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Chapter 1

Introduction

Multicopters are now utilized frequently in the field owing to their outstanding advan-
tages, such as low weight [1, 2, 3] and low cost [4, 5, 6, 7]. Occasionally, multicopters
perform tasks that humans cannot realize with high precision, such as rescue [8, 9, 10,
11, 12, 13, 14], inspection [15, 16, 17], and express delivery [18, 19, 20, 21]. Multi-
copters equipped with different devices will play different roles in various applications.
For example, multicopters carrying monitors are utilized in the fields of rescue and aerial
photography [22, 23, 24]; multicopter carrying pesticide spraying devices [25, 26, 27, 28]
are utilized in agriculture. However, perching or landing are inevitable challenges regard-
less of the type of outdoor mission multicopter utilized. For example, when a multicopter
is performing surveillance or aerial photography missions at a fixed position with a cer-
tain height, it needs to perch there firmly like a bird; similarly, the multicopter needs to
land after finishing the missions. In general, landing on a relatively flat ground is the
best choice for multicopters. However, when multicopter have to land at a disaster site
[29, 30], such as the site of an earthquake, mudslide or tsunami, to transport medical
equipment or necessary supplies, a device that can make the multicopter land on a uneven
ground, especially on a rough terrain is particularly important. Additionally, when per-
forming the aforementioned tasks, the devices attached to the multicopter that consume
less power, are light weight, and require less manipulation, will be the optimal choice.
Perching and landing have a similarity, that is, they both approach the target slowly
from the hovering state, and finally attach to the target and remain relatively static state.

Both perching and landing is necessary for our studies on multicopter and practically, sev-
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eral researches have been carried out in the perching field. This includes the modeling and
simulation of perching [31, 32, 33, 34], the algorithm research of perching [35, 36], the
system development of perching [37, 38, 39, 40, 41, 42, 43, 44, 45], the control method of
perching [46, 47, 48, 49, 50, 51, 52], and especially, the development of the mechanical
structure of perching devices. In the design of a mechanical structure, various types of
mechanical structures have been developed. This includes grippers [53, 54, 55, 56], claws
[57, 58] or hands [59, 60], perching foot [61, 62] and other mechanisms. However, com-
paring with these previous studies in perching mechanism, an unteractuated parallel-link
gripper is suitable for achieving perching on a planar object. It has a purely mechanical
structure; therefore, it does not consume any additional electrical energy. In particular,
under the action of the parallel-link mechanism and the principle of leverage, the entire
device, including the gripper and multicopter body, can always maintain a horizontal pos-
ture while perching, which can be a necessary feature for the subsequent takeoft of the
multicopter.

Similar to the researches on perching, countless researchers are also committed to
the research of multicopter landing. Compared with the research on mechanism design in
the field of perching, there seems to be more research on system development, algorithm
[63, 64, 65, 66] and simulation [67, 68, 69, 70] in the field of multicopter landing. In
the aspect of system development in field of multicopter landing, many researchers have
developed new systems for different landing conditions. For example, several researchers
developed visual navigation [71, 72, 73, 74] or vision aided [75, 76] systems for multi-
copter landing, and other researchers, focused on the development of polarimetric system
[77], monitoring system [78], and airborne wind energy system [79], etc [80, 81, 82, 83].
Although many researchers have focused on the research of system and control for multi-
copter landing, it does not mean that the research on the mechanical structure of landing
is not important. Many researchers still focus on the research on the relevant mechan-
ical structure of multicopter landing. Researchers from Xiamen University and Korea
Advanced Institute of Science and Technology have developed twin-rotor mechanism for
multicopter landing [84, 85], and in addition, a number of researcher developed safe-

guarded landing mechanism [86] and other effective mechanisms [87]. However, beside
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the aforementioned previous studies, landing on a rough terrain is another problem it
may face during missions. Under such situations, the parallel-link gripper utilized for
planar perching has difficulty performing its function. To cope with this problem, I de-
veloped a passive skid that facilitates the landing of multicopters on a rough terrain or
uneven ground. However, most of the previous studies have focused on electrical skids.
Therefore, based on the robot arm attached multicopter, the idea of substituting an un-
deractuated skid with an electrical skid for landing on a rough terrain is performed. The
combined structure of the robot arm and underactuated skid can maximize the function-
ality of the multicopter. While the multicopter retains its catching or grasping function
through the robot arm, it can also achieve smooth landing on uneven ground.

As the initial step, the mechanical structure of the underactuated skid was proposed,
and the entire device can be considered a three-legged mechanism consisting of a passive
joint and two feet. Then the non-tilting condition of the entire device was analyzed, and
a judgment method was proposed to determine the possibility of landing on a rough ter-
rain. To simplify the complex environment, I simulated a rough terrain with slopes with
different inclination angles. By analyzing the positional relationship between the contact
point and the inclined plane, and the contact points and the center of gravity, the possibil-
ity of landing the multicopter on different inclined planes can be concluded. According
to the analysis and conclusion, the judgment regarding whether smooth landing can be

successfully achieved is also feasible.

1.1 Background

1.1.1 Concept of perching and landing

Perching, for its meaning in the Cambridge English Dictionary [88], implies that
to be in a high position or in a position near the edge of something, or to put something
in this position; and Landing, used to describe the motion that arriving on the ground or
other surface after moving down through the air [89]. Compared with perching, landing
seems to have a wider range of applications, because no multicopters can stay in the sky

without landing after all, no matter the landing site is on ground or on water. However,
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Figure 1.1: Concept of perching and landing.

this does not mean that perching is less important than landing. We can take birds as
an example. Most of the time, birds prefer to perch on objects with a certain height,
such as branches, telegraph poles or chimneys. In addition to foraging, birds rarely land
on the ground. This is not only because there are more predators on the ground, but
also because the field of vision is wider and safer for birds. Although in human society,
multicopters are different from birds and do not have to worry about predators on the
ground, there is no doubt that the field of vision in high places is wider than the ground.
This advantage is the fundamental reason for the existence of perching, and it is also the
significance of our research on perching for multicopters. On the other hand, as mentioned
above, landing as an essential behavior for multicopters, plays an important role when
multicopters conducting tasks. However, most of the previous studies concentrated on
plane landing and we think that it may case some limitations. Thus, in our research, the

new device is proposed to make the multicopter land on a rough terrain.
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1.1.2 Device for a multicopter capable of perching

Recently, there has been an increase in the use of multicopters for rescue and
transportation[90], and environmental monitoring [91, 92], and for express home deliv-
ery, whereby a robot arm is attached to the multicopter[93]. Express delivery using a
multicopter, in response to people’s consumption requirements, has several advantages
[94, 95]. Therefore, many researchers have focused on the evaluation of multicopter ap-
plication field [96, 97], and additionally, studies need to be conducted on multicopters
equipped with a mechanism for catching, and more importantly, perching.

The word perching was originally used to describe bird landing behavior. Extended
to multicopter behavior, the term indicates a process in which the multicopter flies to land
or sit on targets, such as pipes, sticks, or branches. However, the multicopter requires a
certain mechanical device to execute the maneuver for perching on targets. The design
of the device depends on the shape and properties of the target. For example, for the
multicopter to perch on a branch or cylindrical target, the gripper must be designed with
birdlike talons; to perch on horizontal and vertical platforms, the gripper must be designed
so that it can grasp the target firmly, without sliding down. In general, studies on perching
can be divided into two categories: those on the control of perching and those on the me-
chanical structure of perching. In a previous study on perching control, researchers from
New Mexico State University and Shanghai University developed bio-inspired trajectory
generation for unmanned aerial vehicle (UAV) perching based on the tau theory[98, 99].
A number of other researchers have focused on the mechanical structures of perching.
These mechanical structures include grippers[100, 101, 102, 103], robot hands[104, 105],
landing legs[106, 107], and other advanced mechanisms [108, 109, 110, 111] for grasping
and perching. For example, researchers at the University of Twente and Aalborg Univer-
sity developed a mechanism that facilitates the reliable perching of UAVs on smooth
vertical surfaces using a lightweight passive vacuum-cup technology and the absorption
of aerial impacts[112].

However, the aforementioned mechanical structures for perching are actuated be-

cause they carry power supply devices. This increases the mass of the entire aerial sys-
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Figure 1.2: Multicopter with simple underactuated device can perch on veranda
easily for delivery, security monitoring, etc.

tem, which may result in an overload of the multicopter when flying or perching. Thus,
studies on perching via passive mechanisms have been conducted to solve this problem.
Researchers at the University of Utah developed an avian-inspired passive mechanism
for quadrotor perching[113, 114]. In this study, the proposed passive mechanism is ca-
pable of perching on a pipe-like object. Although this avian-inspired device can perch
on a cylindrical object, it is composed of numerous complex mechanical structures. For
the purpose of delivery or security monitoring, the target of perching often involves a
man-made object, such as a planar structure, which only needs a simpler mechanism.
Therefore, to achieve this purpose, we proposed an underactuated device with a simpler
mechanical structure, which is shown in Figure 1.

We successfully developed this underactuated parallel-link gripper in an earlier
study[115]; however, there was an insufficient discussion on perching. For example, to
simplify the calculation, we assumed that the contact point of the upper side of the gripper

was at the innermost position. However, in the real world, we must consider cases where
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the contact point of the gripper is at an arbitrary position, which is one of the focus areas

of this study.

1.1.3 Device for multicopter capable of rough terrain landing

Owing to the outstanding advantages such as light weight and low cost, multicopters
are now utilized frequently in fields. Although people are enjoying the innumerable con-
veniences that multicopters provide, more researchers are beginning to realize the im-
portance of landing condition to the multicopter. Suitable landing conditions can be im-
portant, especially in several fields, such as inspection and express delivery, otherwise the
multicopter may crash, and cause mission failure. As an essential part of landing, the con-
dition of the landing site is also critical, among other factors. Generally, for multicopters,
a flat ground is the best condition for landing when conducting missions. However, land-
ing on flat ground is only in ideal situations. In an environment where severe disasters,
such as earthquakes, mudslides, or tsunamis have occurred, the terrain becomes irregular,
and even contains numerous obstacles such as rocks or broken debris. In these cases, a

multicopter that can land on uneven ground or rough terrain is required.

Generally, research on uneven ground mobile robots, including multicopters, can be
divided into three categories: research on control system, research on obstacle avoidance,
and research on mechanism design for perching or landing on uneven ground. To control
robots moving on uneven ground, researchers from Easwari Engineering College moni-
tored the landing mechanism of the multicopter, by using gyroscope and accelerometer[116],
and researchers from The University of Tokyo proposed a vision-based autonomous land-
ing system for a fixed wing multicopter[117]. In contrast, lots of researchers have fo-
cused on the development of a control system for multicopters, to achieve a better result,
not solely for landing, but also for action synchronization of the mechanism[118, 119,
120, 121]. For uneven ground or rough terrains, a number of researchers have focused on
obstacle avoidance mechanism, such as stair-climbing robots[122, 123, 124, 125, 126],
wall-climbing devices[127], and even mobile robots with semicircular wheels[128]. Con-

sidering that solely moving on uneven ground is inadequate, more researchers are begin-
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Actuated skid
(Eletrical)

Actuated arm
(Precondition)

Underactuated
i ski
(b) (Elesclgr?cal) () (Mechanical)

Figure 1.3: (a).Normal multicopters utilize electrical skid for landing or perching;
(b). Although, when a multicopter carried with an electrical arm and skid can
achieve both catching (or grasping) and landing, it consumes much more energy,
and loading batteries also increases the weight of the entire device; (¢). Based on
the arm-attached multicopter, the idea of substituting an underactuated skid with
an electrical skid for landing on rough terrain is performed.

ning to focus on the mechanical structure that can make the unmanned aerial vehicle
(UAV) land steady.

Landing refers to a series of processes from the moving state of the flying object
in the air, to contact with the ground, and then to the static state, rather than constant
motion. Thus, studies on the development of the mechanism for landing or perching may
have greater reference significance. Previously, [ developed a parallel-link-passive gripper
for multicopters perching on plane-like targets by its own gravity, and researchers from
University of Utah developed an avian-inspired passive mechanism for quadrotor perch-
ing. However, for some special occasions such as events succeeding a natural disaster, a
multicopter is unable to find a plane or pipe-like object for perching or landing. Thus, the

research on enabling multicopters to land on uneven ground or rough terrain is consid-
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ered. A few researchers developed novel multicopters which can land on water[129] or
even asteroid ground[130].

However, the aforementioned devices for landing utilize electrical power. These
actuated landing devices need to be carried with power supply devices, such as power
source or several batteries, and this increases the mass of the entire system, which may
result in the multicopter overload. As illustrated in Figure 1(a), most of the previous
researches regard landing as its only achievable function, which may limit the diversity
of multicopter functions. Therefore, to make the multicopter not only land smoothly on a
rough terrain, but also realize functions such as grasping, we proposed the device which
is illustrated in Figure 1.3(c)[131]. In previous studies[131], although the structure of the
landing device was proposed, for the proposed skid, we did not indicate how to determine
whether it can land on a rough terrain or not. Therefore, in this study, we describe the
judgment method of its landing possibility. In addition, considering the posture of the

arm, the range of the uneven ground which can be landed is presented.

1.2 Outline of thesis

This thesis is organized as 5 chapters including this introduction chapter.

In Chapter 2, the development of an underactuated parallel-link gripper for multi-
copter plane perching is described. Besides, the conditions and range of available perch-
ing is summarized by both theoretical analysis and experiment.

In Chpater 3, the development of a passive skid for multicopter landing on rough
terrain is introduced. Not only the landing process of the proposed device is explained,
but also, the analysis of the static model is described, and the theory is verified by several
experiments.

Chapter 4 described the expanded research based on Chapter 3 and proposed the
analysis of the multicopter carrying with passive skid for rough terrain landing. In this
chapter, the influence of different postures of robot arm on the possibility of multicopter
rough terrain landing, is concentrated. By simulating rough terrain with slopes with dif-

ferent inclination angles, the correctness of the theory and analysis is demonstrated.
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Chapter 5 is the final chapter, and it concludes the contribution of my study, and the

future work is also described in Chapter 5.



Chapter 2

Development of an underactuated parallel-link

gripper for multicopter plane perching

The need for a perching robot is increasing in the field of rescue and transportation, and
the research on perching an object by attaching a robot arm to the perching robot has been
conducted. However, almost all the studies related to perching have been conducted using
an actuated or electric device. However, perching by using an electric device has several
disadvantages such as additional power consumption and an increase in the mass of the
multicopter used to load an electric source. Instead of using an electric device, perching
by using an underactuated gripper can effectively avoid these disadvantages. and this idea
inspired us to develop an underactuated passive gripper, which has the advantage of not
consuming electric power for perching.

In this chapter, we proposed a underactuated passive gripper for plane perching.
However, only mechanism development is not enough: a method to confirm the available
range for stable perching is one of the problems of using an underactuated passive gripper.
Therefore, in this chapter, we also analyze a multicopter carried with an underactuated
parallel link passive gripper for available plane perching. To enable perching on planes
having different thicknesses and that are embedded at different depths, we summarize the
available perching range and limitations based on friction cone theory. Our conclusion is

supported by both theoretical and experimental results.

11
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2.1 Underactuated parallel-link gripper prototype

(multicopter included)

In this section, the prototype, especially the mechanism and structure for each part
of the proposed perching device is described. The following is a description of the cen-

tering device mass, including the mechanism integration of parts and structure.

1Ly

) Link 4

Figure 2.1: Multicopter carried with the proposed device successful perches on sev-
eral objects: (a) handrail. (b) chair. (c) desk. (d) ladder. (e) a book held by a person.
(f) is the prototype of the proposed device.

A prototype of the proposed perching device is shown in Figure 2.1. The entire de-
vice comprises two parts, a multicopter body and a perching gripper. For the multicopter
body, we chose the DJI FlameWheel 550 type [132] as the carrier of our perching device.
This type of multicopter has a diagonal wheelbase that is approximately 550 mm. It is
a multi-rotor UAV that can achieve hovering, cruising, rolling, and other flight elements.
Thus we were able to perform the perching experiment using this type of multicopter. The
frame weighed 478 g; the takeoft weight was approximately 1200-2400 g, which we sub-

sequently utilized in calculating the COG of the entire device. A 3S LiPo battery was used
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as the power source for the multicopter when hovering. Based on previous experimental
findings, the hovering time for the DJI FlameWheel 550 with a full 3S LiPo battery can

be maintained for approximately 10-12 min.

2.2 Motion of perching on plane

Perching system can be divided into four parts, as shown in the left of Figure 2.2.
Link 1 is the assembling bar that connects the body of the multicopter and other parts of
the gripper. Link 2, which is in the middle, is called the connecting bar, and its function
is to connect the gripper and assembling bar. Link 3 is the gripper, and it plays a role
in grasping the upper side of the table. Link 4, which is the part beneath the table, is
called the underside link bar, and it contacts the table and provides the grasping force for
perching. Link 1 to 4 are composed of parallel devices, and as shown in the left of Figure
2.2, the distance between each joint was assumed to be /i, L, /3 and l;. Then, we can
obtain the relationships /;=/5 and l,=I4.

Figures 2.2(a), (b), and (c) describe the process of the perching motion, which con-
sists of three stages. The first stage, shown in Figure 2.2(a), has to do with when the
multicopter is approaching. When it is set to land on the target and maintain a horizontal
posture to perch on the target smoothly. Then, in the second stage of perching, the un-
derside of Link 3 contacts the upper side of the target surface, as shown in Figure 2.2(b).
At the same time, the motors of the multicopter stop running and the entire device will
decline because of its own gravity, and the front side of Link 4 rise until it touches the
underside of the target. In the entire process, the body of the multicopter is maintained
in a horizontal state, parallel the target surface, so that the entire device will not be tilted

and maintain its balance. (Figure 2.2(c)).

2.3 Available condition for stable perching

In a previous study we performed a preliminary analysis on a specific situation. In
this case, the object to be perched on was a table with a constant thickness. In addition,

for case of analysis and calculation, we assumed that the contact point P¢ was in the in-
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Muhkoé&*\\\
body
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body

Figure 2.2: Perching process of the underactuated parallel-link-passive gripper.

nermost part of the gripper shown in Figure 2.3. This could be considered a very special
case. However, in reality, it is necessary to extend the generalizability of the model by
varying the condition. Thus, the main objective of this study is the analysis of perch-
ing success on a plane of varying thicknesses, embedded at an arbitrary depth (arbitrary

contact point Pg).
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Multicopter

Figure 2.3: Static model of the gripper device.

2.3.1 Anatomy of the static model

In the entire system, as depicted in Figure 2.3, there are four parts and six positions
in the static model of this device. Here, we assume that the gripper comes in contact with
the target at points 5 and 6, which are indicated by Ps and Pg, respectively, as shown
in Figure 2.3. Based on this assumption, a component analysis can be performed on the
entire device. We assume that P;(i = 1,2, ...,6) and F;(i = 1, 2, ..., 6) are the position and
force vectors, respectively.

We define F; = [F;,, F;)]", P; = [P;,, P;]" and S(P;) = [-P;,, P;,] Subsequently,
the torque 7; can be defined as follows:

7; = Picfiy — Piyfix = [—Piy, P,-x] i = S(P)F;. (2.1)

iy
Furthermore, we define F (i = 1,2,3,4) as the gravitational force of Link 1, and

P, (i =1,2,3,4) as the position of the gravitational force of Link 1. Similar to Equation
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(2.1), the torque 7, can be defined as:

T = S(PLi)FL,w (22)

As mentioned above, the entire device can be divided into four parts. It is important
to note that six forces are active during perching. F; to F, denote the forces at the joints
and F5 to F¢ denote the forces at the contact points. Each part of the device during the

perching process is analyzed individually .

Fi+F,+F;, =0 2.3)
T1+7+71, =0 2.4)
-F,+F;+F;,=0 (2.5)
~T1+713+7, =0 (2.6)
~F3+Fy+Fe+F;, =0 2.7)
T3+ T4+ 76+ 7, =0 (2.8)
-F,-Fy+Fs+F;, =0 (2.9)
—Ty— T4+ 715 +7, =0 (2.10)

Here, we can combine Equations (2.1)-(2.10) into the formula Ax = b, where A € R!2*12,

x € R'2 and b € R'?. Specifically,

I 1 0o o0 0 o0
SP)SP) 0 0 0 0
-1 0 I 0 0 0
Ao|SPO 0 s o000 )
0 o -1 I 0 I
0 0 —S(P3)S(Ps) 0 S(Pe)
0 -1 o0 -I I 0
0 -S(P;) 0 —-S(Py)S(Ps) 0 |

(2.11)
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T
x = [F{,Fg,Fg,Fg,pg,pg] (2.12)

T
b == [FL1T7 TL|7FL2T’ TLzaFL:;T’ TL35 FL4T7TL4] ’ (2'13)
Therefore, the force x can be obtained using the following equation:

x=A"'b. (2.14)

2.3.2 Target thickness classification discussion

a

— o)

(®
L, 1 B

o (® Lever

(a)

Figure 2.4: Definition of L, a, and b.

As shown in Figure 2.4, we assume that the ordinate distance between the lower
surface of the gripper and P; as a and the ordinates distant between the upper surface of
gripper and P4 is b. Then, when the lower surface of Link 3 and the upper surface of
Link 4 are parallel, we assume that the target thickness L is L,, which can be obtained as

follows:
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L() = l] —a-b. (215)

(b)

Figure 2.5: Situation analysis of L < L.

As can be observed from Figure 2.5 and Figure 2.6, that in the cases of L < L, and
L > L, the representations of the position vector Ps are different. Thus, it is necessary to
classify both situations separately. Specifically, during the analysis of the perching state,
we assume that the gripper of Link 3 maintains a fixed position, and set P, as the origin.

Then, we can obtain the vector coordinates as follows:

pP; = = . (2.16)
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Figure 2.6: Situation analysis of L > L.

P, = = 1. (2.17)

The position vector Ps is at the farthest end of Link 4. As shown in Figure 2.5 and
Figure 2.6, ¢s is the angle between the lever and the line P,Ps, which can be expressed

as a two-variable formula:

¢s = Atan2(Ps, Ps,). (2.18)

Then, as shown in Figure 2.5 and Figure 2.6, we assume that ¢ is the angle between

the line P, P, and the line P,Ps, which can be obtained as follows:
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¢o = sin”' (). (2.19)

We assume that ¢, is the angle between the lever and the central axis of Link 4,

which can be obtained as follows:

¢4 = (¢5 + ¢o) — 180°. (2.20)

Thus, the position vectors of P, and P, can be obtained as follows:

Poy| |lacos gy
P, = = . 2.21)

sz l4 sin (]54

Pl = = + . (222)

(a) When thickness L < L,

A situation analysis of the target thickness L < L is shown in Figure 2.5. In
the range of 0 < L < Ly, an increase in the thickness L will cause the changing of each
position vector. We define the distance between P, and Ps as [;. Then, Ps can be obtained

as follows:

Psy| |—=lscos¢s
Ps = = (2.23)

Ps,| |h—a-L
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Multicopter
body

S %

3 .
(a) COG of Linkl (b) COG of Link2

7]
P72
m

(¢) COG of Link3 (d) COG of Link4

Figure 2.7: Schematic diagram of center of gravity (COG) of Link 1, Link2, Link3
and Link4.

(b).When thickness L > L

As shown in Figure 2.6, in the cases where L > L the contact point Ps is no longer
the leftmost point; thus, not only the thickness L but the embedded depth x will also have
an influence on the coordinates of other position vectors. Here, we assume that c is the
horizontal distance between P; and the tip of the upper side of Link 3. The coordinates

of the position vector Ps can be obtained as follows:

Ps = = . (2.24)
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2.3.3 Determination of the COG of each link
The center of gravity (COG) of each link is presented Figure 2.7. As shown in

Figure 2.7(a), Link 1 is based on P;; it is offset by two parameters, namely s and ¢, in
horizontal and vertical directions, respectively. Thus, the COG of Link 1 can be obtained

as follows:

Ple sz + S
= = . (2.25)

PLly P2y+t

P,

1

Figure 2.7(b) shows that Link 2 rotates based on P3, and because of it can be de-
duced that its COG is in the middle of the line P; P5, and the distance between the COG

and P; is assumed to be /,,. Then, the COG of Link 2 can be obtained as follows:

PL2.X P3x + lo2 COS ¢4
= = . (2.26)

PLzy P3y + l02 sin ¢4

P,

Figure 2.7(c) shows that Link 3 is based on P; and is offset by two parameter,
namely m and n, in the horizontal and vertical directions, respectively. Thus, its COG can

be obtained as follows:

PL3x Pg,x +m
= = ) 2.27)

PL3y P3y+n

Py

3

As can be observed from Figure 2.7(d), similar to Link 2, Link 4 is rotated based
on P, and the COG is considered to be on the central axis of Link 4. We assume that the
distance between the COG of Link 4 and P4 is [,4; the COG of Link 4 can be obtained as

follows:
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B Pl4x B P4x + l04 COs ¢4 (2.28)

le P4y + lo4 sin ¢4

P,

Specifically, the COG of the entire device is calculated by obtaining the COG of

each part:
4 -
iy MiPLyy
4
Pix Z1:1 mi
P, = ol . (2.29)
Py, ZiZl miPLl'y
4
Zi:l m;

2.3.4 Classification discussion of the location of the COG

In the previous subsection, we discussed the effect of the target factor on the perch-
ing state. Here, we will conduct a classification discussion on the impact of the location
of the COG on the perching situation. As shown in Figure 2.8, when the COG of the
entire device changes, the location of Pg is changed. Thus, when analyzing the impact
of the COG, the difference in the horizontal position is key, and the position where the
arm is implemented depends on the parameter s. Compared with the other parameters, s
is the most significant. Therefore, we assume that s is a variable, where as  is constant.

Consequently, the change in s would change the COG of the entire device P,,.

(a) COG is to the right of the rightmost border.

As shown in Figure 2.8(a), with the change in the variable s, the COG of the entire
device is to the right of the rightmost border, and we assume that the contact point of the
target and lower surface of Link 3 and Pg is located at the edge of the target. Therefore,

in this case, the vector of P can be obtained as follows:
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Rightmost Border
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Figure 2.8: Factor of the Position of the COG.

P = _ , (2.30)
P6y ll —da

(b) COG is between two sides of the border

As shown in Figure 2.8(b), when the COG of the whole device is between both
sides of the border, we assume that the contact point of the target and the lower surface of
Link 3 and P¢ has the same horizontal coordinate. Therefore, in this case, the vector of

Pg can be obtained as follows:
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P6x Pallx
P = _ _ 2.31)

P6y l] —da

(¢) COG is to the left of the leftmost border

As shown in Figure 2.8(c), when the COG of the entire device is to the left of the
leftmost border, we assume that the contact point of the target and the lower surface of
Link 3 and P is at the edge of the gripper. Therefore, in this case, the vector of Pg can

be obtained as follows:

P = = . (2.32)
P6y ll —da

2.3.5 Categorize and integrate various situations
In the previous section, we separately analyzed the different factors that influence
perching. However, in reality, several of these factors can occur simultaneously. In this

case, we need to classify and integrate various situations as shown in Figure 2.9.

(Casel) L < Lj, and COG is to the right of the rightmost border
As shown in Figure 2.9(a), for the situation that when target thickness L < L, and
the COG of the whole device is to the right of the Rightmost border, we define that this

case as Casel.

(Case2) L > Ly, and COG is to the right of the rightmost border
As shown in Figure 2.9(b), for the situation that when target thickness larger than
Ly and the COG of the whole device is also to the right of the Rightmost border, we define

that this case as Case2.
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(Case3) L < Ly, and COG between the two sides of the border

As shown in Figure 2.9(c), for the situation that when target thickness L < L, and

the COG of the whole device is between the two sides of the border, we define that this

case as Case3.

Rightmost
Leftmost Border
Border Pallx
P.e

X

(a) Casel

Leftmost E;allx Rightmost
Border Border

(c) Case3

Leftmost :
Rightmost
Border Border

el allx

X

Ps

(e) Case5

Rightmost

Leftmost Border
Border Panx

P6e
==

(b) Case2

Pallx
()

Right
Leftmost %Oﬂgy
Border

(d) Case4

Leftmost Rightmost
Border Border

[4,) Pallx
— P3
X

P6 C |

(f) Case6

Figure 2.9: Categorize and integrate various situations.
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(Cased) L > Ly, and COG between the two sides of the border
As shown in Figure 2.9(d), for the situation that when target thickness larger than
Lo and the COG of the whole device is between the two sides of the border, we define that

this case as Case4.

(CaseS) L < Ly, and COG is to the left of the leftmost border
As shown in Figure 2.9(e), for the situation that when target thickness L < L, and
the COG of the whole device is to the left of the Leftmost border, we define that this case

as CaseS

(Case6) L > Ly, and COG is to the left of the leftmost border
As shown in Figure 2.9(f), for the situation that when target thickness larger than
Ly and the COG of the whole device is to the left of the Leftmost border, we define that

this case as Case6

All the situations are analyzed and the properties of items are established. Subse-
quently, the forces required for perching in a certain condition can be determined using

Eq.(14). Based on these forces, the perching state can be assessed.

2.4 Perching state judgment
In Section 2.3, we analyzed of each situation related to perching. In this section, the

process of judging the perching state is described; we conclude that there is an optimal

range for available perching in different situations.

2.4.1 The friction cone theory
As shown in Figure 2.10(a), the gripper finger contacts the target table at Point P,
the starting point of the force. Then, we decompose the force in the horizontal and vertical

directions. We assume that the horizontal component is F and the vertical component is
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P Plane

P Plane

(b)

Figure 2.10: Concept of the friction cone.

the normal vector N. We assume that the coefficient of friction is yu,; thus, the maximum
static friction force can be u,N or —u,N. When F is equal to u,N, we assume that the
end point of the force is Point Q. When F is equal to —u,N, we consider the end point of
the force as Point P. Then we obtain two lines, PQ and PR. Here, the angle between the
normal vector and PQ can be obtained as tan~! u;. (The angle between the normal vector
and PR is tan~!(—u,). We define the area inside the line PQ and PR as the “friction cone”.

However, if the end point of the force (Point R or Q) is inside the friction cone, the
value of F will be smaller than the maximum static friction force. Otherwise, the value

of F will be larger than the maximum static friction force. Therefore, if we describe the
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force, starting from P as a vector, and the end point of the vector is inside the friction
cone, the gripper finger will be able to grasp the target. However, if the end point of the
vector is outside the friction cone, the gripper finger will be unable to grasp the target and

the perching state cannot be maintained.

2.4.2 Judgment based on friction cone theory

As shown in Figure 2.10(b), if there is an external force F, and it forms an angle 6,
with the normal vector N, the necessary condition achieve grasping is that 6, is smaller
than tan~!(—p). Specifically, in our study, we assume that the angle between the grasping
force and normal vector, which starts at Ps, is 05, and the frictional coefficient is assumed
to be 6,5. Similarly, we assume that the angle between the grasping force and normal
vector, which starts at Pg, is 6s, and the frictional coefficient here is assumed as 6.
According to the friction cone theory, if the condition of the angle 65 < 6,5 and 65 < 6,6
can be satisfied, the perching state can be achieved. The friction cone angles 6,5 and 6,6

can be determined through experiments. For angles 05 and ¢, we have:

Fs - n = |Fs||n|cos6s. (2.33)

F¢ - n = |Fg||n|cos 6. (2.34)

Where n is the normal vector and |n| = 1.

Therefore, we can reduce the following:

F- -
s = cos™ ! (—=—). (2.35)
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F6 ‘n
05 = cos™ (———). (2.36
° |Fs||n] )

Table 2.1: Properties of components of the entire system.

Mass [kg] my 1.738
mpo 0.022
mp; 0.025
My4 0.025
Length [mm)] [ 50.000
I, 120.000
[ 61.200
Iy 60.000
Los 21.000
a 7.500
b 10.800
c 100.000
s -160.000
t 96.000
Static Position Vector | P;  (0.000,50.000)"
P, (0.000,0.000)"
P, (-2.000,49.000)"

Thus, we can determine whether perching space is available by comparing the re-
lationship between 65 and 6,5, and s and 6,6. The simulation result is derived using the
parameters in Table 2.1. For different s values with an arbitrary target thickness L and
embedded depth x, the range of the available perching space is summarized as shown
in Figure 2.11. In this figure, it is difficult to show all cases of s with different values.

Therefore, we list the cases of s in the range of -60 mm to -220 mm, with an interval of

20 mm.



2.4 PERCHING STATE JUDGMENT 31
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Figure 2.11: Theoretical value conclusion when value of s varies.

2.4.3 Necessary contact condition for perching

Although the contact points Ps and Pg are calculated in previous section, the achieve-
ment of actual contact conditions still need to be considered. As shown in Figure 2.12(a),
if the embedded depth x is large enough, it is possible to make the entire device perch
successfully. However, as shown in Figure 2.12(b), when the embedded depth x is too
small, that is, if the edge of the object is to the left of the trajectory of farthest point of

Link 3, it will fail to make the perching achieve. Therefore, it is necessary to analysis the
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relationship between the embedded depth x and the trajectory of farthest point of Link 3.

The trajectory of
the farthest point of Link 3

(a) (b)

Figure 2.12: Necessary contact condition for perching.

According to equation.(2.23), we obtained the coordinates of all the boundary points

of Ps, , and summarized the minimum embedded depths in Table 2.2.

Table 2.2: Necessary contact condition for perching.

L (mm) | Outmost coordinate of Ps, (mm) | Minimum embedded depth (mm)
5.0 -50.0 50.0
10.0 -52.0 48.0
15.0 -55.0 45.0
20.0 -54.0 46.0
25.0 -57.0 43.0
30.0 -59.0 41.0
35.0 -62.0 38.0
40.0 -62.0 38.0
45.0 -62.0 38.0
50.0 -63.0 37.0
55.0 -60.0 40.0
60.0 -58.0 42.0
65.0 -53.0 47.0
70.0 -44.0 56.0
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2.5 Experiment

In this section, we describe an experiment on perching. In the experiment, we
evaluated the possibility of perching when the gripper device was aimed at the target
planes with varying thicknesses. According to the experiment, the actual plane perching
conditions were clearly executed, and the process of comparing the experimental and

theoretical data is presented in this section.

2.5.1 Friction coefficient measuring experiment.

Slope =10° Slope = 20° Slope = 30°
No sliding No sliding No sliding

Slope = 40° Slope = 45°
No sliding Instant of sliding

Figure 2.13: The measurement of the friction coefficient.
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As shown in Figure 2.13, the measuring experiment of the friction coefficient is
given. To judge whether or not that 5 and 6 are smaller than 6,5 and 6,6 respectively,
it is necessary to conduct the friction coefficient measuring experiment first. Since the
methods for measuring 6,5 and 6, are the same, here we only take the measuring of 6,5
as an example to illustrate the experiment.

A wooden board, which surface roughness is basically the same as the perching
target is prepared. We also prepared a block with the same material as the proposed
gripper as the experimental object. (Since the part of the contact point Ps, is wrapped
with anti-slid, here we also put the anti-slid between the wooden board and the block.)
We place the block and the anti-slid in the middle of the board, and then lift one side of
the board slowly. At the beginning, the block did not slide due to the elevation of the
board. However, when we lift one side of the wooden board to approximately 45° to the
ground, it sided at the moment. Then we recorded this angle as the friction coefficient.

After that, in the same way, we measured 6, s 40°.

2.5.2 Perching experiment

Table 2.3: Perching experimental result.

L (mm) | Min x (mm) | Max x (mm)
5.0 50.0 70.0
10.0 48.0 70.0
15.0 45.0 70.0
20.0 46.0 70.0
25.0 43.0 70.0
30.0 41.0 70.0
35.0 38.0 70.0
40.0 38.0 70.0
45.0 38.0 70.0
50.0 37.0 70.0
55.0 40.0 70.0
60.0 42.0 70.0
65.0 47.0 70.0
70.0 56.0 70.0
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In the experiment, we selected boards with thicknesses ranging from 5 mm to 70
mm. Table 2.3 shows the correspondence between different cases with different plane
thicknesses and different embedded depths in the perching experiment. By comparing the
theoretical and experimental values shown in Figure 2.14, the area in the shadow(50%
transparency) indicates the experimental result. We can see that the common areas of
the theoretical value and experimental value account for a considerable proportion. The
comparison in Figure 2.14 demonstrates the accuracy of the analysis performed in the

previous sections.

=-160 mm

510 20 30 40 50 60 70 80
L(mm)

Case 1 III Case 2

// Case3 [xxX Case4

AVALVALY,

Case 5 ;BE Case 6

Experimental result
(50% Transparency)

Figure 2.14: Comparison of theoretical value and experimental value.
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2.5.3 Takeoff-perching experiment

To verify the perching motion shown in Figure 2.2, we prepared a table as the
perching target, and then the takeoff-perching experiment is conducted.In the takeoff-
perching experiment, the multicopter was able to release from the table and keep hovering
for several seconds. Then finally multicopter perch on the table again and end the release
- perching again experiment. The whole experiment kept about 27 second from beginning
to ending.

We can see that the process of Takeoff-perching experiment can be divided into 3

steps:

Take off

Figure 2.15: The experiment process of takingoff.

(1) Takeoff/Release In this process, multicopter’s motor active and leave the target

table gradually.

Hovering

Figure 2.16: The experiment process of hovering.
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(2) Hovering. After taking off from target table, multicopter start the process of

hovering. In this step, multicopter keeps adjusting altitude and angle in order to get into

next step.

Perching|

Figure 2.17: The experiment process of perching.

(3)Perching (again). In this process, multicopter should has well-adjusted its alti-
tude, angle and position. Then it approaches the target table, land and perch on it eventu-
ally.

The purpose of this experiment is to show that my research of development of
parallel-link-passive-gripper can not only achieve the mission of taking off and perch-

ing on table, but also can achieve release from the target and landing or perching again.

2.6 Concluding Remark

In this study, a multicopter carrying with a parallel-link passive gripper for available
plane perching was analyzed. The judgment basis and principles were also described. The
ideal condition for effective multicopter plane perching was demonstrated by comparing
the theoretical and experimental results. The results indicate that there is an optimal range
for possible perching for targets with varying plane thicknesses and embedded depths.
However, some weaknesses and improvements also need to be considered. For example,
so far, we have been unable to determine the restriction and optimal length for our gripper.

Therefore, we intend to investigate this aspect in the future.
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Although the current study focused on perching on a plane-like target, non-horizontal
targets, such as slopes or pipe-like objects, should also be considered as the target for

perching. This will increase the possibility of perching in a complex environment.



Chapter 3

Development of a passive skid for multicopter

landing on rough terrain

Landing is an essential part of multicopter task operations. A multicopter has relatively
stringent requirements for landing, particularly for achieving flatness. Currently, landing
on rough terrain with normal skids is difficult. Therefore, research is being conducted
to obtain skids capable of landing on rough terrain. In this chapter, a passive skid for
multicopter landing on rough terrain is proposed. The proposed device is based on an
existing previous study of the multicopter carried with a electric robo-arm only for object
manipulation. This innovative idea stems from the aim of giving the multicopter carried
with a electric robo-arm the ability to land on various occasions and then the passive skid
is designed. By using a slope to simulate a rough terrain, the range of available landing in
which a multicopter can maintain its pose and the frictional torque of the passive joint are
analyzed. Further, experiments are conducted to demonstrate that landing can be achieved

using the skid proposed in our study.

3.1 Skid structure and basic landing device

Figure 3.1 presents the structural diagram of the entire device. The proposed skid
consists of two feet with one passive joint. In this proposed device, the arm needs only
one degree of freedom (DoF) to move vertically; therefore, for the other parts (except
the arm) of the skid, it is not necessary to utilize any other actuator while still achieving

its operation. This is an important feature of the device, and the proposed skid struc-

39
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drone

arm

5 passive joint A

e

proposed mechanism

Figure 3.1: Structure of the skid.

ture achieves the earlier mentioned objectives of not increasing the weight of the device
maximally.

The landing process of the proposed-skid-driven multicopter on a rough terrain is
depicted in Figure 3.2 and Figure 3.3. In Figure 3.2(a), (b), and (c), the view is from
direction A, which is shown in Figure 3.1. Figure 3(b) details the process when landing.
When descending, one side of the foot contacts the ground initially, and with the multi-
copter in a horizontal state, the passive joint rotates. Finally, the other side of the foot
descends and then lands on the lower-level ground, as presented in Figure 3.2(c).

In Figures 3.3(a) and (b), the view is from direction B, and they display the scenario
after the two feet have landed. As shown in Figure 3.3(b), using the degree of freedom of
the arm, its front-end can be grounded while keeping the multicopter horizontal.

In summary, the skid-driven multicopter can land on a rough terrain and maintain
its horizontal attitude during the entire process with a three-point (two feet and one arm)

contact with the ground surface. In the entire process, we assume that there is no sliding
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ground

(@) (b) (€)

Figure 3.2: Proposed skid landing flow as seen from direction A.

drone
skid

ground

(a) (b)

Figure 3.3: Arm and landing flow as seen from direction B.

at the contact points when the arm and feet land on the terrain and the lengths between
contact points and multicopter remain unchanged. Thus, we can consider that if the skid-
driven multicopter maintains its horizontal state when landing, it can remain in that pose

after landing.

3.2 Range of slopes for available landing

In this section, we presents an analysis of the range of slopes for the available land-
ing of the skid-driven multicopter. As displayed in Figure 3.4, we assume that the contact
points at which the arm and the skid contact a slope are P, P,; andP,,. Furthermore, if

the center of gravity (COG) of the entire device can be inside the triangle consisting of
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PP, P,,, the skid-driven multicopter can remain balanced and not fall.

Figure 3.5 is an analytical graph of Figure 3.4 as viewed from direction A. In this
case, we analyze from the y — z plane composed of y and z axes and assume that the
plane on which the slope is located is plane 3. Then if we define that the inclination angle

and the normal vector of plane 3 are @ and n = [a b c], respectively, we can obtain the

followings:
0
@ =tan”! —. 3.1)
Ay
ax+by+cz=d. (3.2)

From Equation (3.1) and (3.2), we can express inclination angle a as

arm
passive joint
skid

Figure 3.4: Proposed skid structure.
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plane 2

Az plane 1

Figure 3.5: Inclination « of plane 3 viewed from direction A.

a=—tan 2. (3.3)

c
Here we define that angle ZHOP,, between OH and OP,, as ¢ (O is the origin of
the skid axis and H is the intersection of O and normal vector of plane 3). The location
of COG of the entire system changes with @, and the limiting case for maintaining the
balance is that COG is on OP,; and OP,,. Therefore we can obtain the range of inclination

angle a as

-p<a<dg. (3.4)

Here, we define that the intersection of plane 3 and the perpendicular of COG as P,

and the length between the origin and P, as h,. Then P,;, P,,, and P, can be obtained as
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o [cos(3m+ a + ¢) 35)
’ lsin(%ﬂ +a+¢)
- lcos(%zr+a—¢) (3.6)
© usinGr+ - ¢)
0
Pr:Pr2+t(Prl_Pr2):[ ] (37)

where 7 is an arbitrary constant.
Then we can obtain ¢ by substituting P,; and P,, in Equation (3.7) by Equations
(3.5) and (3.6) as

_ sin(¢ — @)

= —. 3.8
2 cos asing (3:8)

Thus, length £, can be obtained by substituting constant ¢ in Equation (3.7) as

h, = lcos(a — ¢) — [tan a sin(¢p — @). 3.9

Figure 3.6 presents the analytical graph of Figure 3.4 as viewed from direction B.
In this case, we analyze from the x — z plane composed of x and z axes and assume that
the inclination angle of plane 3 is 8. We define that the distant between P, (which is the
contact point of the arm and plane 3) and the x axis is ;. Similarly, we define that the
distant between P, (which is the contact point of the feet and plane 3) and the x axis is
h,. L is defined as the distant between P, and P, in the direction of the x axis. Then the

inclination angle, 8, can be obtained as
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B =tan”! by~ by (3.10)
7 .

Substituting Equation (3.9) into Equation(3.10), we obtain

ﬁ:tan‘l hf—lcos(a—¢)—ltanasm(gb—oz)' 3.11)

L

To simplify the calculation, we assume length L as a constant. When £ is maximum,

i.e., Binax, we assume that @ = @ and that A is also maximum value /1 ..

_1 Ppmax — Lcos(ap — @) — [tan aq sin(¢ — @)

3 (3.12)

ﬁmax = tan

Similarly, when $ is minimum, i.e., B,,i,, Wwe assume that /¢ is minimum /4,5

1 Mpmin — Lcos(ag — ¢) — [tan ag sin(¢ — ao)

Bmin = tan I

(3.13)



46 CHAPTER 3. DEVELOPMENT OF A PASSIVE SKID FOR MULTICOPTER LANDING ON ROUGH TERRAIN
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Figure 3.7: Relationship between plane inclination « and S that can land, the range
between (,,.. and (,,, (range in blue) expresses the cases when the entire device
maintain horizontal.

In the above equations, @y is a case of @, and it should be in the range shown in
Equation (3.4). B, and B, are obtained from Equations (3.12) and (3.13). Therefore,
the range of slope for the available landing can be obtained from inclination angles o and

[, and the results are summarized in Figure 3.7.

3.3 Frictional torque of passive joint

In this section, we discuss the frictional torque of the passive joint, which plays an
important role when landing. However, if the passive joint has no frictional torque, then
the skid-driven multicopter will fall down, even if it is slightly tilted. Thus, it is necessary
to calculate the angle at which the multicopter will not fall down even if it tilts, owing
to the existence of the frictional torque. Prior to that, it is necessary to introduce the
following assumptions: (1)For easy analysis and calculation, the surfaces involved in this
section are considered as planes; (2)There is no friction between the ground and the skid
(The plane is absolutely smooth). The analysis can now be described as follows.

As shown in Figure 3.8, there are several forces existed in the device: F,, F; and
F, stand for the force at the position P,, P; and F, and force F5 stands for the force at
the CoG of the whole device. When the entire device maintains its static state, we can

obtain its statics equations as
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Figure 3.8: Static model of the skid and the frictional torque.

F2+F3+F4+F5:0
(3.14)

T, (Pix F;) =0.

From the above equation, we can conclude that if we can calculate the position
vector of each force, then all the forces can be obtained. As presented in Figure 3.8,
for simplicity, we assume that this skid rotates on an axis passing through P;, P, and
consider a joint that can rotate around the y axis on Py. The angle at this joint is defined
as 6y. Then the passive joint that rotates around the a axis is defined as P, and the angle

at this joint is defined as 6,. Here, we define the distant between P, and P, as [, and the
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angle between the x axis and line Py P, as c.

We assume the front end of the arm, which is contact with the plane, as P,, and
when the arm does not move, we do not consider the arm joint. Then the distant between
P, and P, is defined as /5, and the angle between the passive joint of the rotary axis and
line P, P, is defined as (.

For the static model analysis, P; and P, are the points at which the front end of
the two skids contact the plane. We assume that the distant between P, and P; is y3 and
that between P, and P4 is y4. Then the coordinates of P; and P4 can be described as
P; ="(0 —y3 0)and Py ='(0 y4 0), respectively.

We establish different space rectangular coordinate systems at Py and P;. To sim-
plify the explanation, we define /P;. /P; denotes the position vector of P; based on point
P; (i, j are arbitrary real numbers). Another definition of R,,(6,) is that it is a coordinate
transformation determinant (CTD), which implies that the direction of the vector changes
from direction n to direction m. Then the coordinate of P, can be obtained by the static

model displayed in Figure 3.8.

OP, =Py + R,(6))R.(6))* P,

(3.15)

-1y cos(a + 6y) + I, cos Bcos by + I sin B sin G cos G,
= —I, sin B sin 6,

[y sin(a + 6y) — I, cos Bsin Gy + I, sin 5 cos Gy cos 6,

Ps denotes the position vector of point Ps, which is COG of the entire device, and
we obtain it by experimental measurement. Ps is defined as Ps = (x5 ys zs).
Here, all the position vectors, P,, P3, P4, and Ps expressed in Equation (3.14), are

obtained. Then the forces can be obtained by Equation (3.14).

T=(P,- P)xF. (3.16)
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Considering the direction, the torque with the unit direction vector, a, can be ex-

pressed as follows:

T=ar. (3.17)

Therefore, if the frictional torque in the direction of the rotary axis is defined as T,
and T < T, can be satisfied, then we can determine that the skid-driven multicopter can

remain in its horizontal state without falling.

3.4 Prototype of the entire device

passive
joint

Figure 3.9: Prototype of the entire device.

Figure 3.9 displays the prototype of the entire device. It can be divided into two
main parts: the multicopter body and the proposed skid. For the multicopter, we selected
DJI FlameWheel450 as the carrier and equipped it with an LPMS-CU2 gyroscope (LP-
RESEARCH company). The skid has a length of / = 300 mm and two DoFs. The arm is
equipped with RC servo motors at the joints, and it can achieve flexible movement under
the control by a program. The skid is passive and consists of one passive joint and two
feet. Therefore, during the landing maneuver, the multicopter driven by the developed

skid will have three contact points with the ground.
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PC for
multicopter control

(c)

Figure 3.10: Experimental settings.

3.5 Experiments

3.5.1 Experimental settings

For the landing experiment on rough terrain, we utilized two patterns of rough ter-
rain, steps and slopes, which is shown in the Figures 3.10(a) and 3.10(b), to simulate the
landing experiment. As shown in Figure 3.10(c), two PCs are utilized for controlling, the
left one is for flying the multicopter and the right one is for controlling the robot arm.
Besides, the left joystick connected with the PC is for the drone, and the right controller

is for the robot arm. Then the landing experiment can be conducted by two operators.
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0 deg 10 deg 20 deg 30deg

Figure 3.11: Experimental result (a) Landing on a 120 mm step (b) Landing on a slope of
16 deg (c) 0 deg, 10 deg, 20 deg and 30 deg when S is 5, (d) 0 deg, 10 deg, 20 deg and 30
deg when 3 is 8,,i,.

3.5.2 Maintenance of multicopter horizontal states

From the analysis and summary based on Figure 3.7, we have proved that the skid
driven multicopter can maintain its horizontal state without falling, within a certain range.
Furthermore, we also measured the roll angle and the pitch angle of the skid driven mul-
ticopter. Figures 3.11(c), and 11(d) display the cases of 5., and B, respectively, for a
=0 deg, 10 deg, 20 deg and 30 deg.

In addition, the roll and pitch angles of the skid-driven multicopter are shown in
Figure 3.12. Remarkably, when the roll and pitch angles approach 0, the skid-driven
multicopter can noticeably maintain a horizontal state. However when the inclination
angle exceeds 30 deg or is less than -30 deg, the skid cannot maintains its horizontal state
and will slide. In this scenario, the friction between the contact points of the feet and

the ground is not sufficient so that the posture of the device can be remained only till
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approximately 30 deg. Thus, we speculate that if the friction can be relatively larger, then

the posture will be maintained with a tilt angle of more than 30 deg.

L
o
|
P
[am]

-10 -2—0 10 20 30

Roll angle x(deg)

-10
——[Bmax —=—Pmin a(deg)

10

M = O 0O

-30 -20 -10 -2—0 10 20 30

Pitch angle y(deg)

10
—s—fmax —=—pmin a(deg)

Figure 3.12: Relationship between incilination o and roll angle and pitch angle of
the multicopter based on the result of Figure 3.7.

3.5.3 Verification of frictional torque of passive joint

In this subsection, we discuss the range of angles for which the skid-driven mul-
ticopter remains in a horizontal state without falling. This is based on the relationship
between the inclination angle 6;, and the frictional torque of the passive joint, which was
discussed in Section V. We used a plastic wrap band around the passive joint to adjust the
tightness (roughness) and divide it into three patterns. Then, we defined the torques gen-
erated by the frictional force as Ty, , Timax,» a0d Tpay, corresponding to the three patterns

of tightness. Following this, we conducted the experiment (Figure 3.13).
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Figure 3.13: Experimental verification of the frictional torque of the passive joint.
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Figure 3.14: Relationship between the passive joint and the frictional torque.

The relationship between the passive joint and the frictional torque is shown in
Figure 3.14. The patterns under the line in Figure 3.14 represents the cases when the skid-
driven multicopter maintains its horizontal state without sliding and the patterns above
the line denotes the cases when the device tilts. The graph exhibits that the experimental

result is similar to the expected theoretical value.

3.5.4 Landing experiment on rough plane
In this subsection, the experiment of the skid-driven multicopter landing on a non-
planar terrain is presented. To model a non-planar terrain, we used a slope with a height

of 120 mm and an inclination angle of 16° (as displayed in Figures 3.11(a) and 3.11(b)).

3.6 Concluding Remark

In this study, a passive skid was developed enabling a multicopter to land on rough
terrain. We have expanded the function based on previous research on the electric-arm-
equipped multicopter and successfully combined the arm and the skid so that it allows the

multicopter to both manipulate and land in complex environments.
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Although the design of the passive landing device is still in its infancy, we are
planning to conduct additional experiments. For example, we want to determine how
different materials affect the landing result. Therefore, we decided to conduct another
comparison experiment by using various materials on the ends of the feet and then analyze
the results. We expect this research to have meaningful implications for the future in this

field.



Chapter 4

Analysis of a multicopter carried with passive

skid for rough terrain landing

In Chapter 3, we described an underactuated passive skid for multicopter landing on a
rough terrain. However, in Chapter 3, the posture and condition of link 1 and link 2 are
not considered. Although the passive joint and the skid play an important role in rough
terrain landing, the robot arm, which is consisted of link 1 and link 2, is also important
for landing. Therefore, in this chapter, we focus on the influence of different postures of
link 1 and link 2 on the possibility of multicopter’ s rough terrain landing. We reconstruct
the static model of the entire device described in Chapter 3, and analyzed the conditions
under which the arm and skid can contact the arbitrary plane and the COG (Center of
Gravity), which includes the mass of passive skid, multicopter body and each link of
the robot arm. Further, we proposed a method to analyze whether the entire device can
land stably. By analyzing that the projection of the entire device’s COG is inside or
outside the triangle, that comprises the contact point between the device and the uneven
ground, we can determine whether the device can land successfully and the condition for
capable landing is concluded. After the numerical analysis, the verification experiment is
conducted, and by comparing the result of analysis with the experiment, the accuracy of

the analysis can be demonstrated.

56
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4.1 Reconstruction of the static model

To analyze the contact condition between the arm and the plane, we decomposed
the device again, and reconstructed the static model as illustrated in Figure 4.1. Because
there is an inevitable occlusion relationship in the three-dimensional anatomical figure,
we have utilized dotted lines to mark the occluded part. Similarly, auxiliary lines are also

indicated by dashed lines.

plane 1

multicopter

plane 3

Figure 4.1: Static model of the entire device.

Figure 4.1 reproduces the state of a landed device, but this time we concentrate on
the robot arm model analysis. As illustrated in Figure 4.1, we assume that there are three
planes existing in the environment. Plane 1 denotes the lever plane, and also, to make the
multicopter take off smoothly again, the multicopter must maintain its horizontal posture
constantly. Thus, plane 1 is not only the lever plane, but also the plane where the body
of multicopter is located. We define the direction of gravity as the direction of the z axis,
and plane 2 contains the axis of the passive joint and the normal vector of plane 1.Further,
we define that the normal vector of plane 2 as y axis and the x axis can be obtained. The
line of intersection is denoted as /;. We make a perpendicular line downward through the

horizontal extension line of the passive joint Py, and intersect the connection line of feet
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P, and P,, at point P,. Based on the origin P,, the space rectangular coordinate system
is established. Plane 3 is the plane for landing, the passive joint Py0, the position vectors,
included Py € R?, P, € R® and P, € R® on the arm are also on plane 2. Two contact points
of the passive skid on plane 3 are assumed as P, and P,,.Thus, including P,, P,; and P,,,

there are three contact points on plane 3 and they are supporting the entire device.

4.2 The capable range of slope for landing

For landing on an uneven ground, it is necessary to know what level of ground can
make the proposed device land successfully. As mentioned in the previous section, we
established that plane 3 is the landing slope, and the most important characteristic, the
gradient, will affect landing status. Therefore, the analysis of the capable landing range is

given as follows.

Anatomy of the Static Model

Figures 4.2(A) and (B) are analytical graphs of Figure 4.1 viewed from direction A
(the view from x direction) and B (the view from y direction). Aforementioned, plane 2
contains the axis of the passive joint and the normal vector of plane 1, thus plane 2 can
be expressed as y = 0. We define the normal vector of plane 3 as n = [a b c]’, and we

obtain:

ax+by+cz=0. 4.1)

We define that the inclination angle viewed from direction A is @, and it can be

obtained as:

@ =—tan”! g 4.2)

In Figure 4.2(A) we illustrate that H is the intersection of plane 3 and the normal
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plane 2

plane 1

Figure 4.2: View of the device from A and B directions.

vector of plane 3, which passes through Py. Then the angle /H Py, P,; is defined as ¢.

We illustrate that the distance between Py, and P, is h,, and it can be obtained as:

h = [cos ¢

4.3)

cosa

Therefore the position vector of P,; and P,, can be obtained as:
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Prlx 0
Py =|P,,|=|(h sina +sing)cosa|- (4.4)
P, (h, sin @ + sin ¢) sin @
Pr2x
Pr2 = Pr2y
PrZZ
4.5)
0

=|(lsin¢ — h, sina@) cos(n + @) |-

(Ising — h, sin @) sin( + @)

Figure 4.2(B) is the analytical graph of Figure 4.1 viewed from direction B and

similarly we can obtain that:

B=—tan' L. (4.6)
C

We denote that the horizontal and vertical distances between P, and Py are s and

h,, respectively. Thus the position vector of Py, can be obtained as:

Poosx -s
POO = POOy = 0 . (47)
Py, h,

For the position vector of Py, we denote that the horizontal distance between P, and

P, is L, and the vertical distance between Py, and Py is t. Therefore the position vector
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of Py can be obtained as:

Py, —-L
Po=|py|=| 0 | 43)
Py, h.—t

As illustrated in Figure 4.1, the angle between link 1 and the lever is 6, and the
angle between link 2 and the extension line of link 1 is 6,. We assume that the length of

link 1 and link 2 are /; and /,. Therefore, P, and P, can be expressed as:

Py, [ cos 6,
Py =P =P+ 0 . 4.9)
P, [, sin 8,
P,
Py =P,
P,
(4.10)
[y cos B + 1, cos(6, + 6,)
=Py + 0

ll sin 0, + lz sin(t91 + 92)

4.2.1 Judgment of the ground-contacting state

To assess the ground-contacting condition, contact points P,, P,; and P,, are con-
sidered, and the view is from the y direction. Hence, the plane 3 and the device are

simplified as points and lines. The intersection of plane 2 and plane 3 is:
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ax +cz = 0. 4.11)

P, is on that line, thus we obtain

aPsy + cPs, = 0. (4.12)

When 6, is a constant, and if link 1 rotates around Py, the trajectory of P, is a circle,
and the distance from P, to Py is the radius r. We define the functional expression of the

circle as:

(Pay = Po)* + (Po; = Po)* = 1* = 0. (4.13)

By simultaneous equation (4.12) and (4.13), and to concretize Py, and Py, by equa-

tion (4.8), we obtained

AP + BPy, +C =0. (4.14)
where:
2
A=1+%. (4.15)
C
2a(h, — 1) - 2L
p= 2 =02k (4.16)

C
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(b).A=0 (c).A>0

Figure 4.3: The positional relationship between p, and the slope.

C=-L*+h-1*-r.

and the discriminant as:

A = B> - 4AC.

63

(4.17)

(4.18)

As illustrated in Figure 4.3, for the discriminant A, if the condition A > 0 can be

satisfied, we can conclude that point P, and plane 3 have at least one intersection.

4.2.2 Condition of non-tilting

The entire device can be divided into four parts: the Part 1 is the link 1, the Part

2 is the link 2 and the multicopter body can be defined as the Part 3 .The skid, which
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comprises link /,4, link /,, and the passive joint, is defined as the Part 4. The position
vectors of the COG of Part i (i = 1, 2, 3, 4) are defined as P,; (i = 1, 2, 3, 4). We define
that the mass of each part as m;, (i = 1,2,...4), and then the COG of each part can be

obtained. Then the COG of the entire device can be obtained as:

Z | m iXal]

R Mgl
Pallx Zl 1 “

Z-_ miyql

Py =Py, | = | 25— (4.19)

Li=| Mal

P, .

| £ allz | Zle m;zqi

[ Z;Lzl mal |

As illustrated in Figure 4.1, the contact points P,, P, and P,, form a triangle lo-
cated on plane 3. Thus, if the projection of the COG of the entire device can remain inside
the triangle consisting of P, P, P,,, the skid-driven multicopter can remain balanced. If

the COG stays outside the triangle, the multicopter will tilt.

In this analysis, it is only necessary to consider its projection on the x — y plane.
Therefore, we define that p,;; as COG coordinate of the entire device on x — y plane, and

we define:

Py,
Pall = . (4.20)

P,

The projection of P,;, P,,, and P, are onto the x — y plane respectively, we define:

pa=| " (421

rly
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pe=| | (4.22)

=] " (4.23)

P R,

paII

g & pr1 P
(a). p, isinside 4p,p,p, (b). p,, is outside 4p,p,P,

Figure 4.4: The positional relationship between p,; and Ap,p,,p,.

As illustrated in Figure 4.4, when the projection of P,; can remain in the range
of AP, P,P, and we connect it to the three vertices of the triangle, three new trian-
gles: AP, P2Pu AP2P2Pa» A0d Ap,, p,op,; are obtained. Here we define that the area

of AP PuPy, AP, PaPyys APaPoPu» 04 AP, PPy &€ SAP PPy, SAD, DI P s

SApP.PyPay» a0d S AP, PPy I pyy can remain in AP, Py, P>, we obtain:

SAPPoPy = SAP.PyPur + S AP2PrPan + S AP P2Pan (4.24)

Therefore from equation (4.24) we can determine whether p,; remains inside or
outside AP, P,,P,, and we can also determine whether the entire device can maintain
its horizontal posture without tilting. As for where the p,; in the triangle can make the

device the most stable, we consider it as one of the study in the future.

4.3 Numerical analysis and theoretical value

Table 4.1 presents the properties of items in the entire system. For an arbitrary

slope, the possibility of landing can be determined from equation (4.18) and (4.24). By
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Table 4.1: Properties of items of the entire perching system.

Mass [kg] my 0.240
ny 0.240
s 0.880
my 0.086
Length [mm)] L 205.000
[ 300.000
[ 150.000
I, 150.000
s 60.000
t 40.000
v 150.000
w  150.000
Angle [deg] 1) 62.000
O1min - 135.000
Otmax  270.000
Gmin -~ 0.000
Ormax  180.000

changing @ and B, and using equation (4.18) and (4.24), the range of @ and 5 on the slope

that can be landed is obtained and it is summarized in Figure 4.5.

90 T T T T T

60 - .

-90 | | | | |
-90 -60 -30 0 30 60 90
d [deq]

Figure 4.5: Range of o and § under landable conditions.

Figure 4.5 illustrates the feasible range of the inclination angles « and 8. The range
of  is less than +60[deg], the maximum value of 8 is approximately 20[deg] and the min-
imum value is approximately -60[deg]. Furthermore, the relationship of the inclination
angle a, B and 6,, 6, when landing is achievable is summarized in Figure 4.6. In Figure

4.6, the value of 6, is listed from 135[deg] to 270[deg], with an interval of 15[deg].
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Figure 4.6: The relationship of the inclination angle a, 8 and the angle of robot arm
01, 8, when landing is achievable.
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4.4 Experiment

The aim of the experiment is to verify that by changing the angle of links and other
conditions in actual environment, the entire device can maintain its horizontal posture
within the range concluded in the previous sections. By evaluating the performance of
the proposed device while landing on a slope with different inclination angles, we aim to

verify the consistency of actual experimental and theoretical result.

4.4.1 Experimental environment

Figure 4.7 illustrates the experimental environment. We chose a board with the
length of 1200 mm and width of 850 mm as the slope for the experiment. Several bricks
were utilized to support the board at its four corners. By increasing or decreasing the num-
ber of bricks needed to alter the supported height of the board, and different inclination

angles « and 8 were obtained.

Figure 4.7: The Experimental environment. (a). is the overview of the experimental
environment.(b). and (c). are the view from x and y direction of the environment
respectively.
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4.4.2 Experimental result of arbitrary area

90 T T T T

60 |- —

Sample area
30 | .

0 -

(3 [deg

30 .

60 |- .

-90 | | | | |
-90 -60 -30 0 30 60 90

A [deq]

Figure 4.8: The selected sample area for experiment.

It is difficult to conduct the experiment of the entire range illustrated in Figure 4.5,
because there are too many combinations of @ and 8. Therefore, we consider that 6, is a
constant of 180[deg]. The calculation of the range for available landing is summarized,
and the experiment is conducted in that range. The range for experiment is illustrated in
Figure 4.8. Simultaneously, the range of « is approximately O to 30[deg] ,and the range of
B is 2 to -18[deg]. Then we set a to O[deg], 10[deg], 20[deg] and 30[deg], and converted
B from 2[deg] to -18[deg] in 2[deg] increments to verify whether landing was possible.
The result of the verification is illustrated from Figure 4.9 to Figure 4.12, and for all cases

can achieve stable landing is shown.

Bldegll  5_g B=-2 B=-4
Cases

For

6, < 90[deq] T ¢ o .
), =70[deqg] 6,=65[deg] | 6,=50[deg] | 6,=40[deg] ), =30[deg] ,=20[deg] | 6,=10[deg]

For -

6, >90[deq] . ) B
6.=110[deg] | 6:=115[deg] | 6,=120[deg]

Figure 4.9: Landing situation when « is equal to 0[deg].
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Bldeg]
Cases
For
6, < 90[deq]
For h
6, > 90[deq] a _; .
0,= 105[deg]‘r92= 110[deg] | 6,=120[deg]| 6,=125[deg] | 6:=130[deq]
Figure 4.10: Landing situation when « is equal to 10[deg].
a 0 [deq
Pldedll p=2 | p=4 | =6 | p=8 | p=-0 | p=12 | p=-14
Cases
For 4 % 3
6, < 90[deg] 1 A 1 = A ™
6,=80[deg] | 6,=55[deg] | 6,=45[deg] | 6,=35[deg] ,=25[deg] | 6,=15[deg] | 6,=10[deg]
6, >90[deq] e b P P
6,=100[deg] | B, =110[deg] l 6,=115[deg] | 6,=120[deg]| 6,=125[deq]
Figure 4.11: Landing situation when « is equal to 20[deg].
Q 0 [deq
d
Pldeg)  5_ 4 B=-6 B=-8 B=-10 B=-12 B=-14 B=-16
Cases
For = %
6, < 90[deg] 5 e " \ o
6,=80[deq] 6,=60[deg] | 6,=45[deg] | 6,=35[deg] ,=25[deg] 6, =20[deq] , = 15[deq]
For Q | Q @
6, > 90[deq] " - a
,=105[deg] | 6:=115[deg] | 6,=125[deg]| 6.=130[deg] | 6= 140[deg]

Figure 4.12: Landing situation when « is equal to 30[deg].
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Figure 4.13 illustrates an enlarged view of the landing range in Figure 4.8. In Fig-
ure 4.13, the pattern in hollow circle (O) implies the cases that stable landing can be
achieved, and the pattern in cross (X) implies the cases of unavailable landing. The land-
ing range and the experimental results are similar. This means that it is possible to deter-

mine whether landing is possible or not, by the method presented in the previous sections.

Enlarged view of the sample area

A Blded] QO Available landing
X Unavailable landing

10

90 ! 1 L ! !
-90 -60 -30 0 30 60 90

A [deq]

Figure 4.13: The enlarged view of the sample area’s landing range illustrated in
Figure 4.8.

4.4.3 Experimental result of area near the border
As shown in Figure 4.14, to make the analysis and conclusions more convincing,
the experiment for the area near the border in Figure 4.5 is also conducted. Because the

range of a and S for available landing in Figure 4.5 is a symmetrical arc area, we take the
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highest and lowest points on the leftmost side of the range for the verification experiment.
The point on the upper left is defined as point A and the point on the bottom left is defined
as point B. The coordinates of point A and B are (-53, -6) and (-53, -50) respectively, and

an experimental snap shot is shown in Figure 17.

a0 1 T T T T

BD - -

30 | A = -

o T
i a0 b I -

«b g '

a0 | 1 | | l
-20 -60 -30 0 a0 60 g0
A [deg]

Figure 4.14: The selected points near the border for experiment.

Figure 4.15 shows that the device can maintain its horizontal state in the case when
the inclination angles are at the point A and B positions. When in the point A coordinate
position, the device can maintain its stable state only when the angles of 6, and 6, are 220°
and 20° respectively, and also, when in the point B coordinate position, the device can

maintain its stable state only when the angles of 8, and 6, are 140° and 165°, respectively.

Discussion

Analysis of the landing conditions implicated that the feasible range for multicopter
landing, and theoretically, we can determine the possibility of landing on a plane with
different inclination angles according to the proposed judgment method. However, the
analysis at this stage still has some insufficient. One of the limitation is that although the
wooden board are utilized to simulate inclined plane in our experiment for simplicity, the

actual environment, especially after a disaster, is often much more complicated, and its
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Point A :

01 =220° 0,=20°

Point B :

o =-53° p=-50° 01=140° 06,=165°

Figure 4.15: Experiment of the area near the border in Figure 4.5.

analysis is considered to be improved.

Based on the results of the theoretical and experimental values, the error in analy-
sis is also considered. In this study, two reasons are considered to be the factor of such
errors: (1) First is the error in judgment of the COG. Each part of the multicopters COG
can be analyzed by hanging, (Plumb Line Technique) and this may cause the error when
calculating the COG of the entire device, and also affect determining the available land-
ing; (2) The second possible error is in angle measurement. Although the skid and arm
are considered as a single link in static model analysis, they are structures with thickness.
When conducting experiments, we measure the angular relationship based on the central
axis of these links, which may lead to a few slight errors.

Additionally, the analysis of the contact point to the landing plane is also consid-
ered. Although for the same slope, there are many contact points that can make the device
landing smoothly, there is an optimal location of the P,; and the contact point. As shown

in Figure 4.16, if we define three sides of the triangle P, P, P,, are a, b and c. Then the
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distant between the projection of P,; and those three sides, are defined as /,, [, and /... If
the shortest distant of /,, [, and /. can be as long as possible, the stability of the device

in this case can be considered as the best. As for the location of the contact point under

different conditions, when the entire device is the most stable, it is considered as one of

er,

the future work.

Figure 4.16: Explanation for the optimal location of the P ; and the contact point.

4.5 Concluding Remark

In this study, we proposed a method to determine whether or not the skid-carried
multicopter can land on an uneven ground. The slope range where the multicopter can
land is concluded, and the accuracy of the analysis is demonstrated by the verification
experiment. However, some weaknesses and improvements also need to be considered
in our study. For example, to simplify the analysis, we simulated the uneven ground
with slopes with different inclination angles, and this may not a perfect explanation of the
correspondence between the device and the rough terrain. Therefore, in the next stage,
we consider utilizing an environment with obstacles to simulate uneven ground to make
the research closer to reality.

In addition, when considering the coefficient of friction, we solely selected rubber

and wood as research objects, and this may cause several study limitations. Thus, in the



4.5 CONCLUDING REMARK 75

future, we plan to analyze the possibility of landing, when the surface of the slope is made
of other materials. We also planned to explore how the length will affect the experimental
results. If the possibility of landing can be controlled by changing the link length, it
would be a very interesting and meaningful study. In addition, we anticipate improving

the procedure of the flight controller, and achieving outdoor landings.



Chapter 5

Conclusion

In this study, first, I focused on the analysis of an underactuated parallel-link gripper
for a multicopter capable of plane perching. As the initial step, the static model is es-
tablished and all the forces and torque are considered to be analyzed. On the latter, for
different cases, including the target with different thicknesses and perching with different
embedded depths, are considered, and summarized by classified discussion. Based on
the friction cone theory, the feasible condition and range for multicopter capable of plane
perching is concluded. Although it is difficult to verify all the cases, one of the situation,
which contains the most cases, is regarded as the most suitable situation for conducting
the experiment. Finally, the conclusion is demonstrated by comparing the theoretical and
experimental values.

Second, I developed a passive skid for multicopter landing on rough terrain. This
proposed skid can be considered as a three-legged mechanism, which consisting of a
passive joint and two feet. As the most important feature and the embodiment of its inno-
vation, the proposed skid is completely composed of a mechanical structure without any
electric-actuated drives, and the analysis of the range of slopes for multicopter available
landing is conducted. The frictional torque of the passive joint is also considered in this
study, and the determination of whether the multicopter can remain its horizontal state, is
concluded. For verification, three experiments are designed to demonstrate the correct-
ness of the theory and analysis in this study. Further, I proposed a extended study based
on the passive skid, and concentrated on the influence of different postures of robot arm

on possibility of rough terrain landing. Thus, in this extended study, the static model is

76
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reconstructed and by analyzing that the projection of the entire device’s COG is inside or
outside the triangle comprises the contact points between the device and the rough ter-
rain, whether the device can land successfully can be determined. In this studies involved
multicopter landing, to simplify the analysis, the rough terrain is simulated by slopes with
different inclination angles and this may lead to some limitations. Thus, in the future, we
will consider the use of complex environments for simulating the rough terrain to make

our study more persuasive.
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