotor’s rotation, a more significant part of the energy has been applied to the
propeller’s shaft, making the energy impeding the rotation of the Tombo wing larger
than without TomboHub. As a result, Tombo propellers will recover more slowly in
this case. However, this also benefits the durability of nodus because the cumulative
impact energy is less, so I believe TomboHub will help increase the working lifetime

of Tombo Propellers.

7.7.2 Collision force experiment

This experiment was conducted with the same principle as in section 5.1.4. Com-
mercial propellers and Tombo propellers were used to test this experiment, and the
result was summarized in Figure 7.7.

It can be seen that TomboHub does not contribute to reducing the collision force of
Tombo propeller according to the experiment result. That leads us back to Equation
7.10, where the At depends on the time of collision 6.. Here, thank to the deformable
leading edge of Tombo propeller, the process of impulse transferring was decided by
the deformation of the soft material that is almost the same in both collision cases
with or without TomboHub. However, in the case of rigid propellers, the commercial
Hobby propellers, the contribution of TomboHub is clearly seen. In the rotational
speed range from 2000 to 3500 rpm, the collision forces were reduced significantly.
Especially, the decrease at the rotational speed of 3000 rpm goes to 30%, which can

improve the lifetime of rigid propellers. At least two Hobby propellers were broken
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FIGURE 7.7: Comparison of collision forces of propellers with and without TomboHub

in the experiment without TomboHub, while none of the damage was reported in the

experiment with this novel hub.

7.7.3 Collision sensing experiments

iy

(1) TomboHub with (2) Collision (3) Arduino UNO embed infrared receiver (4) Processing by
aPC

infrared led signal transmission

FIGURE 7.8: TomboHub collision sensing experiment setup

In these experiments, an Arduino UNO board with an embedded infrared re-
ceiver was used to collect the infrared signal from the infrared LEDs. The Arduino
board connected to a PC, and the data was recorded and saved into a CSV file for
later processing (see Figure 7.8). Only Hobby propellers were used to conduct these

experiments.
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FIGURE 7.9: TomboHub collision sensing sensitivity performance

The sensitivity

Here, the sensitivity of TomboHub was defined by the frequency of the infrared signal
reading from the receiver. I have set the baud rate to 2,000,000 in the program and
the Arduino board setting. Finally, the infrared signal was read at 432 Hz. In other
words, this TomboHub can sense all collisions if the button is kept pushing longer
than 2.32 us. This calculation helps to optimize the design of TomboHub. For exam-
ple, the easiest way is to change the size of the button-touch part of the Hub.Shaft
3 is to be giant enough for a long press. Note that this time of pressing will af-
fect the result in Equation 7.13. Therefore, the sensing abilities, such as the force
sensing range and the sensitivity, strongly depend on the TomboHub design. In my
test, TomboHub has successfully detected every collision event with various kinds of

colliding. One of these has been reported in Figure 7.9.

Collision sensing demonstration

The experiment presents the collision sensing ability of TomboHub. A commercial
Hobby propeller was used to conduct at the rotational speed of 2500 rpm (see Figure
7.10). The collision process and the infrared signal were recorded by a high-frame
camera and an Arduino board, in turn. The results indicate that the TomboHub de-
fines the collision in every case. None of the missing signals was reported. However,
the latency between the time when the collision event happens and the PC record

time has not been indicated. Therefore, the practical sensitivity of TomboHub does
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FIGURE 7.10: TomboHub collision sensing demonstration

not clearly elaborate. This missing point is essential because it affects the time of

activating the recovery strategies leading to the safety of UAVs.

7.7.4 Flying demonstration

In this experiment, a drone presented in section 6.2 was equipped with four Tombo-
Hubs and four Hobby 10 inch propellers (see Figure 7.11). The experiment was con-
ducted indoors, and the drone was controlled manually for hovering tasks. The
result shows that the drone hovered and changed direction well, and no significant
vibration was recorded. Therefore, it can be concluded initially that the TomboHub
does not affect the drone’s fly ability. However, a drone mid-air collision has not

been processed to evaluate the ability of this hub in practical application.
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FIGURE 7.11: Succesful hovering demonstration of a drone equipped TomboHub
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8 Discussion and conclusion

In this work, I proposed designing and fabricating a bio-inspired propeller named
Tombo. This approach was developed that can be used on various kinds of pro-
pellers, such as flapping wing and glider wings. This aerodynamic model should
be able to accurately predict the propeller’s thrust force and deformation angle in
the plane perpendicular to the rotor plane. Examining the Tombo propeller showed
that it has useful features and can be used on various vehicles. Moreover, multiple
flight tests showed that the Tombo propeller can improve a drone’s collision resis-
tance while still maintaining its mechanical structure after the impact. In addition,
a novel deformable hub was introduced to support a sensing ability for this Tombo
propeller. The combination of Tombo propellers and TomboHubs is expected to be the
optimal solution to the problem of collisions with propellers toward an absolutely

safety - unfalling drone

8.1 Impact of bio-inspired structure on collision accom-

modated control for robotics system

8.1.1 Design and fabrication

Applying soft materials in traditional propellers can improve the safety of drones,
particularly when it comes to recovery and reducing the risk of collisions. The pro-
cess of attaching tendons to the propeller’s matrix by gluing them to the rigid parts
(hub and wing) requires a lot of skill and precision. However, this process can im-
pact the quality of the propeller, decreasing its durability over time. In order to mass

produce the Tombo propeller, it is necessary to automate the fabrication process. One
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of the most difficult tasks is accurately placing the tendons during the assembly of
the Tombo propeller. This process can be automated using hole processing and heat
welding to attach the tendons to the holes in the rigid parts. Additionally, using
injection molding to create rigid parts can improve their rigidity, smoothness, and
consistency, rather than using 3D printing. This mass-production method will in-
crease the efficiency and durability of the Tombo propeller. Through evaluation ex-
periments, it was also found that during rotation, the entire Tombo propeller from the
hub to the tip becomes very stiff due to centrifugal force. Therefore, if the connection
between the nodus and the rigid parts is secure, the tendons may not be necessary.
For example, the double injection method could be used in mass production of the
Tombo propeller, creating a reliable connection between the soft nodus and the rigid
parts, as well as increasing the propeller’s lifespan. This method is also expected
to result in high-quality Tombo propellers at low manufacturing costs, which bene-
tits both manufacturers and users. Further investigation into this approach will be
conducted in future work.

In our current design, thick airfoils were chosen for ease of manufacturing, espe-
cially the fabrication and assembly of the nodus part. However, users interested in
Tombo propellers may choose suitable airfoils to develop their own deformable pro-
pellers. The experiment results in Chapter 5 indicate that the average thrust force,
thrust force deviation, and noise of the experimental Tombo propellers are almost the
same as those of the rigid propeller. Therefore, if the original morphology of Tombo
(the rigid one) has high efficiency, it can improve the energy consumption perfor-
mance of the Tombo also. Additionally, the posture of Tombo has changed at each
rotational speed of the rotor, which results in the thrust force. This change differs
from the configurations of Tombo. In other words, the posture of Tombo decides the
efficiency of these propellers. Although the current design of the Tombo propeller
may be more cost and challenging to manufacture, its efficiency can be improved
by using high-performance airfoils for the blade parts. Despite this, the results of

experiments presented in this paper demonstrate that the Tombo propeller is able
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to withstand multi-directional collisions and significantly reduce the impact force
on surrounding objects, thanks to its unique design. These benefits result in im-
proved collision adaptation compared to traditional rigid propellers. Additionally,
the Tombo propeller is durable enough for use in actual flight scenarios, as demon-
strated by the fact that it was able to continue operating after ten collision events,
even though the propeller repeatedly hit the obstacle during each event. The scala-
bility of the Tombo propeller has also been demonstrated, as it has been successfully
fabricated in various sizes including 5, 9, 10, and 20 inches in length. The durability,
scalability, and flying performance of the 5-inch Tombo propeller-equipped drone
can be seen in video®. In the future, the Tombo propeller will be explored in dif-
ferent sizes and shapes. Therefore, although the Tombo propeller may have some
limitations in terms of efficiency, its inherent flexibility and resilience provide po-

tential advantages for the overall safety of drones.

FIGURE 8.1: Scalable design for various sizes of Tombo propeller

The lack of collision detection of the Tombo propeller can be compensated for
by the TomboHub mechanism. It is seen that the very first prototype of TomboHub
required an upgrade for both design and fabrication. First, the durability of the

Hub.Shaft 3 needs to be improved. Our experiments indicate that a PLA Hub.Shaft



98 Chapter 8. Discussion and conclusion

3 was broken after 100 times of collisions. This number seems not too small, but
it is not convenient to change a TomboHub instead of a propeller. Therefore, strong
materials such as carbon fibers or aluminum alloy are considered the next choice
for TomboHub. As a result, the cutting machining method will replace 3D printing
for fabrication in the case of alloy material. Secondly, the size of TomboHub needs to
be decreased to reduce the risk of collision made by the bulk size of drones. Now
the height and the diameter of TomboHub are about 35 mm and 34 mm, respectively,
which makes this hub even bigger than a rotor. The main reason is the thickness
of the hub’s wall and the size of the torsion spring and the button battery. Finally,
an implementation of this hub into a standard propeller to make a novel propeller

capable of shock absorbing and collision sensing.

8.1.2 Aerodynamics model

The proposed aerodynamic model can estimate the aerodynamic forces (the normal,
the tangential, the lift, and the drag force), the lift-to-drag ratio, and the deformable
angles. However, some of the outputs are not evaluated completely. The thrust
force experimental results indicated that the errors of these estimations are under
8%. Nonetheless, this force model has just been evaluated with the rotational speed
range from 2000 rpm to 3000 rpm. I do not have a chance to extend this measurement
to a higher speed because of the limitation of the rotor power, so a stronger rotor
could be considered to conduct future experiments toward a more comprehensive
assessment. Our Tombo aerodynamic model can predict the lift-to-drag ratio, but it
also is not evaluated. In the next experiment, I plan to use the power consumption
of the rotor, calculated by the input voltage and the current from the power source,
to estimate the drag force and make a comparison with the model output. The eval-
uations of the deformable angle « and vy are still missing, therefore a novel method
to measure these angle at high rotational speed need to be proposed. In my opinion,
a measurement system of industrial high-speed cameras is worth a try to do this

task.
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The proposed model has not yet been able to integrate and predict some other
important parameters, such as the structure of the deformable leading edge, the
applied vortex, or the distribution of the air pressure on the blade. The soft edge
is predicted to deform during the rotation. However, this implementation has not
been demonstrated in our proposed model. The vortex and the pressure distribution
on the blade required another model for calculation and commercial Computational

Fluid Dynamics (CFD) software for analysis.

8.1.3 Flight ability

The experiments conducted in this study demonstrated, for the first time, the abil-
ity of a drone with a deformable propeller to successfully fly and recover from
collisions. However, there were certain limitations to the study. The trials were
conducted indoors, so external factors such as wind and weather were not taken
into account. Additionally, PID controllers, which are typically effective with rigid
propellers, had some tracking errors when used with deformable Tombo propellers,
particularly in the £-direction (Figure 6.7), which resulted in different collision di-
rections and recovery behaviors during flight trials (as can be seen in the video
linked above). It is also possible that the fabricated propellers did not exhibit con-
sistent behavior, which may have impacted the operation of the controller. These
results provide a benchmark for reactive performance in the critical case of a col-
lision and show that the average recovery time of Atrecovery = 5seconds and the
average maximum falling distance of Ahg,; = 0.5m were acceptable given that the
mid-air collision occurred at the height of 2m indoors. However, there is room
for improvement in future reaction control algorithms, such as model predictive
control or impedance/admittance reactive controllers [102], as the recovery time of
the tested propellers (= 0.46 seconds) was shorter than the overall recovery time
(= 5seconds). It should also be noted that the "collision" in this study was defined

based on the position of the propeller, which would not be feasible in a scenario
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without a vision-based tracking system. The TomboHub, however, does support col-
lision signals that can be combined with data from the drone’s IMU to provide a
better definition of a collision event.

In future research, I plan to create a detailed model of quadrotor dynamics that
includes the effects of Tombo propellers on aerodynamics. This model will serve as
the basis for advanced controllers that enable model-based interaction and tracking,
as well as for optimizing the design of the quadrotor’s structure. Additionally, the
integration of collision detection and avoidance capabilities will be necessary for the

development of autonomous quadrotors that can navigate agilely and robustly.

8.1.4 The contribution of TomboHub

The result in section 7.7 indicates that the hub can bring a noticeable impact to rigid
propellers but Tombo. From a high level point of view, if we consider the propellers
and the hubs as the elastic element 1 and the elastic element 2, in turn, (see Figure
8.2) in series. The color gradient indicates the deformation state (green — no de-
formation, red — critical deformation). For example, both elements are green at the
normal state, as in Figure 8.2a. First, in the case of the combo TomboHub and Tombo
propeller (see Figure 8.2b). Here, the external force is applied to the Tombo propeller
first (defined by the change of color). Because the impact is in the accommodating
range of the Tombo propeller’s ability, most impact affects the Tombo propeller. At
the same time, just a minor deformation of the hub (elastic element 1) can be found.
That can explain why the hub doesn’t bring a noticeable impact. In the case of com-
mercial Hobby propellers and TomboHub (see Figure 8.2c). A Hobby propeller can
be considered an elastic element with low-impact accommodating ability. When a
collision happens, this ability is fulfilled very fast (almost red color), which leaves
room for the hub to show its impact-accommodating ability. That can explain why
the hub offers a critical impact in the Hobby case. Overall, it can be seen that the
key to explaining the behavior of both the propeller and hub is their sequence in a

collision scenario.
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In order to analyze or verify this aforementioned statement, the below methods

can be considered.

¢ Using an analytical model of elastic element series, which uses the conserva-

tion of energy,

¢ Simulating by specialized software such as Abaqus with a simplified model of

elastic elements,

¢ Test a combo of Tombo propeller and TomboHub with a super critical hit (such

as Figure 8.3).

elastic elastic elastic
element 1 element 2 element 1
(A) Normal state (B) TomboHub and Tombo pro- (C) TomboHub and Hobby pro-
peller peller

FIGURE 8.2: Behavior of two elastic elements in series with external force

8.1.5 Possible Applications

The Tombo propellers are designed to be used on drones in order to decrease the risk
of damage from collisions with obstacles in any direction. This also gives the drone
a higher chance of recovery after a collision, making it safer for the drone and any
objects on the ground compared to simply crashing. By using Tombo propellers in
combination with other safety measures, the overall safety of drones in tasks near
objects or humans (such as infrastructure inspection and cargo transport) can be
increased. For instance, drones equipped with Tombo propellers can operate in clut-
tered environments like forests or mountains due to their ability to recover from
collisions that may be unavoidable. It is expected that the use of Tombo propellers
will become more prominent as drone delivery services expand into more complex

environments such as buildings and residential areas where a high level of safety
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FIGURE 8.4: Potential applications of Tombo family toward a sustainable solution for
nature

is required. Additionally, these propellers can also be used in the entertainment in-
dustry, such as in drone shows where drones flying close to one another may have
a higher risk of collision, or in situations where drones interact with humans [116],
[117]. This bio-inspired approach could also be applied to other sectors, such as
small-scale wind power generation propellers (to decrease the risk of bird strikes),
agricultural machine cutting blades (to limit damage from collisions with rocks or
branches), and ship propellers (to reduce entanglement with marine litter and fish,
as well as accidents involving divers). Overall, the use of Tombo propellers could be

a sustainable solution for nature.
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8.2 Directions for future research

This work has opened up a lot of thoughts and directions for my future research.
First of all, improve the aerodynamic model of the Tombo propeller by considering
the impact of the flexible leading edge. This soft part can generate unwanted vi-
bration that affects the fly ability of the drone. Therefore, a vibration model of this
propeller is necessary for the users to develop the next version of Tombo propeller.
Next, a collision and recovery model for Tombo is another interesting topic that has
not been fulfilling. Our experiments indicate the deformable leading edge plays the
most crucial role in shock absorbing and changing the collision state. As a result, the
size and shape of this edge need further analysis, and a collision model is indispens-
able for the shock-absorbing evaluation. The behavior of Tombo propeller during the
collision event is a black box now. The reaction of Tombo, the deformable angles «
and -y needs to be investigated. A system of high-speed 5000 fps+ cameras seems
to be a good solution candidate. After all, I would like to use the previously men-
tioned models to create a software application that utilizes an aerodynamic model
to generate aerodynamic measurements automatically and provide a bio-inspired
design for a traditional propeller as the output to the user..

Secondly, in parallel with completing the aerodynamic model of the Tombo pro-
peller, I would like to analyze further the characteristics of this propeller using spe-
cialized CFD software such as JAXA, or ABAQUS/CFD! ( Dassault Systemes). The
latter software is well-known for providing advanced, scalable, and parallel com-
putational fluid dynamics for various simulations. This software allows for the
simulation of various complex issues involving fluid and structural interactions
as well as nonlinear coupled fluid-thermal dynamics. It can be accessed through
Abaqus/CAE, providing a user-friendly and efficient platform for efficient simula-
tions. Another approach that needs to be considered is Simulation Open Framework
Architecture (SOFA) developed by INRIA, France. This software taking advantage

of simulation-based dynamical investigation and powerful data-driven techniques,

https://www.3ds.com/products-services/simulia/products/abaqus/
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promises a high potential for optimizing the structure of Tombo propeller in a shorter
time than other standard CFD analysis software. However, the remaining issues
hinder the use of SOFA for the Tombo case. Firstly, SOFA aims toward real-time ap-
plication. Thus dynamic behavior of the soft body usually obeys a linear constitutive
relationship (e.g., Hooke’s laws) to compromise the computation cost. As a result,
the intrinsic reaction of the soft body will not be accurately emulated. More impor-
tantly, a CFD module has not been provided yet in SOFA. Therefore, this is a critical
challenge to introduce a real impact of airflow on the Tombo propeller, especially in
the soft components.

Next, the efficiency combination of Tombo propellers and TomboHub is desirable.
In this work, the mid-air collision area is already known in advance. Therefore, a
complete recovery strategy with various collision scenarios needs to be developed
to have a reasonable reaction when an arbitrary collision happens. In detail, the
information on the drone postures, the collision signal, the magnitude of impact
force, etc., need to be mined and fullest utilized to best support drone controller
decision-making.

Last but not least, another exciting challenge that I would like to face is the idea
of embedding the TomboHub into a standard propeller design to make a novel one
that can accommodate and sense collision. This idea has not stopped motivating me

since the very first experiments of the TomboHub were successful.
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100.0 ym

(A) Tombo v1 upper mid

100.0 pm-

(B) Tornbo v2 upper mid

FIGURE A.1: Improvement of Tombo upper mid surface quality by injection molding,
measured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 pm
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100.0 pm

(A) Tombo v1 upper tip

(B) Tombo v2 upper tip

FIGURE A.2: Improvement of Tombo upper tip surface quality by injection molding, mea-
sured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 yum
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(A) Tombo v1 lower end

(B) Tombo v2 lower end

FIGURE A.3: Improvement of Tombo lower end surface quality by injection molding,
measured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 ym
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(A) Tombo v1 lower mid

(B) Tombo v2 lower mid

FIGURE A.4: Improvement of Tombo lower mid surface quality by injection molding,
measured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 ym
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(A) Tombo v1 lower tip

(B) Tombo v2 lower tip

FIGURE A.5: Improvement of Tombo lower tip surface quality by injection molding, mea-
sured by color 3D laser microscopy VK-9700 (Keyence, USA), 20x, scale bar 500 ym
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