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Abstract

Evaluation of Locomotion Performance for a Wheel-Paddle Robot

by

Yayi SHEN

Doctor of Philosophy

Department of Robotics, Graduate School of Science and Engineering

RITSUMEIKAN UNIVERSITY

To help the human beings conducting search and rescue tasks after disasters, the eccentric

paddle mechanism was proposed for robot to access various severe amphibious terrains. The

design concept is to balance the advantages and disadvantages in both wheeled robot and

legged robot, so as to improve the mobility. Moreover, the specialty of the eccentric paddle

mechanism is its reconfigurability, which endows the robot with high adaptability in different

situations.

Previous work has analyzed the motion modes on a single module prototype. But

a complete robot that can be utilized in outdoor fields has not been developed. And

the locomotion performance in amphibious environment needs to be explored thoroughly.

The main contributions of this thesis include two parts: first is concerning the terrestrial

locomotion, where the trafficability of a new fabricated wheel-paddle robot is evaluated on

various rough terrains, especially on soft terrain; second is on the aquatic locomotion, where

the propulsion efficiency is further improved.

First, a robot prototype that consists of four wheel-paddle modules has been designed

and fabricated. Considering the severe environment that the robot will be sent to, necessary

protection measures are adopted. Waterproof scheme is added to the electronic system,

and sandproof is realized in the gear chamber to ensure the motion accuracy of the paddle

shaft. The chain transmission is employed to transfer the torque from the motors to the
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wheel-paddle mechanism, which is efficient and more robust in field environment. Besides,

a complete control system has been designed, including hardware and software. It has

been tested that the control system can realize accurate control of the robot and feedback

necessary data.

Based on the new fabricated robot prototype, a hybrid locomotion mode is proposed for

traversing terrestrial terrains, which include normal flat floor, rough grass, big stones, small

gravels, or even soft terrain like sand. The reason of using this hybrid mode is that the

previous legged modes were only suitable for flat ground, but can not be applied to rough

terrains directly. And comparing with them, the hybrid mode is easier to be controlled.

While dealing with variable terrain situations, the configuration of the wheel-paddle can be

transformed quickly by only adjusting the location of the paddle shaft. And during usual

locomotion, only the wheel is actuated to generate traction force, which is more efficient.

The robot performing with the hybrid mode is primarily verified in rigid terrains, in-

cluding three normal rough terrains (grass, stone, gravel) and one flat terrain (floor). It is

found that the robot consumes more energy in rough terrains. But comparing with previous

legged modes, the efficiency of the hybrid mode in rough terrains is similar with the legged

modes on flat ground. In addition, the locomotion speed is increased, which is near one

body length per second.

Then, the trafficability of the robot with hybrid mode in sand is investigated particularly

due to the special properties of soft terrain, which makes the interaction between the robot

and the terrain more complex and variable. First the paddle terredynamics is studied

theoretically and experimentally. The results have shown that longer protruding length of

the paddles can generate larger traction force. To find out how the protruding paddle length

affects the locomotion performance, an indoor testbed that allows one wheel-paddle module

moving freely in horizontal and vertical directions is built. It is found that the wheel-support

configuration is easy to slip at high locomotion speeds, while the protruding paddles have

effectively reduced the slippage and increased the efficiency. The optimal configuration is

concluded to be paddle-support according to the results. But the only disadvantage of

vi



the long protruding paddle length is the vertical vibration brought to the system. The

locomotion performance of the whole robot in outdoor sand is also evaluated, in which the

hybrid-support configuration is the most efficient. The locomotion speed increases with the

rotational speed of the wheel, while the efficiency tends to be better at higher locomotion

speed. From the evaluation in both indoor testbed and outdoor field, it is found that the

locomotion performance also varies with the system inertia and the sand properties. They

affect the slippage and sinkage between the robot and the soft terrain, so as to affect the

locomotion performance.

At last, the propulsion performance of one wheel-paddle module with different swimming

modes are explored. A hydrodynamic model that is suitable for our mechanism is first built

to predict the thrust. Then the thrusts generated by the oscillating paddling mode (fish-

like) and the rotational paddling mode (propeller-like) are analyzed through simulation and

experiment. The results have shown that the rotational mode is superior in generating

large amplitude of thrust, while the oscillating mode is more efficient. Both of them can

produce linear directional thrust when adjusting the location of the paddle shaft. However,

large negative thrust was found in oscillating mode, which is a waste of energy. To further

enlarge the thrust amplitude in oscillating mode and increase the propulsion efficiency, a

novel front crawl stroke (human-inspired) is proposed. It is verified that the front crawl

stroke can generate more than three times net thrust than the oscillating mode, and has

increased the propulsion efficiency as well.

The evaluation of the locomotion performance has further verified the mobility and

adaptability of the configurable wheel-paddle robot in various field terrains. It also inspires

the future work towards real application in amphibious environment.
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Chapter 1

Research Background

1.1 Motivation

To access various amphibious environment and conduct search and rescue tasks after

huge disasters, an amphibious mechanism named as the eccentric paddle mechanism has

been developed [1]. The eccentric paddle mechanism can also be recognized as a configurable

wheel-paddle integrated mechanism due to its reconfigurability. The specific configuration

applied to the locomotion is variable and dependent on the actuation of all three joints

inside the mechanism. So far, the study that have been carried out on this mechanism can

be separated into four aspects. First is about the mechanism design and the fabrication of

single module prototype. Second is the planning of locomotion mode such as race-walking

and non-reciprocating legged mode, which could be utilized in normal ground situation.

At the same time, the interaction between the wheel-paddle mechanism and soft soil was

experimentally studied as well, regarded as the third aspect. Lastly, two swimming modes

were proposed and the generated forces were measured and analyzed. The to date outputs

concerning these studies are listed in Appendix. B.

However, a complete robot prototype with robust mechanism and stable control system

has not been created till now. Most previous work were based on one module prototype.

As a result, the locomotion performance of a complete robot with wheel-paddle mechanism
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has not been well studied yet. Besides, the previously designed locomotion modes could

only be used on flat ground, and the control of the motion is complex. To access various

severe terrain situations, a simple but effective locomotion mode is in an urgent need. As

for the locomotion on soft terrain, the interaction between the robot and the substrate need

be investigated deeply, and so as to suggest a plan for traversing soft terrain effectively

and efficiently. In case of the underwater performance, the characteristics of the propelling

thrusts have not been studied thoroughly. And the performance differences between the two

proposed swimming modes should be compared to establish an optimal swimming solution.

1.2 Research Objectives

Based on the motivations, the first objective we are achieving in this thesis is to design

and fabricate a complete wheel-paddle robot prototype based on the eccentric paddle mech-

anism. The prototype should be able to traverse severe terrains such as debris, sand, mud,

et al.. Hence, necessary protection mechanisms should be added to the robot, and a sim-

ple but effective locomotion mode will be applied. Based on the new robot prototype and

the new locomotion mode, evaluation of the locomotion performance will be conducted on

various rough terrains (including rigid terrain and soft terrain), where the emphasis falls in

soft terrain (defined as granular media). The propulsion performance of the two swimming

modes will also be evaluated and compared. Based on the results, an optimized swimming

mode is proposed to maximize the propelling thrust and efficiency. At last, discussions

about the wheel-paddle robot will be given based on the evaluation and future work will be

clarified.

1.3 Literature Review

Literature review will be presented from three aspects according to the research con-

tents of this thesis. First the existing robots that can be applied to rough terrains will be
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summarized. Then relevant studies on the granular media locomotion is explained. At last,

we introduce the existing underwater robots.

1.3.1 Rough Terrain Robots

Due to the rapid growth of sciences and technologies, robots are required to conduct

more and more tricky and dangerous missions in harsh environment such as searching and

rescuing after huge disasters, terrain mapping, mine inspecting and so on. To traverse on

such harsh environments or rough terrains, excellent mobility of a mobile robot is necessary.

But it is still challenging to develop a robot that can negotiate variable rough terrains, e.g.

grass, stones, stairs, sand, mud, et al..

In the latest decade, various locomotion mechanisms and mobile robots have been de-

signed and fabricated to adapt to various environment. According to the design principle,

they can be sorted into three categories: wheeled, legged and hybrid robotic systems. To be

specifically, wheeled robots usually can realize fast and efficient locomotion on flat ground.

And comparatively, legged robots can achieve accurate and dynamic locomotion on rough

terrains. A well-known legged robot is the quadruped Titan series [2] which can perform

stable movement with articulated legs on uneven ground. In order to achieve better lo-

comotion performances such as high-speed behavior, efficiency and obstacle negotiability,

great efforts have been made by many research teams, such as IIT’s hydraulic quadruped

HyQ series [3, 4], ETH’s ANYmal for hash environments [5], or MIT’s electrically actuated

cheetah [6]. On the other hand, the hybrid robots are often built on various special mech-

anisms. A prevalent one is the hexapod RHex series [7, 8, 9] that use a simple actuator

and compliant legs to realize rough terrain negotiation. Besides, leg-wheel integrated robot

is also popular, such as leg-wheel transformable robot TurboQuad [10], Wheel Transformer

[11], and a claw-wheel transformable robot [12].

Nevertheless, it is still a great challenge to realize both the adaptability in rough terrains

and the high locomotion efficiency at the same time. For instance, the RHex robot [7] can

negotiate rough terrain with high reliability, but it is not as efficient as the Titan robot

3



[2] or the TurboQuad [10] robot. A robot that is capable of efficient locomotion on rough

terrains needs to be developed.

1.3.2 Locomotion on Soft Terrain

While performing in outdoor fields, the robots will come into a variety of complex

terrain situations and need to negotiate with them. According to the properties of the

substrate, terrains can be roughly separated into two categories. One is named as rigid

terrain which substrate are usually hard and not easy to get deformed, e.g., rocks, gravels,

stairs, or debris. Another category is called soft terrain where the substrate is deformable

or flowable under extra stresses, e.g., sand, mud, soil, or snow. The substrate that consists

of soft terrain is granular media, which is defined as collections of discrete particles [13].

The granular media can exhibit behaviors between solid and fluid [14, 15, 16]. Besides, the

water content is variable in the granular media. Depending on the water content, granular

media is classified into dry granular media and wet granular media. The difference between

them is whether cohesion forces are generated among the particles [17].

A number of existing mobile robots are still limited to the locomotion on rigid terrains as

summarized in the previous section [4, 5, 9]. As for the locomotion on granular media, most

of existing works are about the research on the dry granular media. A prevalent research

was done by Li et al with the Sandbot. They discovered that the dynamics of the robot

on granular media depends sensitively on the actuation parameters [13, 18]. Moreover, a

terradynamical model that can predict the interaction forces between the granular media

and locomotor was successfully built in [19]. Besides, the Carnegie Mellon University real-

ized sidewinding motion of a snake robot and they looked into the physics of sidewinding

on granular slopes [20, 21]. Mazouchova et al got inspiration from sea turtle and developed

a sea turtle inspired robot which used limbs and flippers to move forward [22]. They in-

vestigated how the limb-sand interaction affects the locomotion performance of the robot.

Since the wet granular media is more complicated than the dry granular mdeia, specifically

the rheology varies a lot along with water-solid ratio. Therefore, seldom research about the
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robotic locomotion on wet granular media have been involved. Zhang et al experimentally

studied the performance of a flipper-legged robot in muddy terrain [23].

1.3.3 Underwater Robots

Underwater robots are being widely used in conducting tasks in aquatic environment,

e.g. oceanic exploration, oil device maintenance or even searching and rescuing. Based on

the design approach and the propelling principle, existing underwater robots generally in-

clude the unmanned underwater vehicles (UUVs) which are propelled by rotary propellers,

and the biomimetic swimming robots which are usually inspired by fish and they propel

through undulatory or oscillatory motion of either body or fins [24]. Some research results

have proved that biomimetic swimming robots can achieve higher energy efficiency than

the UUVs, at the same time better dynamic performance and noiseless locomotion [25].

However, some other studies believe that the rotary propellers are more efficient than the

biomimetic swimming robots, but fish can realize superior maneuverability during the swim

[26, 27]. Yet, in current stage of technology it is still challenging to build a biomimectic

underwater robot which can completely imitate the mechanism and motion of real fish.

Moreover, the diversity of species is providing us with various imitating choices, but mean-

while has raised the difficulty of screening as well.

Recently, many researchers are working toward improving the swimming performance

of biomimetic underwater robots [28, 29, 30, 31, 32, 33, 34, 35]. To figure out the relations

between the thrust performance and fish fin shape, K. Kikuchi classified the morphological

shape of fish fin into different polygonal shapes and compared them experimentally [28]. K.

Feilich discovered that the shape of the caudal fin might interact with the flexural compliance

in complicated forms to generate propelling forces [29]. Noticing the variable stiffness in

bodies of real fish, K. Lucas analyzed the role of non-uniform bending stiffness during

fish propulsion [30] and Y. Park proposed a novel mechanism that is capable of varying

its stiffness during swimming based on the kinematic condition for maximizing the thrust

[31, 32]. Nevertheless, it was found that in most existing underwater robots with oscillatory
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or undulatory swimming motion, both positive and negative propelling forces were produced

in the horizontal or forward direction during the swimming, where the existence of negative

forces will waste the energy and decrease the efficiency [28, 29, 30, 36, 37, 38]. To resolve this

defect, we tried to add compliance to the fish fin like paddle as well as perform asymmetrical

oscillating motion. But the results did not show significant improvement [39, 40].

Most of the above studies focus on imitating morphology and kinetics of fish, but there

are also some other aquatic animals that possess efficient swimming skills. For example,

Y. Song learned from water strider and developed water strider robot based on surface

tension [41]. X. Jia got inspiration from the whirligig beetle and proposed an energy-

efficient surface propulsion mechanism, which can maximize the positive force in power

stroke while minimizing the negative force in recovery stroke [42].

1.4 Thesis Organization

The organization of this thesis is as follows. Chapter 1 introduces the motivation and

objectives of this thesis. Literature review on relevant fields are also presented.

Chapter 2 first introduces the concept of the eccentric paddle mechanism and some

previous work about the developed one-module prototype. Then the new fabricated robot

prototype is presented from mechanical design in Section. 2.3 and control system design

in 2.4 respectively. The mechanical design includes the waterproof and sandproof scheme

applied to the robot. To be applied in severe environment, transmission mechanism is

also improved. The control system design is introduced from electronic system and control

structure of the robot. The specifications of the robot are listed in Section. 2.5. And as the

most important also the weakest part of the robot, the paddle shaft’s stress is also analyzed

through simulation before putting into use to ensure the effectiveness. A summary is given

in Section. 2.6.

Chapter 3 presents the evaluation of the robot trafficabiltiy on rigid terrains, which

include floor, grass, stone and gravel. First the previously planned gaits for flat ground
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application are introduced in Section. 3.1. To traverse various rough terrains, the hybrid

locomotion mode is proposed and the robot kinematics is presented as well in Section. 3.2.

To verify the new fabricated robot prototype and the hybrid locomotion mode, experiments

are conducted in Section. 3.3 with various terrain situations. The locomotion speed, system

vibration, current consumption during the trials are recorded, and the energetic efficiency

is calculated and analyzed. Discussions among the hybrid mode and previous locomotion

modes, also among our wheel-paddle robot and other mobile robots are given in Section.

3.4.

Chapter 4 specially analyzes the trafficability of the wheel-paddle robot on soft terrain.

The paddle terradynamics which studies the interaction between the paddle and the granular

media (sand) will be presented theoretically and experimentally in Section. 4.2. Based

on the terradynamic force study, to primarily evaluate the locomotion performance of one

wheel-paddle module, an indoor testbed allowing the module to move freely in both vertical

and horizontal directions is built in Section. 4.3. By actuating the wheel-paddle module

with different rotational velocities as well as various configurations, the trafficability is

evaluated from traversing speed, efficiency and vertical vibration. Then the whole robot

prototype is placed in outdoor field sand to analyze the overall trafficability in Section. 4.4.

At last, we discuss the trafficability of the robot over soft terrain based on the evaluation

results in Section. 4.5.

Chapter 5 presents comprehensive evaluation of the propulsion performance of one

wheel-paddle module in aquatic environment. Firstly, Section. 5.1 introduces the exist-

ing two swimming modes and the relevant previous work. Section 5.2 provides an effective

method of modeling the hydrodynamic forces generated by our mechanism. To verify the

model and evaluate more detailed characteristics of both swimming modes, a force measur-

ing experimental setup is built in Section. 5.3. Experiments of both modes with different

kinematic conditions are conducted and the results will be explained from the thrust mag-

nitude, the thrust direction and the propulsion efficiency. However, large negative thrusts

were found in the results of oscillating paddle mode, which is a waste of energy. This prob-

7



lem will be optimized in Section. 5.4 through a novel human-inspired swimming mode. At

last, we compare and discuss the propulsion performance of the swimming modes in Section.

5.5.

Chapter 6 provides an extensive discussion on the locomotion performance of the wheel-

paddle robot in terms of an overall scale.

Chapter 7 summarizes the important findings of this thesis and suggests the direction

that future study may take with regard to wheel-paddle robot.

Appendix A presents supplemental experiments conducted with the robot prototype,

which are not the main research objectives but could be reference to the readers. Specifically,

Section. A.1 gives the results of the robot following desired trajectory, which proved the

kinematics of the robot. Section. A.2 shows the ability of the robot dealing with obstacles

and slops. To ensure the control accuracy of the paddle shaft, verification tests were also

conducted in Section. A.3. Appendix B lists all the publications so far of the wheel-paddle

robot for the readers’ information.

1.5 List of Publications

The following is a list of the publications that were written during the doctoral course

and lead to the writing of this thesis. The list contains both journal papers and conference
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Chapter 2

Robot Design

As claimed in the background, the terrain situations after disasters are quite tough and

complex, which may include debris, stones, slops, mud, or even aquatic environment. It

is of great danger and difficult for human beings to access such terrains to conduct search

and rescue tasks. Hence, robots with outstanding locomotion abilities that can negotiate

variable amphibious terrains are desirable.

In existing amphibious robots of either biomimetic ones or hybrid ones, most of them are

only acquired of few locomotion modes, which can not be applied in complex amphibious

environment after disasters. This chapter will introduce the design and fabrication of a

special wheel-paddle integrated robot that can realize various locomotion modes adapting

to the terrain situation. The concept of the core locomotion mechanism utilized in the

robot, which is called eccentric paddle mechanism, is firstly shown in Section. 2.1. Relative

work on the design of the mechanism will be briefed in Section. 2.2. Then the complete

mechanical design and control system of the new fabricated robot will be illustrated in

Section. 2.3 and Section. 2.4, respectively. Finally, we introduce the overall specifications

of the robot and analyze the stresses of key parts in Section. 2.5. Summary is given in

Section. 2.6.
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2.1 Concept of the Eccentric Paddle Mechanism

2.1.1 Components

The concept of eccentric paddle mechanism was first introduced in [1]. Considering

the advantages and disadvantages of both wheeled robots and legged robots in various

environment, the concept combining wheel and legs together was proposed. Different with

normal hybrid locomotion mechanism, our concept can achieve variable configurations and

locomotion modes.

The schematic drawing of the concept is depicted in Fig. 2.1. The main components

in one eccentric paddle mechanism include a wheel that can rotate around its center and

four paddles that can rotate around the paddle shaft. All the paddles protrude or retract

freely through the hinges that are evenly located at the wheel rim. Specifically, each hinge

indicates a revolute pair and a sliding pair. The specialty of this mechanism lies in the

controllability of the paddle shaft’s location. It can be controlled to reach anywhere inside

the wheel. The vector from the wheel center to the paddle shaft is called eccentricity, which

is also the reason we named this mechanism the eccentric paddle mechanism. As a result,

the configuration of the mechanism is changeable. And combining with the rotation of the

wheel, various locomotion modes can be realized.

Figure 2.1. Concept of the eccentric paddle mechanism.
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2.1.2 Versatile Locomotion Modes

As shown in Fig. 2.2, the near-earth paddles can be retracted into the wheel completely

if the paddle shaft is located at the highest eccentricity. Since only the wheel contacts with

the ground in this situation, it is called wheeled mode. And the wheeled mode is good at

fast and energy efficient locomotion on flat ground. But when the terrain becomes uneven

like steps or needs more accurate control on the trajectories of the paddle tips, legged mode

can be applied to realize stable locomotion. Another mode that can be achieved by the

mechanism on terrestrial terrain is wheel-leg-integrated motion, where both the wheel and

the paddle interact with the substrate. This motion has more advantages in rough terrain

like sandy soil or mud since it is able to improve the trap problem of purely legged mode

and reduce the slippage in wheeled mode, which helps access severe regions after disasters.

As for aquatic swimming, the paddles can generate effective propelling thrusts due to the

larger area compared with normal rod shaped legs.

Figure 2.2. Feasible locomotion modes realized by eccentric paddle mechanism in various
amphibious environment.

The four amphibious modes mentioned above are generalized ideas based on the features

of the locomotion. Exact motion sequence or pattern could be varied according to the

application scenarios. Details will be illustrated in this thesis hereinafter.

12



2.2 Relative Work

2.2.1 Single Module Design

In order to implement the motion of each joint as expressed in Section. 2.1, an eccentric

paddle mechanism based on the planetary gear system has been proposed and a single-

module prototype has been fabricated [43, 44]. As shown in Fig. 2.3(a)(b), both front and

back view of the 3-D model are presented. To reach any position within the wheel, the

paddle shaft is actuated by a planetary gear system, which is composed of a sun gear, a

planet gear and a planet carrier. The paddle shaft is solidly connected with the planet gear

by the paddle shaft carrier. As expressed in the concept, the four paddles can rotate freely

around the paddle shaft, and the attitudes of the paddles are passively controlled by the

rotation of the wheel. The paddles can protrude out of the wheel or retract into the wheel

freely through the hinges. The picture of the prototype is shown in Fig. 2.3(c) while the

schematic drawing of the mechanism is shown in Fig. 2.3(d). To be specifically, letter S

indicates the paddle shaft, O and O1 are the centers of sun gear and planet gear separately,

segment OO1 and O1S correspond to the effective lengths of the planet carrier and the

paddle shaft carrier respectively. Only one paddle (black line) is seen in the schematic

drawing for simplification. The main design parameters of the mechanism are listed in

Table 2.1.

2.2.2 Kinematics

In this eccentric paddle mechanism, there are three rotational joints that are actively

controlled, which are the wheel joint (θ0), the sun gear (θ1) and the planet carrier (θ2). The

sun gear and the planet carrier jointly control the location of the paddle shaft, while the

rotation of the wheel can vary the attitude angle of the paddles. The eccentricity from the

paddle shaft (S) to the wheel center (O) is defined by the eccentric distance (rS) and the

eccentric angle (θS). As a result, we can obtain a mapping relation from the system inputs
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Figure 2.3. Single module design of the eccentric paddle mechanism: (a) front view of the
3-D model; (b) back view of the 3-D model; (c) picture of one prototype; (d) schematic
drawing of the mechanism.
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Table 2.1. SPECIFICATIONS OF THE ECCENTRIC PADDLE MECHANISM

Description Symbol Value

Radius of wheel RW 56mm

Hinges layout radius RH 50mm

Pitch circle diameter of sun/planet gear d 20mm

Effective length of planet carrier OO1 20mm

Effective length of paddle shaft carrier O1S 20mm

Paddle length l 96.5mm

Paddle width a 63mm

Paddle thickness b 2mm

to the outputs, described as

f :


θ1

θ2

θ0

→

rS

θS

θ0

 (2.1)

.

The joint kinematics of the eccentric paddle mechanism is depicted in Fig. 2.4. The

configuration of the i -th (i = 1, 2, 3, 4) paddle is decided by the position of the paddle

shaft (xS , yS) and the attitude angle of each paddle θPi . They can be calculated through

the geometric relations in the mechanism. Specifically, it can be expressed as

χpi =


xS

yS

θPi

 =


d cos θ2 + d cos(3θ2 − θ1)

d sin θ2 + d sin(3θ2 − θ1)

atan2(yHi − yS, xHi − xS)

 (2.2)

where d is the diameter of the sun gear and planet gear, θ1 and θ2 indicate the input angles

of the sun gear and the planet carrier. (xHi , yHi) is the coordinate of the i -th paddle hinge,

which can be expressed as

Hi =

 xHi

yHi

 =

 RH · cos θHi

RH · sin θHi

 , (θHi = θ0 + (i− 1)π/2) (2.3)
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where RH is the radius of the hinges layout circle, θ0 is the angular position of the wheel,

and θHi is the angular position of the i -th paddle hinge. When the actuated joints of the

wheel θ0, the sun gear θ1 and the planet carrier θ2 are known, the motion state of the

eccentric paddle mechanism can thus be obtained from

χ =


rS

θS

θ0

 =


d
√

2(1 + cos(2θ2 − θ1))

2θ2 − θ1/2

θ0

 (2.4)

.

Figure 2.4. Kinematics of the eccentric paddle mechanism.

According to the mapping relation f , the motion states of both the wheel and the

paddles can be obtained based on the given inputs. Since the mapping f is reversible,

inverse kinematics can also be derived to actuate the mechanism so as to achieve desired

trajectories of the wheel and the paddles.

2.3 Mechanical Design of the Robot

The basic principle and the single-module prototype of the eccentric paddle mechanism

has been introduced. However, a complete and reliable robot prototype which can be

employed in real severe amphibious environment has not been developed. This section
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involves the mechanical design of a wheel-paddle integrated robot that based on the eccentric

paddle mechanism. The new developed robot prototype is shown in Fig. 2.5 [45]. It consists

of a body that is covered by carbon fiber plates and enclosed with whole electronic system,

and four wheel-paddle modules which are assembled with the body through aluminum plates

and beams.

Figure 2.5. Prototype of the wheel-paddle integrated robot: (a) 3-D model; (b) picture.

Considering the application of the robot in severe terrains which contain tiny particles

or water like mud or sand, the reliability and stability of the robotic system should be

maintained during the locomotion. Therefore, the electronics system should be isolated

from outside so that dust and water will not affect the normal operation of the electric

parts. Besides, due to the complexity and the accuracy of the transmission system, even

very small particles can not be allowed to get into the clearance among the parts. Or else

the transmitting inaccuracy, unsteadiness, or even failure will happen to the transmission

system and affect the electronic parts as well. However, it is known that the paddle shaft

follows a two degree-of-freedom planar motion and the paddles protrude or retract through

the hinges in the wheel to contact with the environment, so it is difficult to realize sealing

or isolation for the whole robot. As a result, a compromised protection mechanism was

designed, where the electronics system is protected from both water and little granules, the

eccentric paddle mechanism is protected from granules, and the transmission method is also

improved.
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2.3.1 Waterproof Scheme

To realize waterproof for the body that enclosing the electronic system, both static

sealing method and dynamic sealing method are employed. As shown in Fig. 2.6, to achieve

waterproof of the body, it is crucial to implement the sealing between the body and the

driving shafts because of the existing relative rotation. These driving shafts deliver torques

from the motors to the eccentric paddle mechanism. So the inputs of these shafts are the

rotation motion of the motor inside the body, and the output ends transmit torques to the

joints in each wheel-paddle module through chains. To achieve sealing between the body

and the driving shafts, stuffing boxes were designed and used. As seen in the cross-section

drawing of the stuffing box, it mainly includes a V-ring and the felt that is saturated with

grease. When the shaft is driven to rotate, the boundary film will be produced around the

surface of the shaft. The film can lubricate the rotational motion of the shaft. And at the

same time, since the boundary film is not uniform, the effect of labyrinth is to form and

prevent the water or dust from intrusion.

Figure 2.6. Waterproof scheme applied between the body and the driving shafts: (a)
structural diagram; (b) picture of stuffing box.
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2.3.2 Sandproof Scheme

The sandproof scheme was achieved to each wheel-paddle module. As shown in Fig.

2.7, one wheel-paddle module and its cross-section drawing are depicted. Some parts like

the paddles are not shown in the figure for clearance. As described in previous sections,

the motion accuracy of the paddle shaft is essential to vary the configuration of the wheel-

paddle module and control the whole robot. And since the paddle shaft is actuated by

the planetary gear system which is easy to fail when little granules get inside. Therefore,

sandproof scheme was applied to the planetary gear mechanism to ensure the performance

of the paddle shaft. As shown in the cross-section drawing, wool felts are inserted into the

gap between two components that rotate relatively to realize isolation. For instance, felts

exist between the paddle shaft carrier and the planet carrier, between the wheel rim cover

and the planet carrier, and between the body connector and the wheel rim. As a result, the

chamber containing the planetary gear mechanism is protected from outside granules. The

gear chamber is enclosed within red lines as shown in the figure.

Figure 2.7. Sandproof scheme applied to the planetary gear mechanism.

To verify the effectiveness of both the waterproof and sandproof schemes, tests were

conducted based on the stipulation of the International Protection Marking standard (IEC

60529). The results have shown that the protection level of the body reaches IP65, which

means no ingress of dust and water jet. And the protection level of the gear chamber is
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IP53, where it can stop the dust and spraying water. Hence, it is recognized that the robot

can be utilized in rough terrains with granules or puddles, and also feasible on water surface.

2.3.3 Transmission Mechanism

Previously, gears were applied to transmit torque from the motors to the eccentric

paddle mechanism. However, gears are easy to fail if granules go into the backlash. And

the multistage transmission reduced the accuracy as well as adding the whole weight of

the mechanism. To ensure the robustness and effectiveness in harsh environment, chain

transmission was employed in this robot instead of gears or timing belts. Besides, chain

achieves the best transmitting efficiency among the three methods. As shown in Fig. 2.8,

three chain wheels are used to actuate one wheel-paddle module. To be specifically, the

chain wheels in the dashed line box of Fig. 2.8(b) actuate the sun gear, the planet carrier

and the wheel joint respectively. And they are connected with the motors through chains.

Figure 2.8. Chain wheel transmission diagram: (a) isometric view; (b) cross-section view.

Tension device is necessary for chain transmission to ensure the operating effectiveness.

Whereas no standard parts could be used directly due to the space limit. As a result,

a POM (polyformaldehyde) gasket shown in Fig. 2.9 was utilized to tension the chain.
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POM is widely used for fabricating special tension devices due to its characteristics of self

lubricating and abrasion resistance.

Figure 2.9. POM gasket used for tensioning the chain.

2.4 Control System Design

2.4.1 Electronic System

The electronic system involves the higher layer and the lower layer. The higher layer

includes a main computation power which is a PC that works under Windows 64-bit oper-

ating system at the frequency of 3.30 GHz. It transmits data with four individual MCUs

(MC9S12XS256, NXP, Netherlands) at lower layer through CAN communication. Each

individual MCU controls one wheel-paddle module, which may include the PID (abbr. for

proportional-integral- differential) control for DC (abbr. for direct current) motors and

reading the encoders. Each wheel-paddle module contains three DC motors (RE25, Maxon

motor, Switzerland, Type power: 20W) which are the integration of motor, gearbox, and

incremental encoder. The motors are actuated by the motor drivers made from VNH5019

(Pololu, USA, Type: 5.5-24V, 30A) which has large voltage range and the current can be

measured as well. To obtain the real time position and orientation of the robot, a Kinect

Box (Microsoft, USA) was assembled to the top of the body. The electronic parts of lower

layer inside the body are shown in Fig. 2.10.
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Figure 2.10. Electronic system of lower layer inside the body shell: (a) overall layout; (b)
individual MCU picture; (c) components in one individual MCU.
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2.4.2 Control Structure

The full control structure of the robot is shown in Fig. 2.11, which is composed of three

layers. High-level commands such as speed, orientation and locomotion modes are sent from

the higher PC layer. These commands will be first converted into joint velocities through

kinematics or inverse kinematics of the robot. Then the joint velocities are sent to the

behavior layer as inputs for velocity control. The behavior layer contains four sub-control

units, corresponding to four MCUs. Each MCU controls three DC motors that drive one

wheel-paddle module. The ground-truth motion of the robot which include the position and

orientation is obtained by a Kinect Box to feedback to the PC layer. An UI (User Interface)

was developed with Visual Studio (Microsoft) in the PC layer to send control commands

and record feedback data. The interface is captured as shown in Fig. 2.12.

Figure 2.11. Control structure of the robot [45].
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Figure 2.12. Screen capture of the user interface in PC layer.

2.5 Specifications and Safety Analysis

The specifications of the robot are summarized in Table 2.2. It was found that the robot

weighs much heavier than the previous single module. To be specifically, the weight that

each wheel-paddle module needs to undertake is larger than the previous. To ensure the

safety of the mechanism, stress analysis was conducted on the weakest part of the robot:

paddle shaft. The paddle shaft works like a cantilever beam which need to support the whole

weight of the robot and endure the impulse transiting from the ground to the paddles. The

considered situation is shown in Fig. 2.13, which consists of a single-end fixed paddle shaft,

a paddle clamp and a paddle with external loads applying vertically upside. The robot

was assumed to fall freely from a certain height above the ground. According to the robot

size and the possible locomotion modes, the falling height was set as 0.1 m, which is much

larger than the radius of the wheel. Thus, the external loads applying on the paddles can

be calculated through the theorem of impulse as:

F ·∆t = m ·∆v (2.5)
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where F is the sum forces that applied on all the four paddles from all wheel-paddle modules,

∆t is the impulse time that starts from the contacting instant during falling and ends with

the moment of robot bouncing up. In the simulation the impulse time was set as 0.1 s. And

m is the mass of the whole robot as shown in Table 2.2. But considering a safety factor, m

equals 30 kg in the stress simulation. ∆v indicates the velocity variance during the impulse,

which is obtained through:

∆v = 2
√

2gh (2.6)

where g is the acceleration of gravity and h is the falling height.

Table 2.2. ROBOT SPECIFICATIONS

Descriptions Values Units

Length Body 0.5 m

Axle-to-axle 0.42 m

Width Body 0.32 m

Body include wheel 0.61 m

Height Body 0.15 m

Ground to chassis (min) 0.116 m

Ground to chassis (max) 0.196 m

Wheel diameter 0.112 m

Wheel width 0.112 m

Weight One Wheel-paddle 1.7 kg

Body 14 kg

Total 24 kg

The stress simulation was conducted in Solidworks and the results could be found in

Fig. 2.13. Fig. 2.13(a) shows the mesh result of the analyzed parts and the mesh details

are listed in Table 2.3. Based on the real situation, the fixture and the external loads are

depicted in Fig. 2.13(b) with green and red arrows respectively. The stress along the paddle

shaft is shown in Fig. 2.13(c), where the maximum value is 184.7 MPa. Since carbon steel

was utilized to fabricate the paddle shaft, which yield strength (220.59 MPa) is mush larger
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than the simulated peak value, it is concluded that the paddle shaft can perform securely

in the locomotion.

Figure 2.13. Stress analysis on paddle and paddle shaft: (a) created mesh; (b) result of von
Mises stress; (c) enlarge view of stresses on paddle shaft.

Table 2.3. MESH DETAILS

Mesh type Solid mesh

Jacobian points 4

Element size 1.7 mm

Tolerance 0.087 mm

Total nodes 27570

Total elements 15877

Percentage of elements with aspect ratio <3 94.4

Percentage of elements with aspect ratio >10 0.101
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2.6 Summary

So far, a complete wheel-paddle robot platform based on the eccentric paddle mecha-

nism has been developed. Introduction about designing the platform has been made from

both mechanism and control system. To ensure the effectiveness and robustness in severe

environment, special protections have been applied to each crucial part. The safety of the

weakest position has been verified through simulation as well. The locomotion performance

of the robot platform in various amphibious environment will be studied in the following

chapters.
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Chapter 3

Trafficability on Rigid Terrain

Amphibious environment is consist of terrestrial and aquatic areas. While robots are

performing terrestrial tasks in outside fields, usually they need to work in extreme envi-

ronment and deal with rough terrains. Common rough terrains may include grass, stones,

debris, et al., which substrates are comparatively steady under external stresses, named

rigid terrain. Yet there are some special terrains such as sand, snow or mud, which sub-

strates are composed of granular media, called soft terrain. These soft terrains are flowable

or deformable under external pressure. Hence, the locomotion performance of robot in such

terrains are complex, which will be illustrated in next chapter.

This chapter will first propose a hybrid locomotion mode that is configurable and can

be applied in various rough terrains including the rigid terrain and soft terrain. Then, to

verify the hybrid mode as well as the new fabricated robot prototype, trafficability of the

robot will be evaluated on three rigid rough terrains, which contains grass, gravel and stone.

The results on flat floor are given for reference as well. At last, the locomotion performance

are discussed and compared with previous gaits and other rough terrain robots.
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3.1 Previous Work

Previous work about the locomotion on terrestrial terrain mainly concerns the motion

planning of individual wheel-paddle module on flat ground. In [46, 47], a non-reciprocating

crawling gait was proposed to avoid the two-directional rotation of the motors so as to

increase the transmission accuracy of the planetary gear system. And to increase the lo-

comotion speed and efficiency, a race-walking gait was designed in [48]. However, both

the legged gaits were only designed and tested on flat ground and they are sensitive to

the unevenness of the terrain. Thus, they can not be directly employed in outside fields.

Moreover, the complexity of the motion sequences added on the difficulties of controlling

the robot. And three motors working together in a single module is not energetic efficien-

t. Hence, in following of this chapter we will propose a hybrid locomotion mode to deal

with the roughness of the ground and tests on the new fabricated robot prototype will be

conducted in various fields to verify the effectiveness.

3.2 Motion Generation

The motion generation of the wheel-paddle robot is composed of two levels: the first

is at the level of individual wheel-paddle module, and the second level is the collaboration

among all the four wheel-paddle modules. The first level explains the motion followed by

each individual wheel-paddle module in one period, while the second level establishes a

strategy used for generating a gait or pattern among all the modules for the whole robot.

3.2.1 Motion of Individual Module

In order to realize reconfiguration and fast transformation when dealing with various

rough terrains, also to improve the locomotion efficiency as much as possible, the hybrid

mode was proposed. When the robot performs in hybrid mode, the wheel joint is controlled

to rotate continuously so as to generate continuous forward traction forces, while the location

of the paddle shaft is only adjusted when the terrain situation changes. In this way, there
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is only one motor working in one module at most time during the locomotion. Hence, the

control scheme is simplified and the energy consumption will be reduced comparing with the

previous legged modes. Through changing the position of the paddle shaft, the contacting

situation between the wheel-paddle module and the ground will be altered correspondingly.

And different contacting situation will lead to different traction force applying on the robot.

As shown in Fig. 3.1(a)-(d), four supporting situations will appear if the eccentric distance

of the paddle shaft rS is increased from 0mm to 40mm. To simplify the control of the

robot in primary research, the eccentric angle of the paddle shaft is set constant as π/2,

which means the paddle shaft only moves along the Y-axis. And considering the stability

of the robot, the eccentric distance is set as positive to reduce the protruding length of the

paddles, implying the paddle shaft moves above the wheel center O.

Fig. 3.1(a) plots the paddle-support stance where only the paddles contact with the

ground but the wheel never touches the ground during the locomotion. This situation occurs

when the eccentric distance of the paddle shaft is less than a threshold. Fig. 3.1(b) depicts

the moment of the wheel just contacting with the ground. Based on the geometric relation

in Fig. 3.1(b), the threshold (rS = 28mm) can be calculated through

RW + rS = l cosϕ (3.1)

where l is the paddle length and ϕ is the angle between the paddle and Y-axis. If the

eccentric distance of the paddle shaft is increased to be larger than that threshold, the

wheel-paddle module will be transformed into the hybrid-support stance (as shown in Fig.

3.1(c)). In hybrid-support situation, both the wheel and the paddles contact with the ground

during one period of the locomotion. As shown in the figure, the stance transforms between

the wheel-support (pale lines) and the paddle-support (bold lines) periodically. When the

paddle shaft reaches the maximum eccentric distance or the highest location in the wheel

(rS = 40mm), the paddles will be entirely taken back into the wheel when rotating near the

ground. In this case, the situation is called wheel-support stance, as shown in Fig. 3.1(d).

In order to obtain the forward locomotion speed of the robot in hybrid mode, stride

length (L) by each wheel-paddle module in different supporting situations have been cal-
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Figure 3.1. Principle of the hybrid mode in schematic drawing: (a) paddle-support; (b)wheel
starts contacting with ground; (c) hybrid-support; (d) wheel-support.
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culated. The stride length is defined as the distance between two supporting points when

the i -th and the (i + 1)-th paddles contact with the ground. Since there are four paddles

in one wheel-paddle module, in one rotational period of the wheel joint, the displacement

of the wheel-paddle will be four times of the stride length which is 4L. Considering there

is no paddle contacting with the ground in wheel-support situation, the stride length is

calculated as a quarter of the perimeter of the wheel. Consequently, the stride length of the

wheel-paddle module in hybrid mode is written as

L =



√
2l2R2

H

r2
S +R2

H +
√

2rSRH

, if 0 < rS ≤ 28mm

2RW (π/4− ϕ− arcsin(
rS
RH

sinϕ
′
)) + 2l sinϕ

′
, if 28 < rS < 40mm

1

2
πRW , if rS = 40mm

(3.2)

where ϕ
′

is the angle between the paddle and Y-axis when the paddle is contacting with the

ground in hybrid-support stance. Besides, it is assumed that no slippage occurs between

the wheel-paddle and the ground.

3.2.2 Motion of the Robot

In this section, we introduce a two dimensional kinematics of the robot in a plane defined

by a global Cartesian coordinate system (XGGYG), as shown in Fig. 3.2. For the robot

platform, a local coordinate system (XLRYL) is defined on it. A general motion of the

robot can thus be expressed as

q(t) = ((x(t), y(t)), Ψ(t)) (3.3)

where the (x(t), y(t)) is the position of the origin R in global system at time t and describes

the translational motion of the robot. The second term Ψ(t) demonstrates the rotational

component of the robot motion. After all, Equation 3.3 describes a three degree-of-freedom

motion of the robot in the ground plane. The translational speed v(t), the translational

motion orientation θ(t), and the rotational speed of the robot ω(t) at time t can then be
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calculated through

v(t) =
√
x′(t)2 + y′(t)2

θ(t) = arctan 2(y′(t), x′(t))

ω(t) = Ψ ′(t)

(3.4)

which describes the incremental motion of the robot. To simplify controlling the locomotion

of the robot, a tangential motion was considered and utilized. The tangential motion means

the orientation of the translational motion is always along the tangent line of the trajectory

curve. As a result, the rotational speed of the robot ω(t) can also be calculated through

ω(t) =
dθ(t)

dt
= κ(t) · v(t) (3.5)

where κ(t) is the curvature of the curve [49]. Based on this simplification, it is found that the

tangential motion of the robot could be described in a two degree-of-freedom configuration

as

Q(t) = (v(t), θ(t),
dθ(t)

dt
) (3.6)

Figure 3.2. Definition of the two dimensional motion of the robot in a plane.

Considering this robot is equipped with fixed wheels, differential skid steering is thus

applied. According to [49], there exists a unique relation between the wheel-paddle speeds

for a given motion Q(t). As shown in Fig. 3.3, the locomotion speeds of the wheel-paddle
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modules on both sides can be derived by
v1(t) = v(t)− a

2
· ω(t) = (1− a

2
· κ(t)) · v(t)

v2(t) = v(t) +
a

2
· ω(t) = (1 +

a

2
· κ(t)) · v(t)

(3.7)

where a is the distance between the left wheels and the right wheels. To be noticed, the

wheel-paddles on the same side are actuated with the same forward speed.

Figure 3.3. Differential steering of the robot.

3.3 Experimental Verification on Rigid Terrains

So far, the robot prototype has been fabricated and the hybrid mode has been proposed

for accessing multi-terrain. To verify the design and evaluate the locomotion performance

of the robot, experiments were first conducted on rigid terrains with hybrid mode. The

rigid terrain in this section will include floor, grass, stones and gravels, which are not

as soft or flowable as granular media like sand. And only forward locomotion will be

studied. During the experiments, the robot was controlled to go straight at a constant

speed. The performance will be evaluated from locomotion speed, vertical vibration and

energetic efficiency respectively.
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3.3.1 Experimental Environment

The experimental environment and the setup are as shown in Fig. 3.4. The main control

PC sends commands to the robot to adjust the eccentric distance of the paddle shaft and the

forward locomotion speed. To obtain the position and orientation of the robot in real-time,

a Kinect Box (Microsoft, USA) was assembled on the top of the robot body. The six degree-

of-freedom motion information were recorded by the assist PC. During the experiments, a

camera was utilized to log the locomotion process for reference as well.

Figure 3.4. Experimental setup for evaluating locomotion performance of the robot on
rough terrains.

To compare the trafficability of the robot on different rigid terrains, one indoor and

three outdoor terrains were chosen as the experimental sites, as seen in Fig. 3.5. Fig. 3.5(a)

shows the robot on indoor flat ground, which is located at the second floor of East Wing,

Ritsumeikan University (BKC). Fig. 3.5(b) shows the grass terrain nearby the East Wing.

Due to the weakness of the grass substrate, sinkage can happen to the robot. And the terrain

is not guaranteed to be horizontal or flat. Even so, experiments were conducted repeatedly

to average the results. And it also allows us to study the rough terrain negotiability of

the wheel-paddle robot with hybrid mode. Fig. 3.5(c) shows the terrain with stones which

35



average diameter is near 20mm. While in Fig. 3.5(d), the average diameter of the gravels

is 5mm.

Figure 3.5. Tested indoor and outdoor rigid terrains: (a) indoor floor; (b) grass; (c) stones
with average diameter of 20mm; (d) gravels with average diameter of 5mm.

3.3.2 Results Analysis

A. Flat Floor

The experimental results of floor locomotion in hybrid mode are shown in Fig. 3.6. The

eccentric distance of the paddle shaft was set as 40mm, corresponding to the wheel-support

configuration. During the tests, the robot was controlled to follow five different constant

forward speeds. The displacements changing along with the time are shown in Fig. 3.6(a),

where data in five seconds are depicted. The vibration of the robot in the vertical direction

was also recorded and the results in one trial are shown in Fig. 3.6(b). The vibration is

almost zero in all tests due to the wheel-support configuration. The current consumption

of one wheel-paddle module in different locomotion speeds are also shown in Fig. 3.6(c).

Along with the speed goes up, the current increases slowly and reaches the highest at the
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speed of 0.4m/s. But generally the current did not change too much. To inspect the current

consumption in all four modules, the current of four modules in 0.3m/s are shown in Fig.

3.6(d). The letters ”FL” indicate the module at the front left of the robot, while ”HR” is

the hind right module, ”FR” is the front right and ”HL” is hind left. It is found that the

currents generated by the left side modules are a litter smaller than the right side ones,

which may be caused by the unbalanced load of the robot body.

Figure 3.6. Results of floor tests in wheel-support configuration: (a) forward speeds; (b)
vertical vibration of the robot; (3) current consumption in different locomotion speeds; (d)
currents in four modules of the robot at forward speed of 0.3m/s.

B. Grass Land

To evaluate the locomotion performance on rough terrain like grass land, the robot

was adjusted to hybrid-support configuration. In primary tests, the eccentric distance of

the paddle shaft was set to 30mm. The displacement of the robot at various actuating

speeds are shown in Fig. 3.7(a). Different with the data in floor tests, the curves are not

absolutely smooth due to the roughness of the grass land. The vertical vibration was also
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measured and shown in Fig. 3.7(b). It was found that the vibration was small because the

sinkage happens to the robot due to the weakness of the grass substrate, which lead to a

comparatively stable locomotion. The variance in the vertical displacement was caused by

the unevenness of the terrain. The current consumption at different locomotion speeds and

by different modules are shown in Fig. 3.7(c)(d) respectively. Comparing with the currents

in floor tests, the values are a little larger. But due to the roughness of the terrain, the

currents are difficult to find the rules. It is seen that when the locomotion speed goes up,

the current does not change too much.

Figure 3.7. Results of grass land tests in hybrid-support configuration: (a) forward speeds;
(b) vertical vibration of the robot; (3) current consumption in different locomotion speeds;
(d) currents in four modules of the robot at forward speed of 0.08m/s.

C. Stones

The results from tests on stones can be found in Fig. 3.8. The data of forward distance

in Fig. 3.8(a) are not as smooth as floor tests and grass tests, which means it is more difficult
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to follow a constant locomotion speed on a rougher terrain situation. The vertical vibration

showing in Fig. 3.8(b) also proved that. It is seen that the vibration is larger comparing

with the grass locomotion. As for the current during the locomotion, it is cluttered during

the roughness of the terrain. Generally, we can find the largest current occurs at 0.11m/s.

The average current will be calculated for further analysis in the next section.

Figure 3.8. Results of stone tests in hybrid-support configuration: (a) forward speeds; (b)
vertical vibration of the robot; (3) current consumption in different locomotion speeds; (d)
currents in four modules of the robot at forward speed of 0.08m/s.

D. Gravels

The experiment was also conducted in gravels, which consist of smaller stones comparing

with the previous section in big stones. The behavior of the robot was found different in

these two terrains. During the locomotion on stones, the paddles seldom insert into the

stones deeply and the stone substrate does not change a lot. While in gravels, the paddles

insert into the gravels and interact with them in a more complicate way. Due to the small
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mass of each gravel, the substrate also changes sometime. The sinkage of the paddle reduced

the system vibration but also increased the resistance of going forward. The currents shown

in Fig. 3.9(c)(d) are much larger than on the stones.

Figure 3.9. Results of gravel tests in hybrid-support configuration: (a) forward speeds; (b)
vertical vibration of the robot; (3) current consumption in different locomotion speeds; (d)
currents in four modules of the robot at forward speed of 0.08m/s.

3.3.3 Energetic Efficiency

The previous section has introduced results directly obtained from the feedbacks of the

system. To evaluate the locomotion efficiency in different terrains, specific resistance (SR)

[50] was was used and it is defined by

SR =
P

mgv
(3.8)

where P indicates the power consumption by the whole robot, v is the locomotion speed,

m is the mass of the prototype and g is the acceleration of gravity. Both the power P
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and speed v are averaged during the calculation. The power consumption by the robot

at different locomotion speeds are depicted in Fig. 3.10(a). It is found that the power

consumption almost increases linearly with the locomotion speed going up. And it consumes

more energy in rough terrains than on flat floor. As for the specific resistance, the results

are shown in Fig. 3.10(b). The larger values of specific resistance indicates less efficiency

of the locomotion. It is seen that the floor locomotion is the most efficiency. While the

locomotion in gravels tends to be the most inefficient among all the rough terrains.

Figure 3.10. (a) Power consumption; and (b) specific resistance of the robot traversing
rough terrains at different locomotion speed with the hybrid mode.

3.4 Discussion

This chapter first introduced the previous work about gait planning. But considering

the application of the robot in rough terrain, we proposed the hybrid mode and analyzed

the robot kinematics as well. The advantage of the hybrid mode is its fast and simple

reconfigurability among different support stances, which is necessary to deal with variable

terrain situations. For example, the wheel-support configuration is suitable for fast and

efficient locomotion on flat ground. While in rough terrains such as stones, the protruding

paddles may make up with the unevenness and increase the traction force, so as to increase

the locomotion efficiency. This effect of the protruding paddles should be more prominent

in the granular media like sand, which will be illustrated in the next chapter. Hence,
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this chapter preliminarily tested the hybrid mode on four rigid terrains and evaluated the

locomotion speed, vibration and the energy efficiency. To compare the locomotion efficiency

with the previous gaits as well as the other mobile robots, we depicted the range of the

specific resistance in Fig. 3.11 [45]. The black lines indicate other robots, while the blues

lines are our previous gaits, and the red lines are the results of hybrid mode. Due to the

large difference between the flat floor locomotion and rough terrain locomotion, we separate

the results into two lines. It is found that hybrid locomotion on flat floor is the most efficient

and the fastest in our study. The non-reciprocating legged gait is more efficient than the

hybrid mode on rough terrain. However, it can only be applied to flat ground and also the

speed can not reach as fast as the hybrid mode. As for the crawling gait, the efficiency is

almost same with the hybrid mode. Only the locomotion speed is also much slower than the

hybrid mode. The slow locomotion speed of both crawling gait and non-reciprocating gait

is due to the complicate control of the motion in the eccentric paddle mechanism, which

limited the gait frequency so as to the locomotion speed. This is also the reason we utilized

the hybrid mode, where only one motor is actuated in one wheel-paddle module during

the locomotion, the other two motors are only actuated when transforming among different

support stances.
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Figure 3.11. Specific resistance of the new robot with hybrid mode (red lines), previous
legged gaits(blue lines), and other mobile robot [45]. c© 2018 IEEE.
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Chapter 4

Trafficability on Soft Terrain

4.1 Introduction

The trafficability of the robot on rigid terrains has been inspected in the previous

chapter. However, the rough terrain that the robot needs to deal with include not only

the rigid ones but also the soft ones, such as the granular media. The difference is that

the substrate of the rigid terrains (floor, grass, gravel, stones, etc.) is not flowable, while

the granular media (also named soft substrate in some research) is deformable and flowable

under external forces. It is defined as collections of discrete particles which behaves between

solid and fluid [14, 15, 16], such as sand, soil, mud, snow, etc.. Moreover, the granular media

can be categorized into dry granular media and wet granular media according to the water

content of the media. The prominent difference between them is whether cohesion exists.

Currently in our research, we focus on the locomotion of the robot on dry granular

media, where the granular particles interact purely through dissipative, repulsive contact

forces without cohesion [17]. Due to the wide existence of such granular media on our

earth, it is important for a field robot to access it effectively so as to be applied to the

real environment. Based on the study of the locomotion on rigid terrain, this chapter

discusses the trafficability of the wheel-paddle integrated robot over soft terrain (sand)

while conducting the hybrid mode. To be detailedly, first the paddle terradynamics will be
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modeled to explore the interaction between the paddles and the soft terrain; based on the

theoretical results, an indoor testbed is built and the experiment will be conducted with

one wheel-paddle module to verify the interaction as well as the motion; at last the robot

will be controlled to traverse real sand in outdoor field and the results will be analyzed.

4.2 Paddle Terradynamics

To traverse soft terrain, the hybrid mode proposed in Sec. 3.2.1 will be remained

utilizing due to its flexibility and adaptability in various terrain situations. But on account

of the flowability of the granular media, the interaction between the robot and the substrate

is more complex compared with the rigid ground. To figure out the optimal configuration of

the wheel-paddle for accessing soft terrain, the paddle terradynamics will be first introduced

in this section. In both theoretical and experimental analysis, a kind of sand with the

properties listed in Table. 4.1 was considered (name Sand I).

Table 4.1. PHYSICAL PROPERTIES OF THE STUDIED SAND I

Description Value Unit

Cohesion stress 400 Pa

Friction angle 38.1 deg

Density 1480 kg/m3

Scaling factor αz 1.1 N/cm3

4.2.1 Modeling

Fig. 4.1(a) shows the schematic drawing of the situation we are discussing. For sim-

plification, only the wheel with wheel center O and radius RW and one paddle with the

paddle shaft S and whole paddle length l are depicted. Comparing with the propelling force

that the paddles can generate, the drawbar pull of the wheel is very small. Besides, the

interaction between the wheel-paddle and the sand becomes complicate due to the squeeze

by two adjacent paddles. Hence, we assume the sinkage of the wheel is zero which means
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the wheel just contacts with the sand surface and does not generate effective propelling

or resistive forces. We only study the terradynamic force generated by the paddle with

different protruding lengths.

Figure 4.1. Experimental setup for measuring thrust.

The protruding length means the part of the paddle outside the wheel, which is deter-

mined by the eccentric distance of the paddle shaft. While the effective length that can

generate terradynamic force is the inserting part of the paddle in the sand. The inserting

length of the paddle is depicted in blue line in Fig. 4.1(a) and described by li. The exact

inserting length can be calculated through geometric relations as

li = l − rS +RW

cos θ
(4.1)

where rS is the eccentric distance of the paddle shaft S away from the wheel center O and

defined as positive if the location of S is above O, negative if S is below O. RW is the radius

of the wheel, and θ is the angle between the paddle and the central line. An enlarged view

of the inserting paddle is shown in Fig. 4.1(b). The terradynamics proposed in [19] proved

that the interface stresses σx,z on a unit paddle segment dl are independent on the moving

speed when it is slow, but proportional to the depth of the segment (|z|). And the gains of

the stress αx,z have an exact functional relation with the attack angle β and the intrusion

angle γ of the paddle. The function was parameterized with the discrete Fourier transform

46



(DFT) coefficient in [19], following
αz(β, γ) =

1∑
p=−1

1∑
q=0

[Ap,q cos 2π(
pβ

π
+
qγ

2π
) +Bp,q sin 2π(

pβ

π
+
qγ

2π
)]

αx(β, γ) =
1∑

p=−1

1∑
q=0

[Cp,q cos 2π(
pβ

π
+
qγ

2π
) +Dp,q sin 2π(

pβ

π
+
qγ

2π
)]

(4.2)

where the DFT coefficients (Ap,q, Bp,q, Cp,q, Dp,q) are nine terms of the zeroth and first

orders that can be written into vector ~M as

~M = (A0,0 A1,0 B1,1 B0,1 B−1,1 C1,1 C0,1 C−1,1 D1,0)T (4.3)

Vector ~M is the result of multiplying a generalized DFT coefficient vector ~M0 by a scaling

factor χ, expressed as

~M = χ ~M0 (4.4)

where the scaling factor χ is the vertical stress gain that can be obtained through pushing

a horizontal (β = 0) plate vertically down (γ = π/2) into the sand, denoted as αz(0, π/2).

And the generalized vector ~M0 has been obtained in [19]:

~M0 = (0.21 0.17 0.21 0.36 0.06 − 0.12 0.25 0.01 0.09)T (4.5)

After calculating the stress gains αx,z(β, γ) and knowing the depth of segment dl, the

stresses can be achieved by directly multiplying the stress gains with the depth:

σz,x(β, γ, z) = αz,x(β, γ)|z| (4.6)

The details of the derivation can be found in [19]. Given the stresses on each paddle segment,

the total interaction forces Fz,x can be approximated through liner superposition:

Fz,x =

∫
Ω

σz,x(β, γ, z)ds (4.7)

where ds is the surface area of a single paddle segment and Ω is the whole area of the

inserted paddle li. The interaction forces are generated from the paddle starting to insert

the sand to it completely pulling out of the sand surface. To evaluate the effective net
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thrust during one operation period, the instantaneous interaction forces Fz,x are integrated

by differential angle element dθ as

Nz,x =

∫
Θ

Fz,xdθ (4.8)

where θ is the angle between the paddle and z-axis as denoted in Fig. 4.1. Θ indicates the

angle range of effective interaction.

To be specifically, the moment the paddle starts to insert in the sand is shown in Fig.

4.2(a). θ0 denotes the inserting angle and hence there exists Θ = [θ0,−θ0](θ0 ≤ 0). When

the paddle reaches the vertical position as depicted in dotted line in the figure, the inserting

length of the paddle is the deepest and the length is described by limax. It is fond that

both the inserting angle θ0 and the maximum inserting length limax are dependent on the

eccentric distance of the paddle shaft rS . The dependence is calculated and shown in Fig.

4.2(b). It can be found that large eccentric distance results in small inserting angle and

maximum insertion depth of the paddle.

Figure 4.2. Kinematic analysis: (a) definition of inserting angle and maximum insertion
depth of the paddle; (b) dependence of the inserting angle and maximum insertion depth
on the eccentric distance of the paddle shaft.
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4.2.2 Simulation

Based on the built terradynamic model and the kinematics analysis, the predicted in-

teraction force between the paddle and the sand was calculated. The results with different

eccentric distances are depicted in Fig. 4.3. It is seen that the configuration with small

eccentric distance or long protruding length can generate larger thrusts in both horizontal

and vertical directions. The direction of the thrust in the horizontal axis is always positive,

while there exists both positive and negative forces in the vertical direction. According to

the angular position of the paddle θ, we can tell that positive forces are generated dur-

ing the insertion phase and the negative forces are generated during the extraction phase.

Moreover, the magnitude of positive force is larger than the negative force, which means it

is more difficult to insert the paddle into the sand than to extract it. Through the figure

we can also find that the forces in both directions are not symmetric about the median

position θ = 0. This may be caused by the gravity effect [19].

Figure 4.3. simulated terradynamic forces generated by the paddle with various eccentric
distances.

4.2.3 Experimental Verification

In order to verify the terradynamic model as well as the simulation results, an thrust

measuring experimental setup was constructed as shown in Fig. 4.4. The wheel-paddle
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module was controlled by one MCU unit as introduced in Section. 2.4. A 6-axis force

sensor was applied to connect the tested wheel-paddle module with a mounted plate. The

generated sand thrust was recorded by Arduino and the data was sent to the main controlling

laptop. During the experiment, the wheel-paddle module was first regulated to the wheel

rim just contacting with the sand surface. And then the paddle shaft was located at the

exact eccentric distance from the wheel center. In all trials, the wheel joint was controlled

to rotate at a constant velocity of 10 deg/s. To reduce the random errors in the measured

forces, each trial was conducted five times and the results were averaged.

Figure 4.4. Sand thrust measuring setup.

The experimental results are shown in Fig. 4.5. To verify the terradynamic model,

both the simulated results and the measured results are depicted. Considering the real

application of the hybrid mode, results of four configurations with nonnegative eccentric

distances (rS ≥ 0) are shown in the figure. It is found that the terradynamic model can

almost predict the interaction force accurately in each configuration. And it is proved that

the thrusts do increase with smaller eccentric distance or longer protruding length of the

paddle. However, while generating larger propelling thrust in the horizontal direction, the

vertical interaction force is increasing as well, which may lead to large vibration to the

whole system.
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Figure 4.5. Terradynamic forces generated by the wheel-paddle module with different ec-
centric distance of the paddle shaft.
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4.3 One-module Free Walking

Based on the paddle terradynamics, it has been found that large protruding length of

the paddle or small eccentric distance of the paddle shaft can generate great terradynamic

forces. However, the locomotion performance resulting from the terradynamic forces are still

unknown, which is important for evaluating a robotic system. Hence in this section, indoor

free walking tests will be conducted with one wheel-paddle module and the performance of

the locomotion will be evaluated.

4.3.1 Experimental Setup

To realize free walking of one wheel-paddle module and test the mobility, an indoor

platform was built as shown in Fig. 4.6. Fig. 4.6(a) shows the overall layout of the whole

experimental environment, which consists of a testbed allowing the wheel-paddle module

to walk freely, a power source for the robotic system, a main controlling PC, a logging

camera and a motion capture system. The motion capture system (VZ4050, PTI, Canada)

is used to obtain the real time position of the wheel-paddle module. The details of the

testbed are shown in Fig. 4.6(b). The foundation of the testbed is based on aluminum

frames assembling together. Two horizontal sliding guides and three vertical sliding guides

allow the wheel-paddle module to move freely in the two directions. One MCU controls the

wheel-paddle module to move in a sand box with the size of 1150×600×200mm. A marker

was fixed with the wheel-paddle module so that the motion capture system can track the

motion of the marker. To describe the inertia of the system, totally the mass that can

mover vertically along the vertical guides is 4.3kg, which includes the wheel-paddle module

and the MCU. And the mass that can mover horizontally along the horizontal guides is 6.7

kg, containing the wheel-paddle module, the MCU, three vertical guides, and all the slide

blocks on the sliding guides.
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Figure 4.6. Indoor free-walking experimental platform: (a) overall layout; (b) 2-DoF free-
walking testbed design.
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4.3.2 Design of Experiment

To explore the locomotion performance of the module under different situations, the

free-walking tests are designed as shown in Table. 4.2. In addition to the eccentric distance,

angular velocity of the wheel was also varied to explore the motion. The directly recorded

parameters during the experiments include the horizontal locomotion speed, the height

variation, the motor torque and the rotational speed of the motor. The motion capture

system works at a sampling frequency of 100Hz. Before each trial, we used a claw to

homogenize the sand and a gradienter to calibrate the height level. All the trials were

conducted five times to reduce the random error.

Table 4.2. VARIABLES DURING THE TESTS

Inputs
Angular velocity ω (rad/s) 0.75, 1.5, 2.25, 3, 3.75, 4.5

Eccentric distance rS (mm) 40, 30, 20, 10, 0

Outputs Speed, height variation, motor torque, motor rpm

4.3.3 Results Analysis

A. Traversing Speed

The traversing speed of the wheel-paddle module in the forward direction or horizontal

direction is analyzed based on the data recorded by the motion capture system. Fig. 4.7

shows both the velocity and the displacement of the module in horizontal direction with

different rotational speed of the wheel joint. The configuration is wheel-support in this

figure which means the eccentric distance of the paddle shaft is 40mm. Each subgraph

shows the motion data in five seconds of one trial. It is easy to find that the traversing

speed almost increases with the actuating velocity ω increasing. Only when the actuating

velocity adds from ω = 3.75rad/s to ω = 4.5rad/s, the traversing speed decreased, which

could be caused by the slippage happening between the wheel and the sand. It means the

wheel-only support configuration is easy to slip at high locomotion speed.
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Figure 4.7. Horizontal velocity vx and displacement x under different actuating rotational
speeds of the wheel joint when rS = 40mm.
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To give a comparison with the wheel-support configuration, Fig. 4.8 shows the results

of paddle-support configuration rS = 0mm. First we found that the forward velocity vx

is not constant due to the paddle supporting situation. And at high speeds comparing

ω = 3.75rad/s with ω = 4.5rad/s, the velocity did not decrease as happened in the wheel-

support configuration. Besides, the average traversing speed (reflecting from the maximum

values of red lines) in each actuating velocity ω of paddle-support (Fig. 4.8) is larger than

the wheel-support (Fig. 4.7).

Figure 4.8. Horizontal velocity vx and displacement x under different actuating rotational
speeds of the wheel joint when rS = 0mm.

In order to compare directly between the wheel-support and paddle-support configura-
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tions, the forward displacements of both cases with various actuating velocities are depicted

together as shown in Fig. 4.9. It is clear to see that the slippage happens to the high speed

locomotion at wheel-support configuration. And the paddle-support configuration not only

avoided the slippage at high speeds but also increased the overall traversing speeds.

Figure 4.9. Forward locomotion with different configurations and rotational speeds: (a)
rS = 40mm; (b) rS = 0mm.

However, these results are only from two individual trials. To obtain more general

conclusions, we conducted the experiments with five different eccentric distances of the

paddle shaft, and the trials were repeated to receive average results. Fig. 4.10 shows

the average forward locomotion speeds of the wheel-paddle module under different angular

velocities of the wheel joint. Results of five eccentric distances are presented for comparison.

It can be found that the locomotion speeds generally go up with larger angular velocity.

Longer protruding length of the paddle also comes with faster motion. However, it is noticed

that the locomotion speeds tend to go down at high actuating angular velocity (ω = 4.5)

in cases of rS = 40 and rS = 30. Since rS = 40 represents the wheel-only support situation

and rS = 30 also corresponds to very short paddle protruding length, we believe slippage

happened between the wheel and the sand at high rotational speeds, which could be found

in the logged video as well.
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Figure 4.10. Traversing speed during the free-walking tests.

B. Efficiency

The slippage also resulted in inefficiency, as seen in Fig. 4.11. Here, we still use the

Specific Resistance (SR) to evaluate the efficiency of the locomotion. To be specific, small

SR values mean high locomotion efficiency. The results show that the locomotion in wheel-

only support configuration (rS = 40) is the most inefficiency, and the value of SR reaches

the highest at 4.5rad/s. It can be concluded that the slippage happening between the wheel

and the soil reduces both the forward speed and the efficiency, while the paddles protruding

out of the wheel can effectively improve the performance. Concerning the most efficient

configuration, it is found that it depends on the actuated angular velocity ω. When the

angular velocity is small (ω < 2.25rad/s), rS = 10 is the most efficient. While rS = 0 is

comparatively more efficient at high actuating velocity (ω > 2.25rad/s). This phenomenon

could be caused by large resistance existing at low speed when rS = 0, which consumes

more energy to move the unit.

C. Vertical Vibration

Fig. 4.12 shows the amplitude of the height variant in vertical direction of the wheel-

paddle module during the locomotion, which are obtained based on the data recorded
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Figure 4.11. Experimental results of free walking tests: (a) forward locomotion speed of
the paddle wheel; (b) specific resistance; (c) height variant.

by the motion capture as well. When the module performs with the wheel-only support

configuration, the height variant is nearly zero. But the values get much larger after the

eccentric distance turns to be smaller than 30mm. This means while the configuration with

small eccentric distance can perform high speed and efficiency, vibrations may be caused to

the system at the same time.

Figure 4.12. Experimental results of free walking tests: (a) forward locomotion speed of
the paddle wheel; (b) specific resistance; (c) height variant.
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4.4 Robot Traversing Sand Field

4.4.1 Field Environment

The locomotion performance of one wheel-paddle module has been evaluated with indoor

testbed. To verify the trafficability of the whole robot in real world soft terrain, experiments

were also conducted in the sand field as shown in Fig. 4.13. The experiment site is located

at Ritsumeikan University (BKC, Shiga, Japan) and is named as Robot Experimental Field.

To be noticed, the properties of the sand substrate in this field (name Sand II) are different

from the one that was used in indoor tests (name Sand I). The particle diameter and the

density are larger than the sand in testbed. Besides, the sand field is not guaranteed to be

even or homogeneous, which increased the randomness of the results. Though by multiple

experiments we find the results reflecting general conclusions that will be illustrated by

following.

4.4.2 Results Analysis

Experiments were conducted with various configurations (or support stances) of the

robot as well as different actuating velocities of the wheel joint. First the energy con-

sumption was evaluated under different configurations, which include the paddle-support

(rS = 0mm), the hybrid-support (rS = 30mm) and the wheel-support (rS = 40mm). The

motor currents during one rotational period of 2 seconds while traversing in sand are shown

in Fig. 4.14(a). It is found that the currents are the largest in paddle-support configuration

while least in the wheel-support. However, the specific resistance (SR) was also calculated

and the results are shown in the figure. We can see that the hybrid-support tends to be

the most efficient, and the wheel-support is the most inefficient. This could be caused by

the slippage happened between the wheel and the sand during wheel-only support situa-

tion. The slippage reduced the current consumption but decreased the traversing speed at

the same time, resulting inefficiency. This result also proved the conclusion in one-module
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Figure 4.13. Experimental environment of real sand field: (1) robot experiment field in
Ritsumeikan University; (b) overall layout of instruments; (c) tested robot with four wheel-
paddle modules; (d) sand field.

61



free walking test that the protruding paddle helps reduce the slippage and can improve the

performance.

Besides, to give a comparison between the locomotion in sand field and on flat floor

under different configurations, the results from floor tests are shown in Fig. 4.14(b) as

well. The same phenomenon can be found in the current results that along with the paddle

protruding out of the wheel, the current increased. The difference is that the value of

the specific resistance also increased with the current increasing, which means the wheel-

support is the most efficient in floor locomotion. The reason of the difference between sand

locomotion and floor locomotion is whether the slippage occurs. In both cases, the paddle-

support configuration consumes more energy. But the slippage affects the locomotion speed

so as to the specific resistance.

Figure 4.14. Comparison of the energy consumption with different support situations: (a)
results in sand field; (2) results of floor motion.

Since the hybrid-support configuration was found to be the most efficient in sand lo-

comotion, we evaluated the traversing speed as well as the specific resistance in different

actuating velocities of the wheel joint. The results are shown in Fig. 4.15. It is found that

the traversing speed increased slowly at low actuating velocity (before 3rad/s). And after

then the traversing speed almost increased linearly along with the actuating velocity. When

the actuating velocity passes 8rad/s the traversing speed of the robot is approaching one

body length per second. Through the specific resistance curve in blue line, we can see it is
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not efficient at low speeds. While along with the traversing speed increasing, the efficiency

is getting higher. The inefficiency at low speeds could be caused by large resistance from

the sand substrate.

Figure 4.15. Traversing speed and specific resistance of the robot while conducting hybrid
mode in sand field with various actuating velocities.

So far, all the locomotion performances of the robot on various terrains have been

evaluated in hybrid mode. The dependence of the efficiency specific resistance on the

traversing speed is summarized in Fig. 4.16. All the specific resistances in rough terrains

are depicted in asterisks, the flat floor data are in black line and the sand field data are in

blue line. We can see that the efficiency of the locomotion in rough terrain is between the

sand and flat floor. The sand locomotion is the most inefficient due to its large resistance

generated by the substrate, which has set up a claim to the motion planning in granular

media.

4.5 Discussion

Comparing the results from one-module free walking and whole robot tests in sand field,

we found the optimal eccentric distance of the paddle shaft (or the maximum protruding

length of the paddle) is different. In one-module free walking, it is found that the paddle-
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Figure 4.16. Comparison of the robot locomotion efficiency in different terrain situations.

support configuration (rS = 0mm, rS = 10mm) achieves the most efficient locomotion

in laboratory sand (Sand I). While in outdoor field tests with Sand II, the results have

shown better efficiency in hybrid-support configuration. The reason inducing the difference

fundamentally comes from two aspects. One is the different inertia of the system. As

described in Section. ??, in the testbed the mass that can move vertically along the vertical

guides is 4.3kg and 6.7kg along the horizontal guides. But the mass of the robot in field

tests is 24kg. Another aspect is the properties of the sand used in both tests. Compared

with the Sand I used in laboratory test, Sand II in outdoor tests has larger particle size

and density, which means it is more difficult to insert the paddle into Sand II than Sand

I. Both the above aspects affect the sinkage of the system in the substrate, and so as to

the propulsion force and resistance force. Hence, we conclude the optimal configuration is

dependent on the system inertia and the sand properties. For a mature robot prototype, the

inertia is constant but the terrain encountering is variable according to the environment.

To achieve optimal configuration in various granular media terrain, it is necessary to know

beforehand the properties of the substrate.

However, it is not accessible to derive all the properties of various granular media. And

even it is possible, a detecting system that can distinguish the substrate type in real-time
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need to be developed. Through the experiments, we found it possible to detect the sinkage

of the wheel if setting up a camera that can shoot the contact situation between the wheel

and the sand substrate. Fig. 4.17 shows some pictures taken in the one-module free walking

tests. For example, the indentations in Fig. 4.17(a) indicate where the paddles pull out of

the sand. The length between two indentations thus equals one step length. We can find

the step length in rS = 30mm is smaller than rS = 0, which coincide with the theoretical

analysis. As for the exact length of each step, it depends on the sinkage of the wheel as

well, which also gives us another way to detect the sinkage. Fig. 4.17(b) shows different pile

shapes after the module traversing in different speeds. And the pile shape is also affected

by the eccentric distance rS as shown in the left figure of Fig. 4.17(c). As we concluded, it

is easy to slip in wheel-support configuration (rS = 40mm) especially at high locomotion

speeds. As seen in Fig. 4.17(c), the step length also decreases along with the slippage

happening. So the slippage can be detected through the step length variance as well. Fig.

4.17(d) compares the sinkage of the wheel in different configurations. It proved that the

protruding paddle can not only reduce the slippage but also the sinkage. All these photos

have inspired us to realize detecting the locomotion performance of the robot in soft terrain

through image processing method.
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Figure 4.17. Images shoot from the one-module free walking tests.
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Chapter 5

Propulsion in Aquatic

Environment

So far the locomotion performance of the developed wheel-paddle integrated robot on

terrestrial terrains has been investigated. Thanks to the large area of the paddles, this

robot can be applied to effective propulsion in aquatic environment as well. This chapter

introduces several swimming modes that are suitable for different application scenarios. We

built a hydrodynamic model to predict the generated thrust underwater and the propulsion

performance of different swimming modes were evaluated and compared. Based on the

simulation and experiment results, an optimized solution will be suggested.

5.1 Previous Work

5.1.1 Existing Swimming Modes

Due to the reconfigurability of the eccentric paddle mechanism, various swimming modes

can be achieved as well. It is also necessary to vary the swimming mode according to the

water environment and the task requirement. Two different swimming modes have been

proposed in our previous work, as shown in Fig. 5.1. The oscillating paddling mode is
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similar to the swimming mode of AQUA [51, 52], both mimic the motion of fish tail, as

shown in Fig. 5.1(a). Since there are four paddles in one wheel-paddle module, one of them

is recognized as the working paddle to protrude the longest out of the wheel (as depicted in

blue line). While conducting the oscillating paddling mode, only the angular position of the

wheel is actuated, but the paddle shaft is fixed at the eccentric distances rS and the angular

position θS . To generate a smooth periodical oscillating motion, the angular position of the

wheel follows a sinusoidal trajectory. The sinusoidal trajectory is defined by the oscillating

amplitude AP , the oscillating period T , and the average position of oscillation A0. For

the rotational paddling mode, the paddle shaft is also fixed during the motion at a certain

eccentricity as shown in Fig. 5.1(b). Different from the oscillating mode, the wheel joint is

actuated to rotate continuously in the same direction at a certain velocity ω.

Figure 5.1. Existing swimming modes realized by the eccentric paddle mechanism: (a)
oscillating mode; (b) rotational mode.

Each of these two modes has its own specialty and weakness, so they are suitable for

different occasions. Generally, the rotational paddling mode can achieve faster cruising

speed, but it may be limited by the space to deal with. Besides, the rotational paddling

mode induces huge undulations to the fluent, which may destroy the aquatic environment.

But on the other side, the oscillating paddling mode can reach comparatively stable flow

field and is able to maneuver in shallow water.
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5.1.2 Motivation

In our previous work, it has been verified that both oscillating paddling mode and

rotational paddling mode can produce effective underwater propelling forces. And a rough

thrust model and simulation were introduced as well [39, 53]. To study the effect of the

paddle compliance on the generating thrusts, both rigid and flexible paddles were utilized in

the oscillating paddling trials [39, 40]. For the rigid paddle situation, the thrust will increase

with smaller oscillating period, larger oscillating amplitude, and bigger asymmetry ratio.

And for the rotational paddling mode, the propelling thrust increases with the decreasing

of motion period.

Yet, the module was set horizontal during all the tests, which violated the design concept

of the robot and may cause mistakes to the results. Therefore, the module will be set

vertical to do the experiments in this chapter. Besides, the vector of the force has never

been referred to in the past measurements. While generating vectored thrust is substantial

in controlling the motion of the robot underwater. Hence, we will explore the vectored

thrust generated by the eccentric paddle mechanism. And since the comparison between

the oscillating paddling mode and the rotational paddling mode is still not covered, it will

be discussed as well in this chapter.

5.2 Hydrodynamic Modeling

The previous thrust model was based on Georgiades’s [52] research where the generated

force consists of lift force and drag force. But after resetting the attitude of the wheel-

paddle module from horizontal to vertical, extra mass of water could be produced on the

surface of the paddles. Generally, there are two fundamental theories about modeling the

hydrodynamic force that acts on swimming bodies. One is the Taylor’s [54] resistive force

model which is effective for slow motion at low Reynolds numbers. The viscous force is

dominant in this situation. Another one is the Lighthill’s [55] reactive force model which

is suitable for large swimmers that dominated by added mass effects. Comparing with
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the reactive forces, the resistive forces can be neglected in this case. Consequently, both

models are only valid when the geometry of the swimmer and the flow regime meet the

corresponding assumptions.

Considering the geometry of our wheel-paddle robot and the motion kinematics, it is

concluded to be containing both the two cases mentioned above. To be specifically, both

the drag force effect and the added mass effect are working during the motion and they

should be considered in our thrust model [56]. As a result, we modeled the hydrodynamic

force based on the Morisons equations, which takes into account the drag forces, the added

mass effects, the fluid moment and the current effects [57, 58]. The paddle is recognized

as a slender body, and the forces generated by the wheel as well as the part of the paddle

inside the wheel are ignored for simplification. What is more, the fluid is regarded as viscid

and incompressible.

5.2.1 Notations and Defined Symbols

The schematic diagram of hydrodynamic force applying on the wheel-paddle system is

shown in Fig. 5.2. For simplification, only the eccentricity from the wheel center (O) to the

paddle shaft (S), and one paddle are depicted. The wheel and other details are not shown

in the figure. An inertial coordinate frame FI (xgOzg) was created based on the origin O

and the body frame FB (xp,iSzp,i) of the i-th paddle (i=1, 2, 3, 4) is at the origin S. As

shown in the figure, the x-axis of body frame xp,i is along the paddle length. The y-axis

of both frames go into the page. Then the rotational matrix from the global frame to the

paddle frame is expressed as

Rg
p,i =

 cos θpi − sin θpi

sin θpi cos θpi

 (5.1)

where θpi denotes the angular position of the i-th paddle. As declared in Section. 2.2.2, the

inputs of the model or the actuated joints include the eccentric distance rS , the eccentric

angle θS and the angular position of the wheel θW . The angular position θpi can thus be

obtained based on the kinematics as described in Equation. 2.2. Parameter dfp,ii denotes
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the fluid force applied on an element of the paddle length in the body frame. In our model,

the current velocity is assumed to be constant and irrotational. And for simplification, the

vertical component of the current velocity was set to be zero during the modeling. Hence,

the current velocity can be expressed in the inertial frame as

V g
c =

 Vx

0

 (5.2)

Figure 5.2. Schematic diagram of the hydrodynamic thrust applied on a paddle segment.

5.2.2 Modeling Thrust on Paddle Element

The complete modeling process could be found in Fig. 5.3. Firstly, the kinematics was

applied to obtain the angular position of i-th paddle θpi (i=1,2,3,4), as well as the angular

velocity θ̇pi and the angular acceleration θ̈pi. Then the current velocity was measured

through experiments. Detailedly, we put a floater on the water surface and recorded the

displacement during a certain time when conducting each trial. And to make it accurate,

each trial was repeated seven times and the average result was obtained. After getting the

current velocity in the inertial frame, the corresponding velocity (V p,i
c ) and acceleration

(V̇ p,i
c ) of the current at each paddle frame were also calculated, following

V p,i
c = (Rg

p,i)
TV g

c (5.3)
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V̇ p,i
c =

d

dt
((Rg

p,i)
TV g

c ) =

 − sin θpi · θ̇pi cos θpi · θ̇pi

− cos θpi · θ̇pi − sin θpi · θ̇pi


 Vx

0

 (5.4)

As shown in Fig. 5.2, if the location of the paddle element dl from the paddle shaft is

denoted as L. Then the normal velocity of the element resulting from the paddle rotation

is

V p,i
i =

 0

θ̇piL

 (5.5)

And the relative velocity V p,i
r,i and acceleration V̇ p,i

r,i of the paddle element dl in the body

frame which are relative to the current, could be expressed as

V p,i
r,i = V p,i

i − V p,i
c (5.6)

V̇ p,i
r,i = V̇ p,i

i − V̇ p,i
c (5.7)

As a result, the hydrodynamic force exerted on the paddle element dl of i-th paddle in the

body frame can be calculated through

dfp,ii = −

 µt 0

0 µn

 V̇ p,i
r,i −

 ct 0

0 cn

V p,i
r,i −

 ct 0

0 cn

 sgn(V p,i
r,i )(V p,i

r,i )2 (5.8)

which is a modified formula based on the Morison’s equation [59]. Each term on the right

side of the equation indicates the effects from added mass forces, the effects from the linear

drag forces, and the effects from the nonlinear drag forces successively. The constants in

the formula are obtained through ct 0

0 cn

 =

 1
8ρπCf l(a+ b) 0

0 1
2ρCDla

 (5.9)

 µt 0

0 µn

 =

 0 0

0 ρπCAl(
a
2 )2

 (5.10)

which are dependent on the geometry of the paddles and the fluid characteristics. The

notation l, a and b denote the length of the paddle, the width of the paddle and the

thickness of the paddle respectively, as described in Table. 2.1. ρ is the density of the
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water, while Cf and CD are the drag coefficients in x and z directions, and CA is the added

mass coefficient. According to the experience values in [60, 61] and the Reynolds number

differences, the coefficients in our case were set as Cf = 0.3, CD = 20, CA = 10, which

were verified through experiments. Besides, µt indicates the added mass parameter in the

x-axis, and it was set to zero because the added mass effect in the longitudinal direction of

the paddle could be neglected compared with the body mass.

5.2.3 Modeling Thrust on Wheel-paddle Module

Based on the force applied on the paddle element, the total thrust on the ith paddle in

the inertial frame can be calculated by integration on the protruding length of the paddle

outside the wheel, following

fgi = Rg
p,if

p,i
i = Rg

p,i

∫ l

l−lpi
dfp,ii (5.11)

where fp,ii is the thrust of paddle i in the body frame, and lpi is the paddle length inside

the wheel [40]. Then the whole fluid thrust produced by one wheel-paddle module can be

obtained

F =
4∑

i=1

fgi (5.12)

which can also be expressed as the sum of added mass forces and drag forces [62].

5.3 Thrust Measuring Experiment

In order to experimentally measure the fluid forces generated by the wheel-paddle mod-

ule and verify the proposed hydrodynamic model, we built a force measuring setup. Both

the oscillating paddling mode and the rotational paddling mode were tested with various

inputs to explore the propulsion performance and compare with each other.
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Figure 5.3. Process for modeling the thrust generated by the wheel-paddle module.
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5.3.1 Experimental Setup

The experimental setup is shown in Fig. 5.4. Since this is a force test on one wheel-

paddle module and to protect the electronic parts from water, a simple new prototype was

constructed for the experiment, as seen in Fig. 5.4(a). A 6-axis force sensor (F/T Delta

SI-330-30, ATI Industrial Automation, USA) was connected with the tested wheel-paddle

module. Timing belts were applied to transit torques from the motors to the wheel-paddle

module. During the experiment, the motors and the force sensor were maintained above the

water surface, while the wheel-paddle module was submerged beneath the water surface.

The tested module follows the original design principle. But most parts were fabricated

with 3-D printer, so the total mass is much smaller than the real robot prototype. To be

mentioned here, this fabrication method may be limited to aquatic locomotion currently

due to the less stress properties. Fig. 5.4(b) shows the experimental field, where a water

tank with the size of 2.3m × 1.8m × 1.7m is used. Comparing with the size of the tested

module, the water tank is so much larger that the boundary effect could be ignored.

Figure 5.4. Experimental setup for measuring thrust.
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5.3.2 Design of Experiment

Since the purpose of the study is to explore the thrust characteristics such as the force

amplitude, the vector, and the propulsion efficiency, and then to compare the two paddling

modes from these aspects. Therefore, we designed the tested trials and listed the values

of each controlled parameter during the experiment as seen in Table. 5.1. Generally, the

paddle shaft’s location was adjusted to change the propulsion direction and the wheel joint

was controlled to vary the amplitude of thrust. To be specifically, the eccentric distance (rS)

was always fixed at 60mm, to protrude the longest length out of the wheel. The angular

position of the paddle shaft was set around the wheel circle at an interval of 30deg separately

in each trial to explore the vectored property. And to obtain different force amplitudes,

both the locomotion period (T ) and amplitude (Ap, oscillating mode) were altered.

To reduce the random errors in the test, each combination trial was conducted for

seven times or seven groups. And for the data from each group, we took five out of fifteen

periods for analysis. The average results were then obtained based on the five periods

from seven groups. Besides, we waited until the waves receded between two trials so as to

avoid the influence from the previous test. The force data recorded by the sensor is called

instantaneous forces Fx,z(t), which is inevitable to include various noise signals such as the

vibration of the frame, the whitle noise and the waves produced during the motion. To deal

with these noise signals, We used an automatic wavelet denoise toolbox [63]. Except for the

instantaneous forces, we also calculated the cumulative force Fcum and the time-averaged

force Fave to analyze the net thrust, following

Fcum =

∫ nT

0
Fx,z(t)dt (5.13)

Fave =
1

nT
Fcum (5.14)

5.3.3 Results Analysis

The experimental results will be analyzed from three aspects. First, how the force

magnitudes change with the motion period and the oscillating amplitude will be presented
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in Part A. Then, the dependence of thrust vectors on the angular position of the paddle

shaft is analyzed in Part B. Finally, the propulsion efficiency will be compared between two

swimming modes.

A. Thrust Magnitude

To study the thrust magnitude, we first fixed the paddle shaft at the angular position of

0deg in all the tests. For the oscillating paddling mode, the instantaneous forces generated

with Ap = 45 and T = 0.8 are shown in Fig. 5.5(a). It is found that the proposed hydrody-

namic model successfully predicted the forces in both directions. And the frequency of the

forces in x-axis is twice the frequency in z-axis. To examine clearly the effective thrusts, the

time-averaged forces with various oscillating periods and amplitudes are depicted in Fig.

5.5(b). If we just look at the forces in the forward direction or x-axis, it is seen that the

effective thrust increases with larger oscillating amplitude and shorter motion period.

Figure 5.5. (a) Instantaneous thrusts and (b) time-averaged thrusts generated by the oscil-
lating paddling mode when angular position of the paddle shaft is at 0.

As for the rotational paddling mode, the instantaneous forces are also depicted in Fig.
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5.6(a), where the rotational period is 2.5s. The model results accorded with the measured

ones as well. Different with the profile of the forces generated by the oscillating model, four

peaks and four troughs exist in both directions in rotational mode. To analyze the effective

thrust, cumulative forces were calculated and shown in Fig. 5.6(b). It is found that the

effective force increases with smaller rotational period. And comparing with the oscillating

mode, the amplitude of effective thrust of rotational mode is much larger.

Figure 5.6. (a) Instantaneous thrusts and (b) cumulative thrusts generated by the rotational
paddling mode when angular position of the paddle shaft is at 0.

B. Thrust Direction

As declared before, the thrust direction may be varied by adjusting the location of

the paddle shaft or the eccentric angular of the paddle shaft. In this section, we keep

the motion period and the oscillating amplitude constant while locate the paddle shaft all

around the wheel circle to measure the generated forces. As shown in Fig. 5.7(a), the force

direction of the oscillating paddling mode actually changed with the eccentric angular of the

paddle shaft. What is more, the relation almost follows a linear function according to the

fitted curve. Except for the force direction, the force magnitudes were also calculated while
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adjusting the location of the paddle shaft, as shown in Fig. 5.7(b). It is found that even

the oscillating period is constant, the force magnitude still changes along with the angular

position of the paddle shaft. The results of the rotational paddling mode are also presented,

as seen in Fig. 5.8. Same phenomenon can be discovered from the results. Besides, we can

see that the largest forces in both modes occurred near the angular position of −90deg,

which means the paddle shaft is located at the lowest point inside the wheel.

Figure 5.7. (a) Thrust direction of the oscillating paddling mode (Ap = 45, T = 0.8s) with
different angular position of paddle shaft; (b) Effective thrust magnitudes with different
angular position of paddle shaft.

Figure 5.8. (a) Thrust direction of the rotational paddling mode (Ap = 45, T = 0.8s) with
different angular position of paddle shaft; (b) Effective thrust magnitudes with different
angular position of paddle shaft.

To make it more clear to understand the vectored characteristics of the thrust and

compare between the two swimming modes, a vectored thrust figure containing both modes

was depicted as shown in Fig. 5.9. The coordinate of each marked point in the figure

indicates the generated effective thrust in x-axis and z-axis directions separately. It is easy
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to find that both modes can generate vectored thrust around a circle and the rotational

paddling mode produces larger forces.

Figure 5.9. Generated vectored thrust by both oscillating paddling mode and rotational
paddling mode.

C. Propulsion Efficiency

It is already known that the rotational paddling mode can generate larger thrusts than

the oscillating mode, and both of them can produce linear vectored thrust. This section

will discuss on the propulsion efficiency from energy consumption. Here the efficiency was

calculated by dividing the thrust magnitude with the work consumption by all the motors

in one motion period. The work consumption by the motors can be obtained through the

feedback from the controllers. As a result, the calculated propulsion efficiency is shown in

Fig. 5.10. It is found that although the oscillating paddling mode did not generate larger

thrusts, it is more efficient at some locations of the paddle shaft. The path that the paddles

travel through in rotational mode is much longer than in the oscillating mode, which costs

more energy while generating larger effective thrust. Hence, we conclude that the rotational

paddling may be good at generating large thrust and fast motion in broad water area, but

the oscillating paddling mode is more suitable for efficient cruising in narrow space.
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Figure 5.10. Comparison between the energy consumption of both swimming modes.

5.4 Optimization on Negative Thrust

Through the previous sections, we have learned the thrust characteristics of the oscil-

lating paddling mode and the rotational paddling mode. However, it is found that quite a

lot negative forces exist in the instantaneous force data of the oscillating paddling mode, as

shown in Fig. 5.5(a). And the amplitude of the negative force almost equals the amplitude

of the positive force, which resulted in small effective forces as shown in Fig. 5.5(b). Actu-

ally this is a common problem that happens to most fish inspired swimming robots. For the

real fish, both the compliance of the body and the kinematics they realized help reduce the

negative force and increase the swimming efficiency. But it is still a big challenge to achieve

complete biomimetic due to the limit of material and biology. Hence, we will introduce a

new motion sequence which helps reduce the negative thrust effectively.

In order to reduce the negative force generated by the oscillating paddling mode, we first

investigated the reason causing this phenomenon. By following the direction of the thrusts

and the motion of the mainly working paddle, we found that the negative forces always occur

when the relative velocity direction of the paddle is same with the forward direction, and

the thrust will be positive when the directions are opposed. The former is called recovery

phase and the latter is called stroke phase. For most fish-like swimming motion, both these
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two phases have to exist at the same time. Hence, we believe the net thrust can be increased

by extending the working time and improving the propulsion effectiveness in stroke phase,

at the same time reducing the resistance force in recovery phase. Then we noticed the front

crawl stroke, which is a competitive swimming stroke realized by human and is known as the

fastest and most efficient among all the four competitive strokes [64, 65]. Human conduct

the recovery phase in the air and insert the upper limb into the water at a small incident

angle to reduce the resistance force. Even though our wheel-paddle robot is more than a

surface swimmer, we get inspiration from the human swimming and have designed a front

crawl stroke based on our mechanism. To be noted that the motion of human legs in front

crawl stroke will not be involved in this research because legs only contribute 10% to the

propulsion [66].

5.4.1 Novel Swimming Mode: Front Crawl Stroke

The front crawl stroke realized in the eccentric paddle mechanism consists of a stroke

phase and a recovery phase in one stroke period as well. Fig. 5.11(a) shows the stroke

phase conducted by human [67], and Fig. 5.11(b) depicts the stroke motion realized by the

eccentric paddle mechanism where the wheel works like the human shoulder and the paddles

are seen as the upper limbs. In configuration A, the paddle shaft is located at the left-most

location (rS = 60, θS = 180◦) so that the working paddle (paddle 1) protrudes the longest

outside of the wheel. While performing the stroke phase, the paddle shaft and the wheel

rotate around the wheel center at the same angular speed, and end with the paddle shaft

arriving at the right-most location (rS = 60, θS = 0◦). As a result, the working paddle goes

through an angular displacement of π which is much larger than the oscillating amplitude

of less than π/2. The effective propulsion area of the working paddle is marked with blue

shadow in Fig. 5.11(c). For simplification, the effect of paddle 2 and paddle 3 will not

be considered since the protruding lengths of both are very small. In order to actuate the

wheel and the paddle shaft to rotate synchronously around the wheel center, the velocities
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of the input joints need to follow

ω0 = ω1 = ω2 (5.15)

where ω0, ω1, ω2 are the angular velocity of the wheel joint, the sun gear and the annulus gear

respectively. This equation is based on the kinematics of the eccentric paddle mechanism,

which derivation can be found in our previous work [46].

Figure 5.11. (a) Human performing the stroke phase during the front crawl stroke [67]; (b)
stroke phase realized by the eccentric paddle mechanism; (c) Effective propulsion area in
stroke phase by the working paddle.

As for the recovery phase, Fig. 5.12(a) shows the human action on the water surface.

But to reduce the resistance force underwater, the working paddle is planned to retract
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horizontally into the wheel and then stick out of the wheel horizontally as well. In this

case, the upstream face which is the cross section of the paddle will be very small area. The

resistance force thus can be minimized. As shown in Fig. 5.12(b), after the stroke phase,

the wheel-paddle mechanism will transfer from configuration B back to configuration A
′

to finish one stroke cycle. The only difference between the configuration A and A
′

is the

main working paddle, which changes from paddle 1 to paddle 3. Therefore, paddle 1 and 3

take turns to perform as the working paddle. During all the recovery phase, the wheel joint

keeps still. And to actuate the paddle shaft move straight along the diameter, the joints ω1

and ω2 should satisfy

ω1 = 9ω2 (5.16)

Figure 5.12. (a) Human performing the recovery phase during the front crawl stroke [67];
(b) recovery phase realized by the eccentric paddle mechanism.

To realize accurate control of the front crawl stroke, the planetary gear system that

actuate the paddle shaft is crucial. We first depicted the planned trajectory of the paddle

shaft as shown in Fig. 5.13 with the solid black line. The linear speed of the paddle shaft
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in the stroke phase and the recovery phase can be calculated as

vS =

 0.06ω0 = 0.06ω1 = 0.06ω2, stroke phase

180ω2 cos(3ω2t−
π

2
), recovery phase

(5.17)

where t is the time after the paddle shaft left the right-most point. It can be found that the

speed of the paddle shaft is constant during the stroke phase, while the speed profile follows

a sinusoidal curve during the recovery phase. Moreover, the speed reaches the highest at the

wheel center and equals zero at configurations A(A
′
) and B. As a result, the step change

occurs to the speed of the paddle shaft when transiting at configuration A and configuration

B. And if following Equation. 5.15 and Equation. 5.16, it is easy to see that the velocity

step change also happens to each actuated joint, which may result in vibration of the system

as well as the inaccuracy of the motion. To solve this problem, the trajectory of the paddle

shaft was optimized as shown in Fig. 5.13 with the green lines. Sinusoidal curves were used

to connect the stroke phase and the recovery phase.

Figure 5.13. Designed trajectory of the paddle shaft.

To define the front crawl stroke mathematically, T is denoted as the period of one whole

stroke motion. Duty factor a is defined as the ratio of the time in stroke phase to the period
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T . The fitting time between the stroke phase and the recovery phase (curve AB and CD

in Fig. 5.13) is described by t
′
. To be specifically, the velocity curves of the actuated joints

when T = 2.2s, a = 0.5, t
′

= 0.3s were depicted as an example in Fig. 5.14. The key points

in Fig. 5.13 are also marked in Fig. 5.14 for reference. And two periods are shown in the

velocity curves. It is obvious that all joints are following continuous velocity curves. And

the velocity directions keep constant as well, which helps reduce the inaccuracy caused by

the gear clearance. To ensure the fitting performance concerning both the paddle shaft and

the paddle, the fitting time t
′

was optimized as constant 0.3s.

Figure 5.14. Actuated angular velocity of each joint during the front crawl stroke.

5.4.2 Simulation Study

Based on the hydrodynamic model in Sec. 5.2, we first looked into the predicted forces

by the front crawl stroke. The simulation results with various combinations of the period

T and the duty factor a are shown in Fig. 5.15, where the x-axis is the along the forward

direction and the y-axis is on the vertical direction. From the instantaneous force results

in Fig. 5.15(a), it is found that the negative forces in the forward direction are very small
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comparing with the positive forces in all cases. And smaller duty factor tends to decrease

the negative force more effectively. Based on the time the negative forces exist, it is deduced

that the negative force was generated during the recovery phase by the resistance of the

paddle upstream. Besides, the force profile tends to be stable but with lower peak in larger

duty factors. And generally short period results in large amplitude of force.

To explore the effective net thrust, the cumulative force which was calculated by inte-

grating the instantaneous force over time was also shown in Fig. 5.15(b). We can see that

the force generated by smaller period and duty factor is comparatively larger, but not too

much. And the forces in the vertical direction almost equal zero, which presents the same

characteristics with the fin-like oscillating motion.

5.4.3 Experimental Verification

To verify the simulation results, the front crawl stroke was realized experimentally as

well. Same with the previous aquatic experiments, each trial was repeated seven times and

averaged to reduce the random errors. And to create a stable flow field, twenty periods

of strokes were repeated in one trial and the last ten periods data were recorded. Fig.

5.16 shows one period results of the instantaneous force and the cumulative force with the

stroke period of 1.4s and the duty factor of 0.3. The instantaneous forces show that the

simulation results almost successfully predicted the actual force profiles. Only there are

little vibrations existing during the recovery phase in the measured forces. The reasons

could be from two aspects. One is that the section of the paddle inside the wheel was

ignored during the theoretical analysis. But in real experiments, that part could affect the

results as well. And according to the kinematics of the paddle inside the wheel, it can be

induced that the vibrations occur in the recovery phase. Another reason should be the

cross section of the paddle which can generated resistance force as an upstream face. It also

affects more during the recovery phase. Except for the instantaneous force, the cumulative

force were also calculated in Fig. 5.16(b). It is seen that the experimental net thrusts are
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Figure 5.15. Predicted (a) instantaneous forces and (b) cumulative forces generated by the
front crawl stroke with various time periods and duty factors.
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a little larger than the simulation results. This is because different from the theoretical

model, the flow velocity is not time constant during the experiments.

Figure 5.16. Comparison between the predicted and measured forces generated with T =
1.4s, a = 0.3: (a) instantaneous force in forward direction (x-axis) and vertical direction
(z-axis); (b) cumulative force in forward direction and vertical direction.

As seen from the cumulative force in z-axis, the values almost equal zero in both simula-

tion and experimental results. Hence, we focus on the thrust in the forward direction. Fig.

5.17 shows the cumulative forces in x-axis with different stroke periods and duty factors. It

is found that generally short motion period leads to large net thrust. But during the period

from 1.6s to 2.0s, the net thrust vary little. Besides, the results of smaller duty factor

do generate much larger net thrusts. The maximum cumulative thrust is more than three

times large of the minimum value, by speeding up the stroke frequency. Yet, the thrust

profiles of small duty factor are not as smooth and stable as the ones of large duty factor.

And the negative force is more effectively reduced in larger duty factor scenarios.

To inspect the energy efficiency of the front crawl stroke, the output torques and the

angular velocities of the motors were back fed and recorded to calculate the energy con-

sumption during all the experiments. To mathematically evaluate the efficiency, we defined
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Figure 5.17. Cumulative thrust in the forward direction (x-axis) with different stroke periods
and duty factors: (a) duty factor a = 0.3; (b) duty factor a = 0.5.

a stroke efficiency η as

η =

∫
Fx(t)dt

3∑
i=1

∫
Ti(t)ωi(t)dt

(5.18)

where Ti(t) and ωi(t) indicate the output torque and angular velocity of motor i at time t,

and Fx(t) is the propelling thrust in the forward direction at time t [68]. Fig. 5.18 shows

the comparison of the stoke efficiency under different time periods and duty factors. It

is found that the strokes with lower duty factor (a = 0.3) are always more efficient than

the large duty factor (a = 0.5) in all periods. Specifically, the stroke efficiency is almost

constant when the duty factor is 0.5, while the generated thrust increases with shorter

period. In comparison, there exists an obvious extreme value of the efficiency when the

duty factor is 0.3. The most efficient stroke happens to the period of 2.2s instead of 1.4s,

which suggests that generating larger propulsion thrust may also consume more energy.

Hence, it is important to figure out a balance between the propulsion thrust and the energy

efficiency.

5.5 Discussion

Now that we have already explored the characteristics of the front crawl stroke swimming

mode, it is possible to compare it with the previous oscillating propulsion mode. Based on
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Figure 5.18. Energy efficiency of the front crawl stroke.

the intension of reducing the negative force in front crawl stroke, among all the conducted

tests of these two propulsion modes, we chose two trials in which both modes achieved the

same maximum positive force to analyze. As shown in Table. 5.2, the oscillating propulsion

reaches the maximum instantaneous force of 12N when the oscillating period is 0.8s and

the amplitude is π/4 [37]. At the same time, the front crawl stroke comes up to 11.5N with

the stroke period of 2s and the duty factor of 0.3. But we can see the negative force in

oscillating mode has five times amplitude of the front crawl stroke. Moreover, the negative

force in oscillating mode continues longer time than that in the front crawl stroke. Hence,

it leads to a big drop behind in the time-averaged cumulative force, which is calculated

through dividing the cumulative force by the time it took and means the net thrust in unit

time. The result of front crawl stroke is more than 3 times of the oscillating mode. As for

the propulsion efficiency, front crawl stroke achieved 2.7 times η as much as the oscillating

mode, even though three motors were actuated during the locomotion. Thanks to the non-

reciprocating velocity trajectory of each joint, the work done by the front crawl stroke did

not exceed too much than we expected.

But on the other side, the oscillating mode still does better in generating stable force and

realizing precise position control due to the high frequency of motion. Another phenomenon
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Table 5.2. COMPARISON BETWEEN OSCILLATING PROPULSION AND FRONT
CRAWL STROKE

Swimming Mode Oscillating Paddling mode Front Crawl Stroke

Maximum positive thrust 12 N 11.5 N

Maximum negative thrust -10 N -2 N

Effective net thrust 0.68 N 2.25 N

Propulsion efficiency η 1.66 Ns/J 4.5 Ns/J

that we would like to discuss here is the undulation in the propulsion force generated by the

front crawl stroke. As we know, continual constant thrust is necessary to generate a stable

movement. Undulation in the force or the motion will raise the complexity of controlling

and waste energy. However, we can find clearly crests of the wave in the forward direction

forces Fx, especially when performing with short stroke period and lower duty factor. The

propulsion force lasts long and stable while stroke slowly, but the effective thrust is small

and it is not energy efficient. In addition, the cumulative forces display that the net force

seldom increase during the recovery phase. To solve this problem, we will explore the

gait sequence and combination in the four-module robot platform. Meanwhile, we may

notice the forces generated in the vertical direction Fz, which could passively induce the

variation of the robot’s Euler angles while conducting free motion of the whole robot. This

problem can be fixed by adjusting the configuration A shown in Fig. 5.11. Specifically, the

direction of the net force can be adjusted to horizontal by altering the protruding angle of

the working paddle, so as to avoid generating vertical forces. As for the exact protruding

angle of the paddle, we will study theoretically and experimentally in the future. This report

just focused on reducing the negative force existed in the oscillating mode to improve the

net propulsion force and efficiency. And it was verified with the one-module platform that

the front crawl stroke can realize it. In the future work, we will figure out the optimal

gait pattern to achieve both efficient and stable swimming performance in the wheel-paddle

integrated robot.
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Chapter 6

Discussion

In this thesis, we first introduced the development of a wheel-paddle robot including

four eccentric paddle modules. Due to the specialty of the locomotion mechanism, the

four wheel-paddle modules only realized sandproof. The body that contains the electrical

parts is protected from splashing water. Thus, it is possible to explore the mobility with

this prototype in some severe environment such as sand, mud, snow, or even amphibious

situations like shallow or water surface. As a primary testing prototype, we believe there

are still much terrain research could be carried out except for those involved in this thesis.

However, some problems were also found during the fabrication and the evaluation experi-

ments of this robot prototype. For example, the balance between the friction force and the

sandproof effectiveness at the hinges of each module is difficult to realize. To prevent the

sand or particles from going inside the wheel, felt was applied between the paddle and the

hinge, and also between the hingle and the wheel. But when the pressure among them is

too large, the movement of the paddle and the rotation of the hinge will be affected, or even

get stuck. In order to ensure the normal operation, we adjusted the pressure to low values.

As a result, small sand particles went into the wheel and the gaps during the locomotion

on granular media. These sand need to be cleaned up manually after a certain period. To

realize long-term operation in outdoor environment, this problem need to be improved in

the future.
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Considering the application in rough terrains, we used the hybrid mode instead of

previous legged locomotion. The reason is that the legged modes were originally designed

for flat ground locomotion and they are based on position control, which is not suitable

for rough terrain application. And the control of the legged mode is very complex, the

accuracy of the transmission is difficult to maintain. To traverse and transform among

various terrain situations, the robot should be able to vary its configuration accordingly

to adapt to the terrain. Hence, we proposed the hybrid mode which can transform among

different support stances easily only by adjusting the location of the paddle shaft. Through

the experimental evaluation, we found the protruding paddles can reduce the slippage in

rough terrains and the locomotion efficiency is not worse than previous legged motion but

better than some other rough terrain robots. To be specific in soft terrain, the protruding

paddles effectively reduced the slippage of the wheel at high speed. But the exact optimal

configuration depends on several factors like the system inertia and the properties of the

substrate. These factors will affect the sinkage and slippage of the robot, so as to affect the

locomotion performance. Therefore, to adapt to different kinds of substrate, it is suggested

to control the robot based on the detection feedback of sinkage and slippage. The detection

method could include but not limited to current sensing and image processing. Since this

thesis mainly presents the robot design and primary overall evaluation of the performance,

to realize automatic control of the robot in rough terrains, there are still much work to be

explored.

As for the aquatic locomotion, due to the previously insufficient research, we still focus

on the propelling thrust generated by one wheel-paddle module in this thesis. Except for

the thrust amplitude, the vectored characteristics were also studied, which is important

for the motion control. Through the comparison between the oscillating mode and the

rotational mode, it was found that the similarity between them is the ability of generating

linear vectored thrust, and the difference lies in the oscillating propelling mode is more

efficient but the rotational propelling mode can generate larger thrusts. To achieve both

high efficiency and large propelling thrust, we looked into these two modes and it was found

that large negative thrusts were generated during the performance, which resulted in small
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net thrust. It also means that the efficiency could be increased more if the negative thrust

could be reduced or even removed. According to the relation between the kinematics of

the oscillating mode and the generated forces, we proposed a novel mode named as front

crawl stroke, where we got inspiration from the human swimming as well. From both

theoretical and experimental results, it was verified the front crawl stroke did increase the

net thrust as well as the propulsion efficiency at the same time. The motion performance

of all these three modes will be tested in the future on the robot. Incidentally, the front

crawl stroke can also be varied to change the initial configuration and adjust the thrust

direction. By controlling the thrust direction of each wheel-paddle module, the robot can

realize regulation of position and orientation correspondingly. And considering imitating

completely the human free-style swimming, front crawl stroke and oscillating mode can be

combined to explore the performance.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this thesis, a wheel-paddle robot based on the eccentric paddle mechanism has been

developed. The objective is to evaluate the locomotion performance in various amphibious

environment.

The robot is equipped with four wheel-paddle modules and complete control system.

Considering the application in severe environment, necessary protection schemes are added

in the prototype. And a simple but effective locomotion mode is proposed for accessing

rough terrains. It is verified that the robot performing with the hybrid mode can traverse

various rigid terrains like flat ground, rough grass, stones and gravels. And the efficiency is

competitive among other rough terrain robots.

Moreover, the trafficability in soft terrain has been explored specially. The paddle

terradynamics shows the longer protruding length the paddle has, the larger traction force

can be generated. The free walking experiments also prove that the configuration with

longer protruding paddles can move faster and more efficient. Especially at high speed, the

protruding paddles successfully reduced the slippage happening between the wheel-paddle

and the substrate. The tests are conducted in outdoor field as well. The results have shown

that the robot tends to be more efficient with faster traversing speed. But combining with
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the indoor experiment, it is also seen that the optimal configuration is varying along with

the substrate properties as well as the system inertia.

Finally, the thrust performance of one wheel-paddle module is evaluated thoroughly.

A hydrodynamic modeling method suitable for the mechanism is proposed. Both the os-

cillating swimming mode and the rotational swimming mode are found to generate linear

vectored thrust. The oscillating mode is superior in efficiency while the rotational mode

is better in generating larger amplitude of thrust. To reduce the negative force during the

oscillating motion and achieve both high efficiency and large thrust, a novel front crawl

stroke is proposed. The experiments have verified its effectiveness and superiority.

7.2 Future Work

In order to achieve real application of the wheel-paddle robot in severe environment,

there are still much work to be further studied.

As shown in the results from locomotion on soft terrain, the protruding paddles can

improve the performance. However, the optimal configuration is dependent on the system

inertia and the substrate properties. These two factors will directly affect the slippage and

sinkage of the robot. Therefore, it is necessary to detect the slippage and the sinkage for

realizing automatic control of the robot in such terrains. The detection methods could be

current sensing or setting external cameras for image processing.

Through the experiments on rough terrains it is also found that the vibration of the

robot is very big when the protruding length of the paddle is large, which does no good to

the system stability. To reduce the vibration and improve the stability, it is suggested that

the eight-paddle configuration be used (currently four paddles in one module). Or the gait

sequence among four modules should be planned in the future.

On the other hand, the properties and performance of paddles made from soft materials

can be explored. In RHex-like robot, researchers have studied the effect of the leg shape

on the locomotion performance [19]. It is proved that the C-shape is better than the flat
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one and the reverse C-shape leg. However, the leg shape is not variable when dealing

with different terrain situations. By using compliant paddles or legs, the shape is adjusted

passively. The optimal compliance need to be studied furthermore. And the interaction

between granular media and soft locomotor should another interesting research topic.

The compliant paddles can be utilized in underwater propulsion as well, which is similar

with real fish body. To achieve the best motion performance underwater, the proposed three

swimming modes can be combined. And the vector characteristics of the thrusts need to

be verified again through free motion of the robot.

This thesis focus on the evaluation of forward locomotion. As for the obstacle negotia-

bility, the maximum obstacle height and the maximum slop gradient are to be analyzed.

And it is found that either the paddle-support or the wheel-support configuration is not

suitable for turning. The paddles and the wheel produce large resistance forces during the

rotation. If the focus of the robot is only dealing with terrestrial terrain, the author suggests

replacing the paddles with cylinder legs. In order to put the robot into real application, the

mechanism should be simplified and the prototype should be fabricated lighter.
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Appendix A

Supplemental Motion Tests

It has been presented in the main body of the locomotion performance on various

terrains. But the terrains are still flat, which do not contain any obstacles. And the focus is

on the forward locomotion. For realizing field application, the wheel-paddle robot should be

acquired of comprehensive mobility which include turning, climbing up slops, negotiating

obstacles, et al.. Hence, some supplemental motion tests are presented in this section to

verify its mobility.

A.1 Trajectory Following

In the trajectory following experiment, the robot was expected to follow an desired

trajectory as shown in Fig. A.1, depicted in black solid lines. The trajectory contains a

square and a half circle. The experimental setup is also shown in Fig. A.1. To obtain the

position and orientation of the robot, a motion capture system (VZ4050, PTI, Canada) was

utilized. During the experiment, all the paddles are retracted so only the wheels contact

with the ground. So the control accuracy of the wheel joint and the robot kinematics can

be verified.

The trajectory following results are shown in Fig. A.2. Both the desired trajectory and

the actual trajectory of the robot are depicted in a planar coordinate system. The desired
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Figure A.1. Trajectory following experimental setup.

Figure A.2. Trajectory following performance of the robot.
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length of the square edge is 1.2m, which is same with the diameter of the half circle. It is

seen that the robot can almost exactly follow the desired trajectory, which means the robot

can conduct straight movement, point turning and different steering. But it is noted that

the turning radius was a little larger than the desired one. The reason causing this could

be the side slip happened to the wheels.

A.2 Obstacle Negotiation

To verify the obstacle negotiability of the wheel-paddle robot, tests were conducted

with indoor man-made obstacles. As shown in Fig. A.3(a), the robot was crossing cylinder

woods with height of 0.1m, which is nearly the diameter of the wheel. During the climbing

process, the wheel will slip if contacting with the wood. The slippage will stop till the

paddles contact with the woods and climb up, which means the robot can not successfully

cross the woods without the assistance of the paddles.

Fig. A.3(b)(c) show the process of the robot climbing up the slops of 15deg and 30deg

separately. During the tests, the robot was actuated to perform wheel-support at a forward

speed of 0.1m/s. It was found the slippage happened to the wheels while climbing slop

of 30deg. For the wheel-support mode, the largest incline of the slop is dependent on the

substrate material as well.

The obstacle negotiation experiment was also conducted in outdoor field. As shown in

Fig. A.4(a), the robot was traversing rough grass land and crossing over obstacles with the

height of nearly 0.11m. In Fig. A.4(b), the robot was actuated to walk from grass land to

stones and deal with a step at last. During all the process, the robot works at the hybrid-

support configuration. The stone land has an incline of nearly 10deg. It is verified that

the robot performing with hybrid mode can realize turning, upslope, obstacle negotiating

in rough terrains as well.
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Figure A.3. Obstacle negotiability of the robot with indoor tests: (a) crossing over woods
of 0.1m; (b) uphill a slop of 15deg; (c) uphill a slop of 30deg.

104



Figure A.4. Trajectory following performance of the robot.
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A.3 Motion Accuracy of Paddle Shaft

As explained in above chapters, each wheel-paddle module contains three actively ac-

tuated joints. One controls the rotation of the wheel, the other two control the location

of the paddle shaft. To ensure the performance of each joint in the robot, the trajectory

following experiment in Section. A.1 has proved the accuracy of the wheel joint. To make

sure the paddle shaft can also be controlled to locate accurately, trajectory following test

of the paddle shaft was conducted as well.

As shown in Fig. A.5, a half-circle and a direct line has been used as the reference

trajectory. It is seen that the actual trajectory almost coincide with the desired trajectory,

which has verified that the paddle shaft can realize accurate positioning.

Figure A.5. Trajectory following results of the paddle shaft.
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Appendix B

To Date Publications of the

Wheel-Paddle Robot

Robot Design:

1. Yayi Shen, Guoteng Zhang, Yang Tian and Shugen Ma, Development of a wheel-
paddle integrated quadruped robot for rough terrain and its verification on hybrid
mode, IEEE Robotics and Automation Letters, vol.3, no.4, pp. 4062–4067,
2018.

2. Yayi Shen, Shugen Ma, Hiroki Tomita, et al., Development of a Multi-terrestrial Robot
with Eccentric Paddle Mechanism, In Proc. of the 2018 JSME Conference on Robotics
and Mechatronics (ROBOMECH 2018), Kitakyushu, Japan, pp. 2A2–L07, Jun.
2018.

3. Yi Sun, Yang Yang, Shugen Ma, et al., Design of a high-mobility multi-terrain robot
based on eccentric paddle mechanism, Robotics and biomimetics, 3(1): 8, 2016.

4. Yayi Shen, Huayan Pu, Yi Sun, et al., Improved effective design of the eccentric paddle
mechanism for amphibious robots, In Proc. of the 2014 IEEE Int. Conf. on Robotics
and Biomimetics (ROBIO’14), Bali, Indonesia, pp. 437–442, Dec. 2014.

5. Yi Sun and Shugen Ma, A versatile locomotion mechanism for amphibious robots:
Eccentric paddle mechanism, Advanced Robotics, vol.27, no.8, pp. 611–625, 2013.

6. Yi Sun and Shugen Ma, ePaddle mechanism: Towards the development of a versatile
amphibious locomotion mechanism, In Proc. of the 2011 IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS’11), San Fancisco, USA, pp. 50355040, Sept.
2011.
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7. Yi Sun and Shugen Ma, Legged gaits planning for a novel ePaddle-based amphibi-
ous robot, In Proc. of the 2011 IEEE Int. Conf. on Robotics and Biomimetics
(ROBIO’11), Phuket, Thailand, pp. 299304, Dec. 2011.

8. Yi Sun, Shugen Ma, and Xin Luo, Design of an eccentric paddle locomotion mechanism
for amphibious robots, In Proc. of the 2010 IEEE Int. Conf. on Robotics and
Biomimetics (ROBIO’10), Tianjin, China, pp. 10981103, Dec. 2010.

Flat Ground Motion:

1. Huayan Pu, Chang Liu, Yi Sun, et al., Optimized non-reciprocating legged gait for
an eccentric paddle mechanism, Robotics and Autonomous Systems, 103: 83–92,
2018.

2. Huayan Pu, Jinglei Zhao, Yi Sun, et al., Non-reciprocating legged gait for robot
with epicyclic-gear-based eccentric paddle mechanism, Robotics and Autonomous
Systems, 68: 36–46, 2015.

3. Jun Zou, Huayan Pu, Yayi Shen, et al., Optimized non-reciprocating tripod gait for a
hexapod robot with epicyclic-gear-based eccentric paddle mechanism, In Proc. of the
2015 IEEE Int. Conf. on Robotics and Biomimetics (ROBIO’15), Zhuhai, China,
pp. 564–569, Dec. 2015.

4. Jinglei Zhao, Huayan Pu, Yi Sun, et al., Stability analysis and gait planning of a
quadruped robot based on the eccentric paddle mechanism, Control Intelligent
Systems, 42(4): 311-7, 2014.

5. Yi Sun, Shugen Ma, Yang Yang and Huayan Pu, Towards stable and efficient legged
race-walking of an ePaddle-based robot, Mechatronics, vol.23, no.1, pp. 108–120,
2013.

6. Huayan Pu, Yi Sun, Shugen Ma, Yang Yang, et al., Design and locomotion simulation
of an improved eccentric paddle mechanism for amphibious robots, In Proc. of the
2013 IEEE Int. Conf. on Robotics and Biomimetics (ROBIO’13), Shenzhen, China,
pp. 510–515, Dec. 2013.

7. Yi Sun, Shugen Ma and Yang Yang, Planning of legged racewalking gait for an
ePaddle-based amphibious robot, In Proc. of the 10th Int. IFAC Symp. on Robot
Control (SYROCO’12), Dubrovnik, Croatia, pp. 218–223, Sept. 2012.

8. Yi Sun and Shugen Ma, Decoupled kinematic control of terrestrial locomotion for
an ePaddle-based reconfigurable amphibious robot, In Proc. of the 2011 IEEE Int.
Conf. on Robotics and Automation (ICRA’11), Shanghai, China, pp. 1223-1228,
May. 2011.

Uneven Terrain Motion:
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1. Yi Sun, Yang Yang, Shugen Ma, et al., Modeling paddle-aided stair-climbing for a
mobile robot based on eccentric paddle mechanism, In Proc. of the 2015 IEEE/RSJ
Int. Conf. on Intelligent Robots and Systems (IROS’15), Hamburg, Germany, pp.
4153–4158, Sep. 2015.

2. Yang Yang, Yi Sun and Shugen Ma, Drawbar pull of a wheel with an actively actuated
lug on sandy terrain, Journal of Terramechanics, vol.56, pp. 17–24, 2014.

3. Yang Yang, Yi Sun, Shugen Ma and Ryohei Yamamoto, Characteristics of normal
and tangential forces acting on a single lug during translational motion in sandy soil,
Journal of Terramechanics, vol.55, pp. 47–59, 2014.

4. Yang Yang, Yi Sun and Shugen Ma, Effect of lug sinkage length to drawbar pull of a
wheel with an actively actuated lug on sandy terrain, In Proc. of the 2014 IEEE Int.
Conf. on Robotics and Automation (ICRA’14), Hongkong, China, pp. 2932–2937,
Jun. 2014.

5. Yang Yang, Yi Sun, Ryohei Yamamoto and Shugen Ma, Characteristics of tangential
force acting on a single lug with translational motion in sandy soil, In Proc. of the
2014 IEEE Int. Conf. on CYBER Technology in Automation, Control, and Intelligent
Systems (CYBER’14), Hongkong, China, pp. 31–36, Jun. 2014.

6. Yang Yang, Yi Sun, Ryohei Yamamoto and Shugen Ma, Influence of moving direction
on normal force acting on a single lug during translational motion in sandy soil, In
Proc. of the 2014 IEEE Int. Conf. on Robotics and Biomimetics (ROBIO’14), Bali,
Indonesia, pp. 425–430, Dec. 2014.

7. Ryohei Yamamoto, Yang Yang, Yi Sun and Shugen Ma, Influences of lug motion
on lug-soil reaction forces in sandy soil, In Proc. of the 2014 IEEE Int. Conf. on
Automation Science and Engineering (CASE’14), Taipei, Taiwan, pp. 176–181, Aug.
2014.

8. Ryohei Yamamoto, Yang Yang, Yi Sun and Shugen Ma, Characteristics of lug-soil
interaction forces acting on a rotating lug in sandy soil, In Proc. of the 2014 IEEE
Int. Conf. on Robotics and Biomimetics (ROBIO’14), Bali, Indonesia, pp. 451–456,
Dec., 2014.

9. Yang Yang, Yi Sun and Shugen Ma, Paddle trajectory generation for accessing soft
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2013.

Aquatic Motion:

1. Yayi Shen, Huayan Pu and Shugen Ma, Realizing efficient front crawl stroke with
a wheel-paddle integrated mechanism: inspired by human competitive swimming,
IEEE Journal of Oceanic Engineering , Early access, 2019.

2. Yayi Shen, Yi Sun, Huayan Pu and Shugen Ma, Experimental verification of the
oscillating paddling gait for an ePaddle-EGM amphibious Locomotion mechanism,
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4. Huayan Pu, Yi Sun, Shugen Ma, et al., Experimental study on the oscillating pad-
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