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Chapter 1: Introduction

1.1 Motivation

Robotics is a swiftly growing fieldespecially with regard to its applications.
Robots are employed in many areas of society today, whether at home, in
manufacturing, or in military operations. This has especially been accelerated by the
growth of microcontrollers and other similar compaatputing solutions. As small
scale computing and sensarontinueto become smaller and more powerful, robots
can be more complex and robotic solutions are more viable for previously unexplored
areas. This is especially true for mobile robots, for twvigductions in weight and
power requirements for new controllers and sensors increase the viability of certain
locomotion methods and control systems.

Mobile robots can be useful for a number of pursuits, including military and
search and rescue. Ascitmology improves, these fields expand to include other
difficult or delicate situations such as fire rescue and environmental monitoring.
While many mobile robots maintain locomotion methods similar to those used in
traditional vehicles such as automelil and boats, others have more varied
locomotion methods adapted to their situation.

One such environment is seaquatic terrain. Many swamps, for instance,
have enough tree cover to linsignificantlythe effectiveness of an aerial robot, while
terrestially focused robots typically are not designed to handle water and moisture in
both locomotion and reliability. For these kinds of environments, a specialized robot

IS necessary.



Such a robot would require the ability to move well on varied ground, move
well in water, and transition between land and water efficiently, especially on slopes.
This requires a method of locomotion more seen in animals than to fdes@med
vehicles; indeed, many animals, such as crocodiles and turtles, are amphibious by
naure. A legged platform meets these requirements, as it could potentially use its
legs for both complex terrestrial locomotion and swimming if properly configured.

Legged robots have very versatile chassis for terrain locomotion. The ability
to vary footposition as necessary and change the gait dynanag®e necessary, as
many problems that look to mobile robotics for solutions require movement over
varied environments, and many solutions have been developed to handle various
environment types. Certabbody patterns are also quite stable.

The assumed configuration for such a platform would be quadrupedal;
however, common forms with more or fewkegs must be considered, and this choice
must be justified. Bipedal configurations, especially for swimmarg, relatively
common in nature. The platypus is a very good example of a bipedal swimmer: only
its forelegs propel the animal, while its hind legs and some limited body undulation
provide stabilization [36]. Another example is the seaduwhich emfoys a similar

idea[38]. Thes can be seen below in FigureFigure 2 and Figure 3



Figure 1: Swimming sea turtle [38]

Figure 2: Platypus free body diagram [36]

In theory, a bipedal gaitcan be moreefficient than a quadrupedal gait.
However, the body undulation necessary to maintain stabilization makeso&iw
manufacturing and simple control algorithms more difficult. Without that undulation,
any given design will quickly become unbalanced, mog algorithms specifically
for that, which is undesirable. In addition, a bipedal configuration to swimming does
not lend itself well to terrestrial locomotion, which is a major part of the design.

Bipedal walking requires significant balancing coesadions which can be obviated

3



by having at least four legs, for which there is an option for three feet to remain on

the ground while one advances.

Figure 3: A platypus with front and back feet prominently displayed [1]

Many curent kegged robots emplogreater than foulegs Hexapedal robots
are especially common, due to a major advantage in stability granted by the ability to
maintain three points of contact on the ground-st&p without slowing the gait
significantly. Thisin turn grants significant advantages on uneven ground, as more
points of contact on the ground can be used for stability if necessary. However, this
design comes with some considerable disadvantages. The gait and control algorithm
complexity rises withan increase in the number of legs. Additionally, more legs
necessitate an increase in size, weight, or power requirements, all of which reduce
potential payload capacity and increase the amount of buoyant force necessary for the

robot to float to achievsurface swimming.



Legged platforms in general, however, are not without inherent disadvantages.
Traditional wheeled or tracked platforms are significantly easier to control due to
having far less controlled degrees of freedom, and for the same powgemgation
can move notably faster on favorable terrains. In most cases, a legged platform can
hardly hope to reach the maximum speed that a comparable wheeled or tracked
platform can. The nature of wheels or tracks being in constant contact with the
ground ensures stability on flat ground assuming the platform has a low center of
gravity and barring extreme circumstances. In addition, many legged platforms are
incapable of standing unpowered without putting significant stress on their legs. That
said, n this particular case, the number and type of advantages outweigh the
disadvantages, as successful operation in this case is more of a priority than speed or
stability past the ability to walk well.

This thesis is intended to explore such a concepebigding, manufacturing,
and testing a robot that can both walk and swim using legs, and developing the
required gaits. More than that, howevihtis robot needs to be able to traverse a
swamplike or semiaquatic area. This means that timberchangealel forms of
transition locomotion must also be explored: walking on unstable, slick, or unsteady
flat ground and walking on a slope to and from water. The robot itself should be
designed in a compact form with as little mechanical complication as poséibié
there have been several amphibious robots created prior to the one described in this
thesis, as will be described in Chapter 2, those particular robots tend to take a

different approach to address the two necessary locomotion modes.



The field ofquadrupeds offers adequate flexibility in terms of the gait design
and control and manageable complexity in terms of realizing a waterproof design.
Hence, this thesis will only focus on quadrupeds. The successful realization of a
quadruped will provide nael for realizing other more complex amphibious legged
robots.

1.2 Research Challenges

Realizing a quadruped that can walk and swim requires addressing many
different challenges.

1.2.1Amphibious Quadruped Mechanical Design

While there are many quadrupedal walking robots and many swimming
robots, there are exceedingly few examples of quadrupedal robots that can both walk
and swim, especially not robots that employ a design baséaditionally bounded
servomotors and joistrather than fullyotating servomotors or motors. As such, a
major component of this thesis is to provide such a design, using eight degrees of
freedom total with two per leg to both walk and swim, with any added modules
necessary to achieve this. A joracomponent that drivethe design of such a robot
is the hallenge of waterproofing its componerasproblem that has been and will be
approached in several ways. Additionally, given that applications discussed involve
some degree of autonomy and gegian from a base unit, the considerations given to
inclusion of a seltcontained controller and sensor package will be discussed.

1.2.2Amphibious Quadruped Gait Design

Gaits for a quadrupedal robot are both very common and very well tested, and

doubly © for lizardlike or crocodilelike leg configurationsseen below in Figure 4
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and Figure 5 However,as mentioned beforguadrupedal robot performance in the
wateris not well studied. Because of this, a maji@signchallenge is to develop
default gatis specific to the determined solution of aquatic locomotion for swimming,
walking in water too shallow to swim in, and ascending or descending slopes. These

gaits will be modified in testing so as to achieve the best performance with each.

Figure 4: An alligator, commonly used for quadrupedal robot reference [2]



a, Rectus femoris.

b, Gluteus mazimus.
¢, Agitator caude.
d, Biceps femoris.

e, Semitendinosus.
f, Semimembranosus.
u, Gastrocnemius.

z, Plantaris.

y, Peroneus longus.
z, Tibialis anticus.

Figure 5: Musculature of a crocodile [37]

1.2.3 Gait Transition Control

In addition to the general gait design, a vital component to gattaias
transition, specifically the flow of one gait to another. Fluid transition between gait
patterns is a major factor in maintaining stability and similar alignment, which is vital
for more autonomous operation. Such a transition is also notetha@sm@problem in
the AQUA robot, as will be discussed inh@pter 2. Therefore, there is significant
motivation to develop such a transition between swimming, walking in water, and
walking on land modes.

1.3Thesis Goal and Scope

The scope of this thesignd the goals thereof, can be extracted from the
challenges listed above. First, a method of achieving both walking and swimming
locomotion with two degrees of freedom per leg will be developed and established.

This will be compared to possible method$ waterproofing all vulnerable

8



electronics. The robot will employ commercially available components, including
servomotors for joint movement, batteries for power sources, a microcontroller, and
sensors. Combined with both commercial and custade stuctural components,

these will be used to create the prototype robot. Tests with both force sensors on a
prototype and fluid simulations will be constructed and performed to determine the
viability of the swimming solution as presented, and dependindghesettests the

robot prototype will either be revised and retested or accepted.

Once the robot is constructed, a full kinematic analysis of the leg mechanism
will be performed for the purpose of developing a full kinematic analysis of the entire
body. Giits will then be developed and tested for four categories: walking,
swimming, walking in water, and walking up and down slopes. Transition gaits will
also be developed and tested for switching between each of those. The robot will be
arrayed with simplewater sensors to detect the presence of water for automatic
switching, and put in a representative situation to test this. The goals of the robot for
the purpose of this thesis are:

1 The robot will be able to walk on ground, swim, walk in water, and walk

slopes. Force sensor testing and simulation should be used to verify the

efficacy of the method in question.

9 Utilizing only sensors and electronics contained on the robot, the robot should
be able to smoothly transition between states without signiffgarturbation

of motion.



1.4 Organizationof the thesis

Chapter 2 is the survey of literature relevant to walking robots, swimming
robots, and amphibious legged robots. Various-lfigh snakelike, and flippered
swimmingrobots,as well as severd¢gged walking robots relevant to the theai®
discussed. Afterwards, five of the most relevant amphibious robots are examined in
detail, and show that each cannot achieve one of terrestrial motion, aquatic motion,
and switching between the two adelyat

Chapter 3 describes the design process in detail, includimegevolution of
previous designs prior to the final design. The shortcomings of these prior designs
are explored, and the component selection to accomplish the final design is described
in detail. This includes actuator sel ect
selection for powering actuators, sensors, and controllers, controller selection, and
material selection. This also includes selection and design of any special modules
made especially for any of the four primary modes of locomotion. Methods of and
resuts from empirical and simulatiebased testing of the robot are included.

Chapter 4 extends Chapter 3 by examinindpe process behind the
development of the four gaits as described earlier. Walking gaits are relatively simple
in concept and welllevelgpped among quadrupedal robots of most configurations.
This chapter presents a walking gait for the robot described in Chapter 3. This chapter
also presents swimming gaits, gaits designed to walk in water, and gaits designed for
slippery slopes.

Finally, Chapter 5 summarizes the main body of work. In addition, future

improvement possibilities are discussed.
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Chapter 2: Related Work

2.1 Overview

Prior to developing a strategy for the design of the robot, it was necessary to
review literature that describesrsliar approaches for the purpose of investigating the
current methods of locomotion in terrestrial, aquatic, and amphibious robots. First,
robots that are created to swim by various means will be discussed. This establishes
the baseline methods of swimmgi that, while not directly applicable to a
guadrupedal robot, are nonetheless useful for considering basic swimming principles.
Second, robots that are created specifically to walk using legs are examined. This
establishes the scope and baseline pedana of currently available robots, as well
as provides exploitable walking principles. Third, the robots that have achieved
legged amphibious locomotion are discussed. These have shown some solutions to
the myriad of challenges facing amphibious locaorot

2.2 Swimming Robots

2.2.1 FishinspiredRobots

Fish robots often employ a method of locomotion focused around a single,
vertical caudal fin that oscillates | ateras
example of this, citing high thrust arefficiency from taitbased propulsion as
motivation. Efficiency is created due to
created by its movement are both conducive and compatible with forward thrust.
This stands in contrast to propeller motiarich typically creates a vortex moving in

the direction of the propeller rotation perpendicular to the desired direction of motion.
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Figure 6: RoboTunall [6]

Some fish robots, including BoxyBot from the Swiss Federal Instibfite
Technology, use pectoral fins as well as a caudal fin [4]. These secondary fins allow
for more precise control over motion in the water, allowing for an expanded library of
movement methods, such as rolling, vertical mobility, and quick turning. eThes

pectoral flippers can also be used for underwater crawling.

Figure 7: BoxyBot [4]

12



One study from Boston University focused upon further increases in
efficiency through the use of passive elastic elements [3]. Building updn a
combining the foundations created by researchers of both fish locomotion and airfoil
properties, a hydrodynamic model was established. This model was subsequently
used to determine the difference in energy input between systems with no elasticity
assuned and systems with lateral springs placed. The conclusion drawn was that
lateral spring usage increases the efficiency of travel: for each oscillation, less energy
was required. This operating principle could be employed to reduce the power drain
of a rdot for the same speed, or to increase the speed while employing the same
power drain. This is a significant advantage of a latecalation design, and could
be very useful in consideration of passive actuation for swimming even fefishon
robots.

2.2.1 SnakédnspiredRobots

While there are many snake robots, two in particular are especially notable
with regards to swimming: The ACIR5 snake robot by HiBot and Amphibot by the
Swiss Federal Institute of Technology. Both of these robots exhibit bdkingiand
Sswi mming behavior, as the snakeds | ocomoti
cases as to facilitate both easily with the development of one. TheR&M] was
developed especially to swim like a sea snake. It is composed of any numblks of |
and a head, of which each link features a two degideeedom joint; with this setup,
the ACM-R5 can operate threimensionally. In addition, each link has a paddle
with a wheel attached to the end, which allows a normal component of force to be

applied to a tangential direction for swimming or walking. The links are all
13



independent, with each containing battery, CPU, and motors, but when connected the
number the head detects the number of links chained together. A suitable algorithm
for swimmingis configured based upon the current length of the robot, which allows

the robot versatility in different situations.

N\ y ‘
\ 7 o .
N\ ../,/// B ',1.,-.
f({l V11— ——
| S ——— Al ~
Wil
'S 2 o .. O
v,

Figure 8: ACM -R5 snake robot[7]

In development since 2004, the Amphibot project was created to model snake
like movement on land and in water [8], [9]. The initial robot, Amphibot I, was made
up of seven ‘€m segments, referred to as elements, which are required to remain
independent ah stable while maintaining waterproofness and vertical stability.
Amphibot Il increased element size and number, bringing total length from 49cm to

77cm [10]. Each element has an encased motor, kept waterproofed at its axis by an

14



O-ring, and with a sigficant motor reduction and external axis potentiometers
precise positioning of each motor can be achieved. Additionally, passive wheels
were affixed to the robot for terrestrial locomotion.
Both swimming and terrestrial locomotion are achieved by gaitsposed
from oscillation amplitude, frequency, and phase lag parameters. In Amphibot I,
frequency was measured at 0.25 and 0.5 Hz due to larger amounts being unfeasible
with the given motors, with the maximum swim speed of 0.0454 m/s, or 0.1 body
lenghs per second. | mprovements in Amphibot
to 1Hz, which in turn allowed a swimming speed of 0.23 m/s, or 0.32 body lengths
per second, and a land speed of 0.4 m/s, or 0.55 body lengths per second. Most

notably, forward geed increased with frequency.

® \o-'\_\ s - ‘
Figure 9: Amphibot | [ 8] and 1l [ 10]

2.2.3 Madeline11]
Madeline is a tetrapodal, selbntained swimming robot. The robot is
comprised of four degrees of freedom; each actuator is an independent flipper that

can oscillate perpendicular to the axis of movement. Madeline was inspired by
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biological designs frona number of sources, but most specifically to discover the
reasoning for a shift from using both pectoral and pelvic limb sets for swimming to
using one or the other.
Eight gaits were tested: four with four flippers and four with two flippers.
While propulsion with two flippers was carried out, the two inoperative flippers were
held d¢eady. Four gaits for each were determined by creating a matrix between in
phase and anphase for each of pestarboard and foraft leg pairs. Videos of each
of thee were recorded, with the data assembled and analyzed statistically. Two
dimensionless parameters, cost of transport and surge scope, were defined to measure
efficiency at constant speed and unsteady linear movement performance respectively.
A number ofconclusions were drawn from this. Fedlippered swimming
was shown to have generally higher starting and stopping acceleration, with gaits
where foreaft flippers were in phase maximized peak starting acceleration.- Four
flippered gaits, however, had aiversally higher cost of transport than tfippered,
with only a small gain in sge scope to show for itAdditionally, maximum cruise
speeds were not statistically different between -foppered and twdlippered.

These are all important consideoas for any legged or flippered swimming robot.
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Figure 10: Madeline swimming robot [11]

2.3 Legged Terrestrial Robots

Many legged robots of a wide variety have been created and documented, for
which the design of many hadeawn from biological inspiration. Some are more so
created for the investigation of climbing than walking, but nonetheless, this fact does
not exclude those specific robots from consideration. The robots presented below
were chosen to display a varietlyapproaches.

2.3.1 RHex

The RHex robot design has been in publications since 2001 [12]. Since then,
it has been the theoretical basis of several different types of robots, some of which
will be discussed later. The initial platform consisted of six @iaant spokes as legs,
each attached to a rotary actuator, to create a hexapedal robot. The concept behind
using a single spoke per leg was that the angle of contact could be varied more
because of the increased contact angle range. This would allowcordrel over

ground reaction forces to achieve a significant speed relative to its size. Moving
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forward is accomplished by the simple alternating tripod gait common to most
hexapedal robots, while turning is either accomplished by reversing the direttion
opposite legs or by introducing a perturbation in the normal leg pattern.

A later incarnation of RHex would improve on the legs significantly, retro
fitting the robot for complex terrain handling [13]. The legs changed from the
Afcompasslikepg pek a, to a-lifkeurpalhdrd nankloe t he
circleo pattern. The final iteration ensu
step, affording the robot advantages similar to those given by another degree of
freedom per leg withouhe power consumption, weight, and reliability issues. This

allows for effective stair traversal.

Figure 11: RHex with original legs and curved legs12]

RHex has inspired many further improvements, many of which tackled the
problems of amphibious operation. These altered models include SRélkey,
RuggedRHex, and AQUA. Additionally, while not technically being part of the

RHex development path, ASGUARD claims significant influence from the original
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design. Each of thesaresented differeninodificationsto RHex, of which some
achieved varying |l evels of success i n
ASGUARD both differ significantly in the
significantly, while Shelles\RHex and RggedRHex are primarily modifications to

the main body. Each of these will be presented later in this section.

Figure 12: Shelley-RHex, RuggedRHex, and AQUA [12]

2.3.2 Biosbot [5],[16]

Biosbot, created by Tsinghu8Jniversity, was born from the idea of
mi micking a housecatdéds | eg motion while
to the initial design would have on slippage and ground clearance in a typical gait for
the leg design. The initial leg structuoemprised of five joints with 1 to 3 degrees
of freedom each, was drastically reduced for the sake of simplicity: The design was
refined to two active degrees of freedom and one passive degree of freedom per leg, a
hip joint, a knee joint, and an ankle noirespectively. The knee starting pointswa
varied between four models:oipting inward, pointing outward, facing forward, and

facing backward.

19

t

h

st



Figure 13: Biosbot and diagram of possible knee configurations16]

To determine an initial gait, cat footage was analyzed, and the relationship
between the hip and knee joints was noted. The resulting gait was applied to all four
configurations,and the resulting datied to several conclusions. The leg model in
which ech leg had its knee pointed backwards performed the worst, with
considerable slippage noted. This was attributed to the center of gravity being shifted
towards the back of the robot, which prevented the hind legs from achieving full
clearance. Kne®rward models performed better for speed while balanced models
moved more stably.

Bi osbotdés creators also examined trot,
sinusoidal patterns that each of these created, a transition function was created as a
subsectn of the normal gaits. This creates a-gali that acts as a bridge between
gaits with different leg patterns, allowing for smooth transition, which is a useful

concept for all quadrupedal robots.
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2.3.3 ELIROI [17]

The idea of a robot gait built tagorporate discontinuous twisting at the waist
was approached by Kyungpook National University first from a theoretical
perspective; later, this theory was used to create a robot based upon the principles
demonstrated. Many natural walking gaits incorpoeacentral degree of freedom at
the spine, which increases speed and stability, especially while turning. The approach
taken was systematic: first, the assumption was made that the robot would be on flat
terrain, parallel to the ground, with masslessgs)ea uniformly massed body, and a
single degree of freedom along th@xs at the center as the waist joint. From this
set of assumptions, the kinematics were determined, noting especially that in a non
rigid body an optimal hip position can be created.

From these kinematic observations, scadéitionalfeatures were drawn: the
stride increases drastically from a rigid body, maneuverability in unfavorable
situations was greatly improved, and the general gait stability was improved. In gait
planning, &n timesteps were used, with the center of gravity shifted at varying
intervals; the bending angle for the center and the leg order were varied.

Eventually the conclusions from this were used in a quadrupedal robot with
three degrees of freedom pantodrdggs called ELIR@. This robot achieved stable
turning on flat ground, and it is noted that with implementation of a three degree of

freedom spine, stability on rough terrain could similarly be achieved.
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Figure 14: ELIRO -I turning with 5 -degree waist benihg [15]

2.3.4 AIDIN [18] and central control system
AIDIN (Artificial Digitigrade for Natural Environment) is a quadrupedal robot

built around the biological concept of a central pattern generator inherent to the
22



neuralsystem that controls rhythmic outputs for locomotion, as applied to a vertically
asymmetric quadrupedal robot with three degrees of freedom per leg. The joint
controller, in particular was based upon the gravitational load for each joint as well

as the atural stimulugreaction mechanism from nature. The response is altered
depending on whether the information from force sensors, touch sensors, and
gyroscopes exceed a certain threshold, and is split into exceeding and nonexceeding
categories based upanig threshold. All responses engage a standard set of flexors
and extensors with values based upon the stimulus level, while situations with
stimulus levels exceeding thresholds also engage a secondary set of extensors.

With this concept in mind, the seéais defined as recurrent neural network,
with each neurondés state dependent on the
neuron in sequence, and the neuron base; this creates a repetitive motion. Each of
these values adds to the central and inteemtitstimuli to obtain a total response
value whichcomprises joint angle. This method was tested both experimentally and
in dynamic simulation, and in both cases, provided a stable rhythmic gait with

significant feedback to adapt.
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Figure 15: AiDIN with components labeled [L8]

2.4 Legged Amphibious Robots

and swimming in water.

There have been multiple efforts into robots capable of both walking on land

swimming mechanisms separately on one robot; for example, an unnamed
amphibious robot from the Shenyang Institute of Automation has legs and wheels
with propellerwheels which are rotated inward to swim and outward to crawl [19].
However, the primary amphibioushats that will be explored in detail are those that

employ the same mechanisms to move terrestrially and to swim, and more
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specifically those that employ legs to do so. Many of the most successful robots are
variants of RHex, which was described earlier.

2.4.1 ShelleyRHex [20]

Shelley is a branch of RHex. It is designed almidsntically from a
mechanical perspective, but with the added goal of amphibious movement without an
increase in weight or size. To accomplish this, the frame of RHex was repliiced
a closed shell. The shell was formed from carbon fiber into a curved shape for
hydronamics and impact resistance, with Neoprene to dampen impacts and vibrations.
Some waterproofing issues arose from the power switch, antenna, access panel, and
motar connection; these were fixed by various solutions such as adding clamping
force and waterproof material, encasing the entry port with silicone, am©

Shelley was able to achieve surface swimming. However, the nature of the
shell prevented design alteration without significant expenses in both time and
money, and the carbon fiber shell alone proved too brittle to remain watertight when
subjected to remged impact. Theonsequencef these two facts was relative
unpopularity compared to the original RHe x
and solutions were useful concepts to consider for both future RHex iterations and
unrelated robots.

2.4.2 RggedRHex [20]

RuggedRHex was a design made using ShefRdyex as a basis, with the
goal of fixing the inherent problems with
external brittleness, the shell was formed from impesistant nylon, with an

intermal skeleton made of aluminum to distribute loads well. These materials
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necessitated an increase in motor size and battery power. Sealing of electronic
component compartments was achieved through the useiofj®and collar plugs;

notably, soft rubber as used for the primary body seal due to better coordination

with the rough Nylon surface. These chan
issues, and Rugged performed very successfully in water, both while swimming on

the surface and while ballasted tpp to 5m in depth, and on land. However,

increased size and mass caused issues with portability, component fatigue, and

impact, as well as hindered its use in similar applications to the original RHex.

RLINE

. N
F Boston Dynamlts

Figure 16: RuggedRHex in a creek [21]

2.4.3 AQUA [2]
The AQUA robot is a later alteration to the RHex design than Shelley and

Rugged. It was designed specifically for the purpose of swimming and diving in the
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water : mo s t notabl vy, t he RHewhch aid ie g s ar e
significantly in aquatic movement. In the water, the AQUA can achieve swimming
speeds up to 1.0 m/s, or approximately 1.54 body lengths per second. It achieves
swimming motion by creating small oscillations rather than large rotary mo#ods,
when engaging all six legs, it has the capability to control five degrees of freedom
directly: surging, heaving, pitch, roll, and yaw are all possible. Phase offsets are used
to change between gaits, with amplitude offsets used for pitch and roll eimahge
in amplitude scale factor between the sides used for yaw [23].

Additionally, AQUA can still walk on land. The flippers work largely the
same way as RHexO0s |l egs, with spring energ
greatly to forward motonHowever , the need for symmetry
its method of swimming prevents the leg structure from being as efficient as the

asymmetric Ahalf circleo RHex | eg pattern.
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Figure 17: AQUA robot with diver, showing symmetic flipper legs [23]

Another important consideration is the gait transitions. The AQUA has
numerous different patterns of both terrestrial and aquatic motion, but the difference
bet ween terrestrial and aquatic ggxitst s i s d
legs as flippers, oscillating the flippers slightly up and down while the legs are
pointed toward the back of the robot. I n
RHex6s wal king gait, in that it enmploys th
these gaits resembles one another, this leads to motion inefficiency, undesirable
forces upon the robot, and subsequently unwanted displacement when transitioning

bet ween AQUAOGs wal king and swimming gaits.
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tasks such agarget acquisition, as an unexpected location or pitch shift can move a

target out of s-bagduisensing. AQUAGSGsSs Vvision

Figure 18: AQUA swimming [23] and walking [24]

2.4.4 ASGUARD

The ASGUARD robot has been in develogmh since 2008, and is currently
on its second version [25]. It is founded upon the initial basis of compliant rotary
legs determined by RHex [12], but treats this basis in a slightly different manner.
|l nstead of RHex 6 s des.i lgrrprotugionsson rachaeathu at or s
motor is attached to an assembly that resembles spivked wheel with no rim
(referred to as a muitegged wheel), of which each leg is slightly compliant. This
dramatically reduces the continuous-oti{phase time for ez leg rotation, allowing
for greater stability to the point where it operates stably with four actuators instead of
six. Additionally, a passive degree of freedom was added along the spinal column to
maximize ground traction in case of uneven footing.heW floats are added, the

platform can propel itself in the water. However, the swimming motion requires
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significant disturbance of the water it is in to be achieved and can only maintain a

swim speed of 0.5 body lengths per second.

Figure 19: ASGUARD in water [26]

ASGUARD is primarily controlled by velocity modulation, but due to the fact
that it does not employ a traditional wheel design in which contact with the ground is
constantly maintained, at low velocities thesitioning of each leg spoke must be
taken into account to maintain the desired degree of synchronization and therefore
stability. This necessitated the development of a control algorithm that took error

feedback between the target and the position aspan.
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Figure 20: ASGUARD [25]

2.4.5 Salamander robot1pR

The salamanderdéds | ocomotion consists o0
which each locomotion type uses a central spine as a primary actuator. The
salamander s swimming is achieved by body
configuration, while walkings achieved by creating a standing wave configuration in
the body, engaging small legs to help progress forward. A salamander robot was
created to define the specific modifications undergone in the evolutionary process to
allow this amphibious nature, egndh the phenomenon of gait switching, and
understand the necessary mechanisms for coordination of the limbs and spine.

Using these assumptions, a robot was created with ten actudtansfor the

legs, six for the body, using a central pattern generetonprised of sixteen

31



oscillators as the gait basis. Relationships between each were defined by matrices of
weights and phase biases, and modeled in formulae representing the phase and
amplitude of any given oscillator as well as the positive signalesepting the

central burst action. In creating this robot, it was shown to be consistent with the
actual sal amander 6s movement i n both walk
noted that the central pattern generator concepts used here would be verlyimelpf

general robotics, given that the dimensionality of a control problem may be reduced

while remaining versatile.
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Figure 21: Salamander robot with pattern generator diagram[27]
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2.5 Summary

Most of these selected worksaspecifically from robots that perform either
walking or swimming. As such, those robat®stly do not conform to thénitial
amphibious movemergoals set ouih Chapter 1though they are useful. Thebots
that specifically address the issue are ASBRD and AQUA and thus they are
considered in light of the enumerated challenges

ASGUARD absolutelyaddresses terrestrial movement, especially across land.
Its use of four whedike leg mechanisms provides it ample stability and the ability to
manage dierse terrains. It has no special handling for treacherous sloped
environments besides speed adjustment; however, this is likely not anoissue
representative slopegven thelow center of gravity.Swimming, however, is a more
contentious form of motm ASGUARDOGS swi mmi ng #smmeed on r eq
rotation to maintain aeasonablespeed, which is botimefficient andpotentially
problematicbased on the environment. Obstructisnsh assurfacevegetationcan
easily catch on a quickiytating leg and jam a motor.

Conversely, AQUAIs secure in its ability to swim both on the surface and
underwater, and it can perform rudimentary walking on sand and similar surfeces.
legs move between small angles, which eliminates many potéatigling issues.
Howeverwal ki ng i s not nearly as robust. AQU
smoothly as they could in homogenous belialh environments, much less the
irregularities of a sermquatic environment. Additionally, the robot has nossdes

with shoreline transitions.
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These considerations show that there is a niche for a tbbtan perform
these actions In the following chapter, a design for such a robot will be described

and tested.
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Chapter 3Design and Construction

3.1 Desdgn Evolution

The amphibious robadround whichthis thesisis centerechas gone through
several iterations betweentwo chassis. This has refmhethe concept from the
theoretical concept of a robtbtatwalks and swimsvith legs to a functional form.

A mgor, if not the primary, challenge surrounding any aquatic or amphibious
robotic platform is dealing with the incongruence of keeping significant electronics
dry while the platform is surrounded by water. This is especially true regarding a
legged platfam employing servomotors. The enclosed chassis atéehtptaddress
this problem by means of encasing everything electronic in a central unit, while the
waterproof servo chassis scaled down the amount of electronics inside the central unit
while separatelyaterproofing or wateadapting external electronics.

3.1.1 Enclosed chassis

The first attempt at an amphibious robpbsited the concept that all
electronics could be encased in one central unit. In concept, leg moventaet
degreenecessaryor walkingwould befacilitated by the use afatertightmembranes
stretched across a cut out area in which the leg needs to move. -dedwee of
freedom leg was used in the design explicitly to minimize the necessary travel area to
avoid excessive mdmnane stretch. Thiggdesign involved a hip sertbat allowed
the upper leg to swing horizontallgombined with a elbow servathat allowedthe
lower leg to rotate in an axis parallel the upper leg. The lower lexeid &t a ninety

degree angle rative to the upper leg, and is flanged out to provide for surface area
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for paddling in water. The leg convegto a foot at the baseThis robot can be

seen below in Figure 22.

Figure 22: Enclosed Chassis Robot

Walking is acomplished by either keeping tredbow joint in the straight
down position for the parts of the gait in which that specific leg is moving from fore
to aft or actuating the rotary joint to lift the foot off the grotmdecover. Swimming
is accomplished byscillating the elbovback and forttwith the foot pointed toward
the aft. Thisallowed the flanged lower leg to act as a rigid flipper and propel the

robot forwardin the water The configuration for this robot can be seen in Figure 23.
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Figure 23: Joint Configuration and Reference Frames for Enclosed Chassis Robot Legs

In construction, the main body was converted from a plastic storage container.
Pieces were cut out of the sides to make space for the legs to protrudghttand
over those apertures, membranes created from rubber balloons were placed loosely to
prevent water from entering while allowing for compliance. Internally, to support the

servomotors, a skeleton wamde from Delrin Acetal Resif25]
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Figure 24: Internal Physical Configuration of Enclosed Chassis Robot

This design had several noted flaws he primary flaw to the design was a
conflict of design to maximize both walking and swimming motionhe elbow
servomotor had to Imale simultaneouslyboth the moment created by vertical
reaction forces due to weight and the moment created by horizontal friction from
propulsion. Due to the fact thlothreactionmoments were based upon the distance
from the hip to the contact pojribnger legs put significant amounts of stress on the
elbow servomotors given that the increased horizontal distance from lifting to the
same angle created a larger moment arm and greatly increased the necessary torque
any instability, some of which wasinavoidable, exasperated this problem

significantly and created positions in which the robot could not lift itself up, thus
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severely hampering ground movementowever, due to the principles of surface
area being exploited for swimming, shorter legs medlia smaller areaausingthe
robot notto swim asquickly or stablywhen implemented.This is shownbelow in
Figure 25 the knee servomotor moment M is countered by the force from horizontal

motion RH and the weight of the robot RL.

M

7)

RH€¢——

T

RL
Figure 25: Free Body Diagram for Enclosed Chassis Robot Leg

To create further issugshe rubber membrandsad significant, consistent
issues either withrestrictivemovement even with loose placement or with leakage at
theleg itself or around edges. Ultimately, the combination of joint geometry creating
conflicts between swimming and walking and the failure of leg membranes even in a
geometrically suitable configuration necessitated a reimagining chtmssis.

3.1.2 Wateproof servo chassis

The second major design iteration began by considering how to tackle the

issue of waterproofing and swimming with a more traditional degree of freedom
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leg design. Tis design was very similar to the previous, but with the elbamt jo

pl aced with its axis of rotatiuwuperlegrt hogone
This provided a nethod for walking that minimizedhe momentimposed on

servomotors from weight and put the moment imposed on servomotors from friction

created dung propulsion at an orthogonal axis from both servomotoishis

configuration can be seen below.
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Figure 26: Joint Configuration and Reference Frames for Waterproof Servo Chassis
Unfortunately, this desigmnequiredthe elbow seremotor to be placed at a
position far out from the center due to geomet§tructurally, this was simply a
matter ofconvertingthe internaDelrin skeleton into an external framath housings

to hold the motors. Howevea design employing fully contaed electronics could
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not be implemented. Insteacisearch into waterproof servomotors was done. As
such, a simple solution was fourgtandard servomotqgré this case Futaba S3114
High-torque micro servomotof26], weremodified so as to be waf@oof. This was
accomplished ima threestep process. First, the compartments of the servomotor
without moving parts would be filled with liquid silicone, so as to protect valuable
electronics. Second, the exterior of the servomotor would be coateéhagth Dip
synthetic rubbef27] to preserve the moving parts inside the main compartment of the
servomotor. Third, a rubber-fing was placed on the seam where the shaft of the
servanotor moves to prevent water entering via the servo shéafhile this method
worked to an extent, the servomotors suffered a significant failure rate after short
periods of time. The @ngs required to maintain shaft sealing placed too much
resistance on the servomotehile in motion, which would eventually lead to gears
within the servomotors failing.

The solution was to seek oatpre-waterproofed servomotor modehstead
The resulting move to a larger motor, the Hitd&-646WP [28], necessitated a
moderate structural change ascommodate the larger siZgpecificdly, the motor
position wagotated so as to fit lengthwise at the hip joints, and the elbow joints were
enlarged to accommodate the larger size.

3.2Physicalspecification

3.2.1 Components
As mentionedearlier, Delrin Acetal Resifi25] was chosen as the primary
construction material. Delrin is a thermoplastic polymer with some significant

advantages. has high tensile and compressive strength, it resists water well, and it
41



has significant fracture and fatigue resistanitas available in sheet form, of which
1/8" inch and 1/% inch thick sheets were used for the construction of this platform.
The custom framecomponents required werdesigned in Pro Engineer and
manufactured using a Universal Laser Systems VLS3.60 Lastar A%], which has

a 60watt laser. This laser was accurate enoughn@nufacture the small parts

necessary

Figure 27: Delrin Acetal Resin Sheef{25]

Initially, a small project box was selected arbitrarily; however, this profe
insufficient size for the components and wiring inside, and waterproofing proved
insufficient As such, a larger, more deliberately waterproof box was required.
Hammond Manuf act y30]iencpsue wds eredtuaily Selected for
this. AtA79 x 4. 70 x 3.50 it was suf ffartha ent |l y b

robot 6s,andghe lidavasi designed wikalingin mind.
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Figure 28: 1554UGY Plastic Enclosurg30]

The servomotoreventually selected wereglHS646WPAnalog Waterproof
High Voltage ServosThese servomotors have an average weight to torque ratio and
operate at a relatively low speed, but are waterproofed well. They have the capability
to be driven by a 7.4V batteffpr extra torque andpeed if necessarybut in this

casethey were consideresihd selectebased upon their operating parameters at 6V.

Figure 29: HS-646WP Analog Waterproof High Voltage Servomoto28]
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To send signal to the motoasid engage igait switching an Arduino Mega
2560 microcontroller[31] was employed. This microcontrollerfeaturesnumerous
digital and PWM outputsa simple programming nifeod due to a USB plugin port,
ard a crossplattorm client to program behavior.The Arduino uss afunctional
programming language based on C and C++ that is very powanflleasy to
prototype Additionally, the model used, the Mega 2560, boasts a large range of

digital and PWM ports so as to enable easy switching in case of a pin failure.

Figure 30: Arduino Mega 2560[31]

To power the servomaors and microcontrollertwo battery packs were
selected. One is a Tenergy 6V 2000mAh NiMH bat{@&3], and the other is a
standard alkaline-9olt battery. The former battery is inexpensive, capacious, and
has a very large output potential to account for the case of stalled servonidiers.
C-rating, which denotes theotential discharge rate, is 10Chieh signifies a
maximum safe discharge of 20A. Given that the servomatars potentially
discharge 2.5Aeach this value would be matched in the unlikely occurretinze
each motor istalled. The more typical loaded motor values are approximated at 1A
each for a total of 8A; assuming each motor is fully loaded, this amounts to a fifteen

minute runtime. This suffices for the shtetm usage in development and testing;
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however, a more capacious battery will be required for more-tknmg operation.
Mechanically, weight concerns are the primary reason not to upgrade to a more
capacious NiMH battery.

Therobustness of NiMH batteries is a good fit for the adverse conditions that
the inside of an amphibious robot could potentially be subjected to uporefailhe
second battery selected is a battery solely for the sake of powering the
microcontroller. The Arduino can accept input voltage froiB0¥, but it is not
recommended to stray past thelZV limit, and specifically a 9V input is
recommended for apnal performance Any sudden increases in curreadso have
the potential to damagée microcontroller itonnectedo the same power source as

the servos.

Figure 31: Tenergy 6V 2000mAh NiMH battery [32]

3.2.2 Sensoring arnglectroniccircuit design

To allow for autonomous gait switching, an important aspect of this Gabot
operation four water sensors were necessaryo of these sensors were placed just
under the floating waterline, and two were placed at the bottom of the robot. Given

that there were four of them, the sensors needed a lightweight and efficient solution.
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This came in the form of acknowledgementlofda Ar dui no6s capabilit
simple signals in combination with basic electrical conductivity properties.

The sensor created is a combination of a d0rdsistor and several pieces of
wire. A digital pin is connected to both a grounded termmalway of the
aforementioned resistor and a discontinuo:
out put . The 5V wireods oulsides with witeiemdsicglosey 1 s e x
This acts as a switch: if the area where the ends were located wereutinterged,
the circuit would close and the digital pin would be shorted directly to 5V. This
creates a situation where the digital pin is either OV or 5V, which allows it to be

treated with Boolean logic in the code.
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Figure 32 Water sensor circuit modeled on Arduino Nano
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Figure 33 Lower water sensor on robot

The circuit as a wholdandlesfour water sensors and eight servomotors.
Where appropriate, pins were connected by meansmper wire. Pin connections
were spaced out where appropriate to avoid any issues ovidiicrowding
Regardless of precautions, due to the sheer volume of wiring inside the box, pins

would often become bent or sragdoff, which was a noted relidly issue
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Figure 34: Full robot circuit

3.2.3Physicaldesign

Structurally,the robot is built around the two factors of the central enclosure

and the leg configurationEverything is designed to support thervanotors in the

leg configuration whilgemaining as light as possiblén addition, the manufacturing
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constraints imposed by thase of thelaser cutterrequire eachassembly to be
comprised of flat components.

To support the servomotoggoperly besids simply holding the motors in
place,the hip and knee joints muavoid a situationn which the servomotor spline
acts as a cantilever weighted down by the protrudingplege. Combating this
involves providing support from thend of the spline. Ti&was relatively simple for
the hip joint, but complex for the kngeint due to the need faa seltsupporting
structure. Theconfigurationshown belowin Figure 35was the eventual solution.
The motor is supported on top by the upper leg structure @logvlby a horizontal
t ab. Two plates that slide onto the wupper
providing support for both the lower tab and the spline support. At the spline, the
motor is prevented from cantilevering by means of a brass es$fted into the
spline support. This rod slots into the front of the servomotor horn, which in turn is
screwed into the servomotorf.o prevent motor slippageachwascoated with Plasti

Dip around its sidebefore being put into place.

Figure 35: Knee Joint Construction
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The leg design itself was developed from a relatively simple construct in the
earliest configurations to the most novel component of the design itself as
configurations progressed. The eventual leg typs thas settled on employed
compliant rubber to make up for the less advantageous design. Compliance, in this
case, was added to allow the legs to produce a greater differential force on the
forward stroke than the backstroke. The legs were created wiihge central
aperture, over which a compliant rubber flap was draped. During forward thrust, the
rubber is pressed flat against the frame, providing resistance for the water; during the
recovery stroke, it is allowed to flap back due to the oncomingryptoviding less

resistance. An illustration of this $shown in Figure 36

Figure 36: Horizontal and Vertical Leg Configurations Demonstrating Forward Stroke and Back Stroke

Non-rigid rubber sheets can often tear in uskiclw provides a problem when
attached sempermanently. In the spirit of both avoiding this and allowingefase
in experimentatesting, the compliant flap was designed to be attached by means of a
snapon pillar in a modular system. Two leg designsemsonceived: one employing

a vertical pillar, one employing a horizontal pillar, referred to as vertical and
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horizontal leg configurationsExperimentalnd simulatiorbased testing would then
decide the worth of these possible configurations.

3.3Expermental Leq Testing

The compliant fl aps on the | egs are the
design. As such, significant testing was required to weigh the various approaches to
creating legs with compliant flaps.A major component of this testing was
experimental in nature.

3.3.1 Overview

The testing performed looked to isolate several factors. The first factor was
the rubber used in the flaps themselves. To test this, eleven samples of silicone
rubber were selected with thickness of either ¥/3216", 3/32, or 1/8" inches and
hardness between 10A, 40A, or 60A durometdiaps of3/32" inch thicknessand
10A durometeihardnessvere not included due to their unavailability from the same
supplier as the other flap types. These samples were integrated into two different
types of legs withtheir axis of compliance in either a horizontal or a vertical
direction.

Leg positioning andconfiguration were also considered as major factors.
Each flap and leg design was positioned in configuratgpecifically to test its
efficacy on either the front of the robot or the back of the robot, and with the motor
positioned either towards thetside of the robot or the inside.

Once data was collected from these, important information would be taken

from the best flap designsd performance an
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3.32 Setup

The robot was placed inside a tub of water with the two tdmsest to the
tubos wall removed; this would avoid issue
back propulsion and front propulsion. To measure force output, the robot was
connected to a 5Ib force sensor, which wagurn, clamped to the side dhe tub.
This created a testing setup that hadghly one degree of freedom. The testing
setup accounted for vertical bobbing motion in the sense that the force sensor was
clamped while the robot was floating at its equilibrium point in the water. \Wéss
an effective deterrent for thinner flaps, but as flaps grew thicker and propulsion
distance increask this was the cause of significant variation measurement.
Horizontal motion was not restrained in any explicit way; however, the symmetry of

thedesign limited significant drifting in testing.
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Figure 37: Robot in test chamber

The force sensordéds output was input
computer running LabVIEW. A LabVIEW virtual instrument was created ¢ejaic
the raw input as a voltage for processing. This input had a sourceH# BOise on
it, which was mitigated by an inline"Srder 60Hz Butterworth filter; following

filtering, the filtered output was sent to a Microsoft Excel worksheet.
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Figure 38: LabVIEW block diagram

Given that testing would involve significant amounts of flap switching, two
types of leg subdesigns were created that would accommodate vertical and horizontal
orientations with modularity in mind. The fia of rubber were stapled tioin Delrin
columns that were then fitted as necessary for testing onto the legs. Given that each
subdesign was created to be potentially reversible, each could be used to represent

front or back legs as the specific test liegg simply by reversing the column.
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Figure 39: Horizontal and vertical leg and flap assemblies

The series of modular vertical and horizontal flaps, as well as the reversible
nature of the flap placement, accounted for testihdlap rubber hardness, flap
rubber thickness, and the set of legs in question. A fourth attribute was taken into
consideration as well: specifically, the directionality of the motor spline, which
thanks to the reversibility of the motor mount could gdsd turned inward. While it
was considered that insidieg configurations could be potentially troublesome from
the perspective of walking stability, the potential for useful results from collecting the
data was deemed high, and as such each flap hardiegs thickness, and leg pair

was tested with both outside and inside configurations.
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Figure 40: Demonstration of outside (left) and inside (right) configurations

Each set of legs and configurations vessillated atapproximately 2.3z,
rotating back and forth fron80 to 30 degrees. As mentioned previously, ten seconds
of oscillation were recorded. The first second of each ten second recording was
deleted to ensure initial unsteadiness would be minimized. Addlty, the force
sensor was tested under various measured forces to determine the transfer function

between output voltage and actual force to be used with each data set.
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UG
~
. y = -4.9721x + 0.1004
R? = 0.99715
4 Force (pounds)
008 006  -0.04 0.1 012  —Linear (Force (pounds))
*
=U0

Figure 41: Baseline data and the resulting transfer fundon

The data was expressed in a form as belowigure 42. Similar data from

each combination was averaged to produce the results for the rest of this section.
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16th 40A Horizontal Outside Back Force Measurement
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Figure 42: Sample Data from 16'/40A/Outside/Back

3.3.3 Horizontaland Vertical Comparison

The first comparison to be made is between propulsion from the horizontal
and vertical flaps. The graphs below are displayed in order of thickness and hardness
in the Xdirectioni thus, the first data point is at 10A hardness H8@" inch thick,
the second data point is at 40A hardness and™lifh thick, and so on. Each data
point represents the average of 9,000 individual samples, displayed in poumals.
connecting lines between each data point are for visual compafismnds andalo
notrepresenany form of interpolation.

The clearest comparison that can be made is the stratification of the vertical
leg data compared to the horizontal leg data. Each vertical leg represents a clear tier

of performance, while in compaon the horizontal leg data is more intermingled,
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with only one data set noticeably superior. What is also noteworthy is the manner in
which the vertical legs stratify. The two best are outside back and inside front, which
differ from the two worst irthat the propulsion directicaligns with the motor spline.

Thus, the motor housing is on the opposite side of the direction of propulsion, which
suggests that the housing significantly diffuses propulsion force, a fact which is

consistent with the slightly less stratified peak and trough force averages.

Thrust averages for vertical legs

===Vertical Inside
Back

===Vertical Outside
Back

==Vertical Inside
Front

===Vertical Outside
Front

Force (Ib, average)

Thickness/hardness pair

Figure 43: Thrust averages for vertical legs
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Thrust averages for horizontal legs
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Thickness/Hardness Pair

Figure 44: Thrust averages for horizontal legs

3.34 Front and Back Comparison

The idea to test front legs and back legs separately stemmed from the fact that
turtles and platypuses are both bipedal swimmierthat is to say, propulsion is
performed via two legs instead of four. This would test whether there was merit to
using one set of legs instead of two for this design.

To test front legs compared to back legg thbot was not rotated in place
Insteadthetwo actively testedegs had their compliant mechanisms reversed, and the
transfer function was given a negative value to corresfmtius reversal Due to the
linear nature of the force sensor response #re near symmetry of theob ot 6 s
geometry this was considered @easonableapproximation. This is illustrated in
Figure 45below, in which the overlaid blue arrow represents the direction of recorded

forwardthrust.

60



Figure 45: Outside front and outside back configurations relative to tub wall

The general conclusion is that there is not a significant difference between the
two data sets, outlier sets aside. As such, it is not specifically disadvantageous to
employ a foulegged method of locomotion, due to the fact that neither leg location
is particularly worse than the other. An interesting correlation can be seen in that the
best two front legs are inside configuration, while the best two back legs are outside
configuration. This will be discussed moredetailin the next section.

Thrust averages for front legs

===Horizontal Inside
012 Front

01 ===\fertical Inside Front

0.08
===Horizontal Outside

Front

===Vertical Outside
Front

Force (Ib, average)
=
2

7 NN ¢

Thickness/Hardness Pair

Figure 46: Thrust averages for front legs
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Thrust averages for back legs
===\ertical Inside Back
01 ===Horizontal Inside
Back

===\/ertical Outside Back

““Horizontal Outside
Back

Force (Ib, average)

0.02

Thickness/hardness pair

Figure 47: Thrust averages for back legs

3.35 Inside and Outside Configuration Comparison

Outside configurations are well known to be more stable for walking than
inside or mixed configurations, due to a wider stance. However, there is little data on
the difference between an inside and an outside configuration for swimming. The
data is therere examined for the purpose of determining whether inside
configurations have any advantages in swimming due to side effects from the

geometry.
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Thrust averages for inside legs
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Figure 48: Thrust averages for inside legs

Thrust averages for outside legs
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Force (Ib, average)
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Figure 49: Thrust averages for outside legs

As mentioned before, the best frdagged configurations are inside
configurations, while the best batdgged configurations are outside configurations.
This is further reinforced by the findings from vertical and horiabdifferences,

which saw much the same conclusion in the stratification of the vertical legs and, to a

lesser extent, the horizontal legs.
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3.3.6 Peaktrough distance comparison

Of additional interest is the pe#éilough distance. This distance is the
difference between the average peak valudge maximum force recorded during a
thrust and average trough valuethe minimum force recorded. This measure gives
an idea of the efficiency of the propulsion method, as a sufficiently high peak and low
trough to maximize peakough distance signify both a heavy forward stroke and a
heavy backward stroke, both of which require significantly more energy for the same
net forward distance than a smaller forward and backward stroke.

The peaks and troughs wesdculatedfrom each data set by examining the
periodic nature of the data. Due to each data set having the same periodicity, a
typical period of 428 points was determined by dividing the total 9000 data points by
the visually determined 21 displayed peal®king a local maximum and minimum
every 428 points created a set of 21 maximum and minimum values that were then

averaged to create a mean peak and mean trough for each configuration.
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Peak-trough values for vertical
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Figure 50: Peaktrough distances for vertical configurations

Peak-trough values for horizontal
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Figure 51: Peaktrough distances for horizontal configurations

Each of the horizontal and vertical sets are relatively uniform within each set,
with Horizontal Inside Back being the one real outlier. The génend is upward

from the thinnest and softest to the thickest and hardest rubber, which was expected.
This follows the observation during testing that as thicker and harder rubber pieces

were tested, there was less compliance during oscillation. Thexy rubber is
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thicker and harder, it more resembles a rigid component than a flexible component.
Likewise, the thinner and softer pieces were observed to comply considehale
most extreme cases, this had the effect of significantly reducingttiehrust, which
is reflected in the lower average force as well.

Interestingly, there is a sharp drop at point 9, which corresponds to the drop
between 3/3%'inch, 60A rubber and 1/8inch, 10A rubber; similar, smaller dips can
be seen at points 4 ér¥, which correspond to 1/46nch, 10A rubber and 3/3%2
inch, 40A rubber both compared to preceding 60A rubber pieces. While thickness
and hardness both increase paakigh distance, the conclusion that can be drawn is
that an increase in hardnessngelly creates a more precipitous change than an
increase in thickness.

3.37 Conclusions

Ultimately, some interesting results came from this series of tests and
comparisons. In general, vertical legs are more stratified and less efficient than
horizontd, and insideconfiguration legs perform better as front legs while outside
configuration legs perform better as back legs.

Three particular pairings seemed to stand out' ih6h, 40A durometer for
outside back and inside front vertical legs” 1ich, 40A durometer for outside back
and inside front horizontal legs; and 3/3ihch, 40A durometer for outside back and
outside front horizontal legs. Inside front, outside back configurations are consistent
with the findings above; however, walking with such a configuration will require
rebalancing of the center of gravity, mosingly by shifting theposition of the

battery insidethe robot back to compensaté indeed it can walk using such a
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configuration Additionally, these kinds of configurations may not be as stable due to
the smaller distance between feet, especiallylopes. As such, though it is less
efficient for swi mming, an outside back cc
sake.

Each of the flaps from these superior configuratiemsuld be further
examinedusing simulatiortools This allows for more contraver parameters and

detailed results for comparison.

3.4 Simulation

To explore the efficacy of the selected légdgher, aset offluid simulatiors
wereperformed. Given the complexity of the mechanism involved, a simplified idea
for simulation was aaceived and executed, and its results analyzed.

3.4.1 Overview

Due to the reactive compliance of the robot, it was determined initially that a
truly dynamic simulation would be prohibitively difficult given the scale of data to be
collected. Instead, aagic setup would be employed in such a way as to mimic a
dynamic environment. This setup was comprised of the combination-beptdlap
model s into the assembly of the robotds I
flow water with the representaéwelocity over the leg.

The goals of this simulation experiment were to confirm some of the
conclusions drawn for leg comparisons from empirical testing. Specifically, the

comparison of horizontal and vertical leg configurations and the comparisoe of th
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more efficient inside front and outside back configurations with the less efficient
inside back ad outside front configurationsvere prioritized in the interest of
discovering a specific mechanical reason fiwe conclusions drawn during
experimental t&ting

3.4.2 Leg model preparation

Three particular configuration/rubber pairs were selected, as noted in the
results section of the empirical testing above: #/ih&h, 40A horizontal; 3/3¥ inch,
40A horizontal; and 1/f6inch, 40A vertical. These tie performed the best in
empirical testing. During that same testing, each had its angle of bend noted: 45
degrees for the 1/fBinch 40A horizontal; 30 degrees for the 3f3ihch 40A
horizontal; and 30 degrees internally and 60 degrees externaltpefot/16" inch
40A vertical. The vertical differs for right and left due to the fact that each side is
independent of one another.

In the interest of simplifying the problem, each horizontal leg flap was treated
as a combination of two rigid plates, dareach vertical flap was treated as a
combination of four rigid plates, two to the right of the pillar and two to the left. The
noted angle of bend was applied to each side and split in half to create a bend at the
leg connection and at a central joirite tcentral joints were located@b inches from
the pillar for the horizontal |l eg due to t
and0.75 inches from the pillar on either side for the vertical leg due to the desire to
simulate efficient loading The leg flaps would be bent in both directions of flow,
either to simulate the most severe stage of compliance or to consider the onset of

compliant recovery from that extreme state.
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The results of the comparison of horizontal and vertical empirical stated
that vertical experienced heavy variance while horizontal did not, and as such the first
major goal of these simulations is to explore possible reasons for the difference.
These three models were each split using another factorsime vs. po-spline
flap placement. This designation refers to the direction of thrust relative to the
servomotor spline. Prspline thrust is directed away from the servomotor, and thus in
the same direction as the spline points, while-gpline thrust is direed towards the
servomotor in the opposite direction of
designations were selected for comparative testing due to the results of the empirical
tests, in which inside front and outside back configurations, which egeréfspline
setup, consistently produced more average thrust than outside front and inside back
configurations, which use the aspline setup. The second goal, therefore, was to
confirm these results in simulation and determine if that conclusioeadhed, was
for a mechanically identifiable reason.

3.4.2Fluid simulation preparation

To describe the typical flow that any given leg will experieaceuratelytwo
major sources of water velocity must be considered: that from the movement of the
leg dueto thrust stroke or recovery stroke, and that from the movement of the whole
body due to forward motion. These two will be combined to create a velocity field
that will act upon the static leg to simulate the leg moving through still wataus,

all velocity measurements here are from the reference frame of the moving leg.
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The | egds velocity from pure osci l
movement range. Based upon the empirical data, the measured fre@i)eoty
oscillation was:

¢ PQO QE &dD Q |, ., .
ol aGEE ot of P

The angular travel was measured considebinth a thrust and a recovery
stroke from-30 to 30 degrees: thus, 120 degrees, to make 2.09 radighs.
multiplied with the frequency gives the expectaarageangular velgoity of the leg
at any given time Further multiplied by the radius (r) of tiheg at any given point,
this gives us the average velocdi/the water relative to the lemf any given point
along the radius of the latyie to leg oscillationNote that tle oscillation velocity can
either be positive in the case of thrust or negative in the case of recovery; these
conventions are held as positive being a water velocity relative to the leg that is in the
direction of movement, and negative being a watercitgithat is pressed against the
direction of movement.

W D
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As such, velocity of oncoming water due to oscillation from the perspective of
a leg is given as a linear gradient accogdio the above equation. This value is
negative for recovery strokes and positive for thrust strokes.

This is considered in addition to the velocity from movement in water. This
velocity was consideredfrom testing of previous model® be a value equao

approximatelyone third of the dominant dimension per second: thus, given the
70
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dominant body length of 8.5 inches, the water speed is assumed to be 2.83 in/s. This
value is considered negative due to the convention of representingowptsing the
direction of motion Thus, he equations for each direction are defined as follows:

W & w & SQF

W T8 w & SQF

A pictorial representation of this is belowFigure 52

Non of robot motion

Vbody =-2.83 in/s

Vrecovery = -4.89rinfs

=

Vthrust = 4.89r in/s
Figure 52: Pictorial representation of input equation for simulation

To simulate this, Solidwork®012 f | ow si mul ati on package
Solidworks was chosen for this due to the ease of setup and speed of calculation
compared to other programs with similar kages such as FluentThe setup

parameters for these simulations are balowable 1
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Parameter

Value

Software specified

SolidWorks Education Edition 2012/SP 4.0
Flow Simulation 2012, SP 4.0, Build 2020

Liquid used Water

Flow type Laminar andurbulent
Default wall thermal condition Adiabatic wall
Roughness 0 microinch
Pressure 14.6959473 Ibf/in"2
Temperature 68.09 degrees F

Turbulence intensity

2%

Turbulence length

.00393700787 in

Result resolution

3 (default)

Table 1: Solidworks simulation operating parameters

The leg assembly for each of the six setups, created in Pro Engineer, was
imported to Solidworks; each setup was then resolved through 160 points on each
model for both absolute velocignd X-directional velocity. The former was solved

to potentially gain insight into the absolute speed of water on and around each leg,

while the latter was solved to see more directly thal impact on thrust and drag.

3.5 Simulation Results

From the wenty-four simulations created, several important results arose from
the comparisons of each. Absolute velocity is displayed as a spectrum from 0 (dark

blue) to 25 (bright red) inches per second, whidipdéctional velocity is displayed as
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a spectrum fronapproximately-4 to 18 inches per second using the same color range
if unspecified.

3.5.1 Vertical and Horizontal Leg Configuration Performance

The empirical results defining vertical leg configurations as both inferior in
net thrust and energy inefficient were presented without a clear answer as to why
either point was true. The simulations present a more clear answer than that initially
given.

Given the nature of how each leg swings to produce a thrusting force, the
expected velocity is highest at a distance closer to the outside edge of each leg than
the inside edge. Thrust force resulting from the drag created increases with the water
velocity at any given point; thus, a greater force is created when the higher velocity
flows are captured and reflected. Due to the nature of the vertical flap configuration,
the rubber is bent in such a way as to initially allow those flows with the largest
velocity to pass through unobstructed; this can especially be illustrated in-the X
directional velocity diagram below in Figusd below. This can lead to less efficient

thrust cycles in both force generated and energy employed.
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Figure 53: Absolute and X-directional velocity for vertical leg configuration during thrust phase

In contrast, higkvelocity flows in the horizontal configuration are captured
from the start of the thrust cycle due to the geometry of the situation.tidkuidly,
the greater flowrate pushes the compliant flap against its frame so as to lay the flap
flat as quickly as possible. This has the effect of maintaining a more efficient thrust

cycle. The illustratiorof this can be seen in Figurd Below.

Figure 54: Absolute and X-directional velocity for horizontal leg configuration during thrust phase
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Similar principles can be demonstrated when considering the recovery cycle.
Greater presence of higher flowrates at the edge of theb ot 6 s | eg pr omot
recovery, which when complete reduces the effective surface area drastically,
affording more efficiency in minimizing drag and minimizing energy loss. Examples

of ead can be seen below in Figures 8Bd 56, and illustrate the reblem very

effectively, especially the Xdirectional velocity measurement.

Figure 56: Absolute andX-directional velocity for horizontal leg configuration during recovery phase
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3.5.2 Anttspline and prespline leg configurations

In the process of considering inside and outside motor configurations during
empirical testing, an alternate designation wasted to group specific sets of results
more accurately It was discovered that inside front and outside back leg
configurations produced a greater net thrust than outside front and inside back
configurations, most noticeably within the heavily stratif vertical leg testing
results. The commonality between each of these configuration pairs was the direction
of the leg flap relative to the motor spline. The better of the two pairs had its flap set
in such a way that the direction of the thrust predumatched the direction in which
the servomotor spline pointed. In the worse of the two pairs, the opposite was the
case. These two cases, namedgpime and antspline for convenience, were tested
for each leg configuration in both thrust and recgy#hases.

The thrust comparison between aspiine and prespline configurations
presents a clear assumed line of reasoning for the disparity: the presence of the motor

itself. The figures below suggest a considerable difference in effectdisstioral

water velocity due to the motor housingods

velocity.
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Figure 57: Velocity profiles for anti-spline (left) and pro-spline (right) legs during thrust phase

More telling is the Xdirecional velocity profile for each leg. The aspline
figure below scales frorl4 to 16, while the prgpline figure scales fromt to 18;
this shows a concentration of approximately 7 in/s flow on thespfihe, while the
pro-spline has a concentratdénsity of approximately 12 in/s flow. This signifies a

drastically reduced thrust.

Figure 58: X-directional velocity for anti-spline (left) and pro-spline (right) legs during thrust phase

This trend is continued for recoveryut in a different sense. The lack of a
motor housing to redirect flow creates a more distributed flowrate in the@ime

configuration, which reduces the point force put upon the legs, causing them to
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deform more slowly; in contrast, for the pspline configuration, the motor housing
redirects the flow to a small area on the outside edge of the flap, putting a larger force
upon the flap and causing it to deform more quickly. Note that in tdeestional
velocity figures, the antspline configurabn ranges from6 to 30 in/s with a typical
velocity of approximately 13 in/s across the flap, while thegplone configuration
ranges from18 to 24 in/s with a typical velocity ranging from 10 to 24 in/s from the

middle to the outside edge of the flap

23.88
18.14
14.41
96T
293
019
155
-9.29
-14.03
-18.76
Welocity ¢ in/s]
Global Coordinate System

Flow Trajectaries 1

Figure 59: Absolute and X-directional velocities for both spline configurations during recovery phase

Similar conclusions can be reached with the vertical leg configuration;

however, the effect is amplified by the aforemm@med flaw in the vertical leg
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configurations compared to horizontanfigurations This accounts for the heavily

stratified nature of the vertical legs.

Figure 60: Absolute and X-directional velocities for vertical configurations during thrust phase
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Figure 61: Absolute and X-directional velocities for vertical configurations during recovery phase

There are some definite conclusions that can be drawn by these experiments
and simulations. The first important conclusion is the fact that there is, indeed, a
marked difference between vertical and horizontal leg operation. The vertical leg as
it has been presented is inefficient in design due to the nature of the way the legs
create thrust.It cannot as quickly and easily assume the most efficient positions for
thrust or recovery, and as such the average force created is lower. This disparity is
due to the way in which force is distributed. Because the net force is centered more
towards tle edge than towards the middle of the leg, ackagered curve pattern is
not advantageous.

The second important conclusion is that-pptine configuration$ thus, the

inside front and outside back configuratiohsare inherently superior due to the

80



method interference of the leading servomotor. The servomotor housing does not
block the incoming water for thrust, and diffuses the incoming water for recovery,
both of which are advantageous. Thus, the most optimal configuration for swimming
is to havethe two sets of legs be pspline. Using an inside front/outside back
configuration, this creates a stance that is unbalanced and leans forward. As
expected, this can cause problems in walking, especially heading down slopes, as
undue force is placed dhe front legs to support the tilted center of gravity.

3.6 Summary of Design

Iteration through two major conceptual chassis and several configurations of
each brought the design to its current form. The current design achieves all of its
primary goalsit has the ability to walk, it has the ability to swim, and it is durable
enough to withstand switching between different modes of operation. The internal
microcontroller and electronics setup allow for the sensoring and intelligence required
for gait svitching.

Considering the legs more-aepth, three leg configurations were selected
from empirical testing, which was narrowed down to one when considerations of the
necessary legs were made. Several conclusions were made when considering both
the expemental and simulation testing: specifically, horizontal leg designs are more
efficient and less susceptible to rioieal configurations than vertical legs, and-pro
spline configurations perform better than asgline configurations. This leads to the
best leg swimming configuration being a horizontal configuration with its front legs

in an inside configuration and its back legs in an outside configuration.
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This setup is unfortunately biased towards leaning forward due to the nature
of the servomotor lpcement, which greatly limits the acceptable force able to be
placed on the front legs. Due to this balancing issue, an outstdiele leg setup is
necessary to walk stably with the current design. As such, the leg selected employs
3/32% inch thick, DA rubber in the horizontal flap configuration, due to this being
the most efficient outsideutside combination. However, this creates a triideo
between swimming and walking which can be avoided in the future

One way is to revise the leg design to posieach lower leg centrally to the
upper leg for the purpose of creating an equal weight distribution between front and
back regardless of the configuration. This would necessitate having the servomotors
hang off of the front or back of the legs, whicbuld lead to continual moderate
unbalancing; however, the effect would be considerately less than a typical forward
configuration. A second way is to revise the leg design to place the motor out of the
way out of the leg flow for the front legs. This ynavolve flipping the servomotors
or extending the legs, either of which could lead to significant balancing issues or

issues with the servomotor connections.
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Chapter 4. Desigof Gaits

4.1 Overview

Any creature, and especially a legged creature, requires a set of movement
patterns. Whileit is necessarythat thesebe alterable to cope with changing
situations, these relatively simple patterns comprise the primary modes of locomotion
of an &nmiimal i s fihe term used to refer to &
is defined in the MerriarVe b st er di ct i onalkipgoranwvinfan manner
foot6 Aa sequence ©br fdat maownwememtrs rate of
progresso [33].

To defne the possible types of motion of a robot with a complex locomotion
type, it is necessary to define several gaits. Each of these gaits is required to serve a
specific purpose. Additionally, stdmits may be required if gaits are sufficiently
different hat energy loss or significant frame stress would be incurred in switching.

4.2 Primary Gaits

4.2.1 Semiaquatic environments and required modes of locomotion

In a semiaquatic environment, mixed terrain is very common. This variety of
terrain will be cosidered as a combination of three explicit types of terrain; these will
be referred to as terrestrighallow aquatic, and aquatic terrain.

Terrestrial terrain is simple in concept: this is terrain that is entirely composed
of the ground and anything cavg it. While this terrain can be wet, it is assumed

that there is no standing water. The majority of it will be relatively firm. As such,
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movement speed and efficiency are prioritized in gait composition; stability is less of
a concern in this case.

Shallow aquatic terrain is halfway between terrestrial and aquatic.
Specifically, this designation is used to refer to terrain that is covered in water but is
still shallow enough to require terrestrial modes of movement such as walking. This
presents iferent challenges than either terrestrial or fully aquatic terrain. Walking in
such terrain requires movement over unsteady and slick ground, and in water that

may hamper fast leg movement needed for dynamic stability; as such, any appropriate

gait woub prioritize maintaining stability over speed or efficiency.

Figure 62 Shallow aquatic terrain [34]
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Aquatic terrain is, simply enough, water deep enough to swim in. An
appropriate swimming gait primarily needs to create momevard thrust than
backward thrust while maintaining efficiency and@ing uneven sideways loading.

4.2.2 Terrestrial gait

The gait employed for pure terrestrial
a twobeat gait in which diagonal pairs propéle robot forward, then lift up to
recover while the other pair propels the robot. In this situation, it is split into four
timesteps: two in which all four legs are on the ground, two in which two legs are in
the air. This is a fast, efficient, and dymaally stable gait; however, it can have
difficulty in situations where that dynamic stability is threateneéfigure 63
illustrates this gaiwvith the top being the front of the robethile Table 2describes

the varios angles undergone and Figuregsdphically plots those angles.
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Figure 63: Trotting gait

Timestep | Back right and Backright and| Back left and | Back left and
(Time delay | front left lift front left front right front right lift
following) sweep sweep

1 (150ms) 0° -30° 30° 0°

2 (150ms) 30° 0° 0° 0°

3 (150ms) 0° 30° -30° 0°

4 (150ms) 0° 0° 0° 30°

Table 2: Trotting servomotor position table
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Figure 64: Trotting servomotor position graphs
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4.2.3Shallow aquatic gait

The gait employed for shallow aquatic terrain is a stable walking gait. This is
a fourbeat gait in which there are always three feet on the ground at the end and
beginning of any given timestep. While there is a momentary peritah@in which
there are only two feet on the ground, it is extremely short.

The movement pattern for any individual foot is similar to that employed in
the trotting gait. The primary difference between walking and trotting, then, is that
the back legsra each delayed by one timestep compared to the trotting gait. This
doubles the effective number of beats while also splitting the recovery leg lifts such
that there is one recovery during each timestep instead of switching between two
recovery leg liftsand none. The staggered gait allows for more consistent static and
dynamic stability; however, the propulsion is not as balanced as the trotting gait in the
forward direction. The imbalance creates an inefficiency that slows the gait
compared to trottingFigure & illustrates this gaitvith the top being the front of the
robot while Table 3describes the various angles undergone and Figére 6

graphically plots those angles.
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Figure 65: Walking Gait

Timestep| Back | Back | Back | Back | Front | Front | Front | Front
(Time right right left left right right left left
delay lift sweep | sweep| lift lift sweep| sweep| lift

following)

1(150ms)| O©0° 30° -30° 0° 30° 0° 0° 0°

2(150ms)| 0° 0° 0° 30° 0° 30° -30° 0°

3(150ms)| ©0° -30° 30° 0° 0° 0° 0° 30°
4(150ms)| 30° 0° 0° 0° 0° -30° 30° 0°

Table 3: Walking servomotor position table
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Degrees displaced (positive is forward)

Walking gait sweep servomotor positions
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Figure 66. Walking servomotor position graph
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4.2.4 Aquatic Terrain

A simple swimming gait was developed to address aquatic terrain. In the
context of this robot, this was conceptually very simple due to the compliant
mechanisms. Since those mechanisms automatically regulate thrust and drag in such
a way as to ensure amnforward thrust, the primary concern for swimming is
maintaining constant thrust to promote acceleration and consistent forward motion.
In this case, this is accomplished by using the front legs, then the back legs, for
propulsion. Symmetrical leg mowveent promotes a reduction in losses due to lateral
propulsion. A slightly longer time delay was employed to promote full range of
motion with fewer timesteps than the other gaitsgure 67illustrates this gait with
the top being therdnt of the robqgt while Table 4describes the varisuangles

undergone and Figure @Baphically plots those angles.

Figure 67: Swimming Gait
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Timestep Lifts Front sweeps Back sweeps
(Time delay

following)

1(200ms) 0° 30° -30°

2 (200ms) 0° -30° 30°

Table 4: Swimming servomotor position graph
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Figure 68: Swimming servomotor position graph

4.3 Secondary Gaits

The three primary gaits encompass most necessary motion in -@cpestic
environment. However, these alone will not entirely suffice. To supplement these,

secondary gaits are necessary.

92



4.3.1 Secondary walking gaits

For more fluid traversal of terrain, it is necessary to define twegaitb for
the walking gait. One of theost delicate transition areas is the waterline of a body
of water. At many waterlines, the movement and presence of water create a mild
slope over time. As such, a robot moving on that waterline into or out of the water
would encounter more adverse daions than normal: it would be expected to walk
up or down a slope in terrain that can be expected to be slippery and unstable. This
can be problematic and may potentially put undue stress on the robot as it leans

forward or backward.

S

Figure 69: An example of sloped terrain in water [35]
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To combat this, two variants of the walking gait have been created: one for
moving up a watery slope, and one for moving down a watery slope. These variants
bias horizontal plane motion tengtees in the direction of the top of the slope: thus,
the legs will swing forward further and back less when moving down the slope, and
vice versaforus | ope movement . This action keeps
inside its vertical footprint, whichreduces the chances of undue leg torque and
toppling because of it. However, the primary movement pattern for each is the same
as that of the walking gait; as such, they do not qualify as distinct primary gaits.

Stability on a 9pe is demonstrated indtire 70below. Figure 71below specifies

the differences between gope, dowrslope, and neutral walking.

Figure 70: Robot holding at biased zero position on upward and downward slope
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Walking, upslope walking, and downslope walking
servomotor positions for front right sweep
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Figure 71: Walking gait servomotor position diagram comparing changes in sweep values

4.3.2 Transition Gaits

One of the primary goals of this robot is to reduce energy loss from changing
terrain modes and to facilitate mechanically seamless motion during gaitisgitch
However, in some cases, the difference between the gait patterns is drastic enough to
necessitate a small pattern to act as a buffer between the two gaits. These can be
gualified into three categories: major transition, minor transition, and reittcem

Major transitions are those between two sets of gaits that have a wildly
different set of assumed environmental and movement parameters. In this case, the
Swi mmi ng gaitods operating parameters ar e

inherent in é@her the walking or trotting gaits: the assumption of floating and
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symmetrical paddling as a means to maintain orientation is contrasted with ground
movement and the use of asymmetrical steps to keep balance. An intermediary step
is required here to botlensure that the destination state becomes sufficiently
dominant before the gait associated with the destination state is implemented.

The transition associated with changing from swimming to walking or trotting
assumes that the robot is partially floatagyit switches gaits. As such, thansition
is achieved byeachng forward with both forelegs toward the presumptive ground
after zeroing. After doing so, the robot will pull both legs back, ensuring that it is
solidly on the land. One leg at a tinseused so that if the situation is such that the
forelegs are both already on solid ground, there will be no unbalancing ighisss
illustrated graphically in Figure Tlow, while the specific leg positions anetlmed

in Table 5and Figure 3.
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Figure 72: Water to Land Transition

Timestep Front right lift Front right Front left Front left lift
(Time delay sweep sweep

following)

1 (250ms) 0° 0° 0° 0°

2 (250ms) 30° 30° 0° 0°

3 (250ms) 0° 30° 0° 0°

4 (250ms) 0° 30° 30° 30°

5 (250ms) 0° 30° 30° 0°

6 (250ms) 0° 0° 0° 0°

Table 5: Water to land transition servomotor position table
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