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Abstract

Unmanned underwater vehicles are being increasingly used for subsea maintenance,
inspection and repair. Development of underwater snake robots show promising
results towards extending the capabilities of traditional unmanned underwater ve-
hicles. The slender and multi-articulated body of underwater snake robots allow for
operation in tight spaces where other traditional underwater vehicles are incapable
of operating.

The modelling and the control of underwater snake robots brings extra chal-
lenges compared to the traditional underwater vehicles, and thus it is important to
develop accurate models to ensure desired behaviour and to precisely investigate
the locomotion efficiency. A key component is the hydrodynamic modelling, taking
into account complex and non-linear hydrodynamic effects. These hydrodynamic
effects are difficult to model and are often based on analytical estimates.

This thesis seeks to determine the drag and added mass coefficients of a gen-
eral planar model of underwater snake robots. The thesis presents methods for
identifying fluid parameters based on CFD simulations and several experimental
approaches. Additionally, this thesis investigates variations of the drag force mod-
elling, providing more accurate representations of the hydrodynamic drag forces.
The obtained fluid coefficients are compared to the existing estimates of fluid co-
efficients for a general model of underwater snake robots.
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Sammendrag

Ubemannede undervannsfartgy blir i gkende grad brukt til vedlikehold og reparasjon-
sarbeid pa havbunnen. Utvikling av undervanns slangeroboter viser gode mu-
ligheter for utvidede arbeidsoppgaver og arbeidsomrader sammenlignet med tradis-
jonelle ubemannede undervannsfartgy. Kombinasjonen av mange ledd og en slank
kropp gjor det mulig for slangeroboter & arbeide i trange omrader hvor mennesker
og andre fartgy har vanskeligheter med & utfgre arbeidsoppgaver.

Modellering og kontroll av undervanns slangeroboter er mer utfordrende sam-
menlignet med andre tradisjonelle undervannsfartgy. Ngyaktige modeller er derfor
ngdvendig for & oppné ¢nsket oppforsel og for & undersgke effekten av forskjel-
lige bevegelsesmgnstre. En ngkkelegenskap er den hydrodynamiske modelleringen
som tar hensyn til kompliserte og sveert ulinezere hydrodynamiske effekter. Disse
effektene er vanskelige & modellere, og er ofte basert pa analytiske estimat.

Formalet med denne masteroppgaven er & identifisere koeffisientene til vann-
motstand (drag) og virtuell masse (added mass) for en generell modell for under-
vanns slangeroboter i planet. Masteroppgaven presenterer metoder for & identifis-
ere fluidparameterne basert pa CFD simuleringer og eksperimentelle tilnaerminger.
I tillegg undersgkes varianter av modellen for drag krefter, som kan gi en mer
ngyaktig beskrivelse av de hydrodynamiske drag kreftene. De resulterende fluidko-
effisientene er sammenlignet med eksisterende estimater av fluidkoeflisienter for en
generell modell av undervanns slangeroboter.
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Chapter 1

Introduction

Development of underwater swimming robots are of interest, as they are more
agile and can be more energy efficient than traditional remotely operated vehicles.
However, the multi-articulated body of the robotic snake leads to complex dynamic
models which has to take into account highly complex fluid dynamics.

The available models of underwater snake robots currently used in scientific
communities, taking into account the hydrodynamic effects from both fluid drag
and added mass effects, consider theoretical values for the fluid coefficients. This
results in imprecise modelling of fluid effects rather than an ideal approximation
of them. It is therefore necessary to obtain and calculate the fluid coefficients
experimentally in order to obtain fairly accurate models of the fluid effects when
modeling multi-articulated biologically inspired swimming snake robots, which is
the topic of this thesis.

1.1 Scope of the Thesis

This thesis seeks to compare existing experimental methods and determining fluid
coeflicients for the underwater snake robot Mamba in order to obtain an accurate
hydrodynamic model for underwater swimming snake robots. The fluid coefficients
are determined initially based on extensive computational fluid dynamics (CFD)
simulations, and then compared to experimentally obtained results. In particular,
this thesis seeks to compare the results obtained from simulations and experiments
to the currently used coefficients for Mamba. The underlying mathematical model
of the swimming snake is restricted to a two-dimensional plane, thus the objective
of the thesis is not to cover the three dimensional case.

1.2 TUnderwater Snake Robotics

Man has often looked to nature for inspiration when solving engineering problems.
There are many different types of robots that imitates biological creatures, so-called
biomimetic robots. Hyper-redundant mechanisms (HRMs) [49], better known as
snake robots, are characterized firstly by being slender robots with a large body
length to cross-sectional ratio. Secondly, they are highly flexible, meaning they are
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able to swim by changing their multi-ariticulated body configuration. These two
properties make them well-suited for a large variety of tasks [22]. The small cross-
section and flexibility means they can fit into and operate in tight spaces, such as in
or between pipes, where it is impossible for a human or other types of conventional
underwater robotic solutions to operate.

Snake robots have been around for many years, but have mostly been land
based. The first was made by Hirose [15]. The propulsion depends on the gait of
the snake and friction between the skin and the contact surface. By replacing the
land-based friction model with that of an underwater fluid friction variant, snake
robots can be easily adapted to operate in water, or even as amphibious snake
robots capable of movement both on land and in water [4]. Due to hydrodynamic
complexity, there have been proposed fewer models for swimming robots than the
land-based variants. But there has been an increase in biomimetic underwater snake
robots in recent years [31], [41], [34], [26]

Remotely operated vehicles (ROVs) and other autonomous underwater vehicles
(AUVs) are widely used for different subsea operations, as they can operate at
larger depths and at more hazardous environments than humans. These systems
have been increasingly used for tasks such as maintenance and inspection [12].
Bioinspired snake robots having flexible and slender bodies can further operate at
tighter and more obstructed areas than other underwater vehicles. In addition to
the agility and small cross-section of underwater snake robots, they are essentially
mobile manipulator arms capable of doing a large variety of tasks. In addition,
the snakes can be docked at underwater charging stations, resulting in a shorter
response time when they are needed to perform a task. Development of snake robots
are thus a very interesting area of development.

As mentioned earlier, the hydrodynamic modelling of swimming robotic snakes
is more complex than for other underwater vehicles due to their multi-articulated
body. Modelling of the fluid contact forces are especially more complicated com-
pared to the dynamics of the overall rigid motion, making them more complex
than ground-moving snakes. Hence, the main objective of this thesis is to provide
useful inputs regarding the hydrodynamic model of underwater snake robots by
experimentally obtaining the fluid coefficients.

1.2.1 Motion Patterns

The robotic snakes moves using a periodic gait pattern, mimicking the natural
movement of a biological snake. Due to the different contact frictions on land and
in water, the optimal gate pattern on land for a given snake robot, may not be the
best suited for swimming robots. There are several swimming motions produced by
underwater creatures, some of which are seen in Figure 1.1. The movements ranges
from anguilliform- to thunniform swimming, where the first involves movement of
almost the complete body length in a swimming pattern that produces thrust.
Whereas thunniform swimmers such as the tuna has their motion restricted to the
tail section of their body.

The two most common gait pattern for swimming snakes are lateral undulation
(serpentine locomotion) and anguilliform swimming (eel-like motion). For lateral
undulation, the movement of the head propagates down the body to the tail, re-
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Anguilliform  Subcarangiform Carangiform  Thunniform

Figure 1.1: Different types of fish locomotion. Shaded areas indicates the parts of
the body involved in thrust generation.

sembling a sinusoidal motion with constant amplitude [15]. Anguilliform swimming
is an eel-like motion, where the head has less transverse oscillation and the waves
increase in amplitude down the body.

1.2.2 Energy Efficiency

A key issue in development and control of underwater snake robots, is to achieve
high motion-effectiveness and speed, while minimizing the consumed energy. This
results in the snakes being able to undertake longer missions before the need to
recharge.

The optimization of gait patterns is still to a large degree an unanswered ques-
tion in the literature, although some results have been proposed. Optimization on
both speed and efficiency are conflicting. Different swimming gaits have different
results on the energy consumption and speed. One study has numerically solved
the Navier-Stokes equations for simulations of the fluid flow past a anguilliform
swimmer [25], for optimization on speed and energy efficiency. The study found
differences in both speed and energy consumption, depending on the gait pattern.
Lateral undulation was found to have higher efficiency and less velocity than burst
swimming. Burst swimming resembles the motion of carangiform og thunniform
swimming, with large amplitude of the tail motion. Similar results were also found
by Wiens and Nahon [49]. The swimmer converges to a clearly anguilliform gait
when optimal efficiency is considered, and tends towards carangiform gait for higher
speed.

The power required for moving a fish-like body is significantly smaller for
propulsion by swimming than what is required to drag the body at the same speed,
[13]. It has also been shown that underwater swimming snake robots have a higher
energy efficiency for all swimming gaites than the compared ROVs [21].

Existing results [19], [20], provides only qualitative comparisons of the gait
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pattern efficiency, as theoretical values for the fluid coefficients are being used.
Since fluid friction plays a significant role on the power consumption, a correct fluid
model is desired. By identifying the fluid friction parameters, the energy efficiency
of underwater snake robots like Mamba can be investigated and provide qualitative
as well as quantitative comparison results regarding the power consumption.

1.2.3 Fluid Coefficients

As the energy efficient movement of an underwater robotic snake is closely coupled
with the hydrodynamic effects of drag and added mass, there is a need for obtaining
the fluid coefficients included in the model. Fluid torques have a direct impact on
the power consumption of the system, and including these will improve the model
from a hydrodynamic and energy efficiency point of view [18], [22]. Experimental
validation of a complex model that takes into account both added-mass effects and
drag forces while being expressed in closed form has not yet been investigated in
the literature [22]. The existing models for underwater snake robots use theoretical
values of the fluid coefficients which results in imprecise modelling. One modelling
approach is based on Morison’s equation, where each link is approximated as an
elliptical cylinder. The authors in [22], encourage the need for further investigation
into the method for fluid coefficient identification to obtain more precise values
of the drag and added mass coefficients. They suggest installing force and torque
sensors inside the modules to obtain more general results and therefore avoid the
need for calculating these.

1.3 The Underwater Snake Robot Mamba

A recent underwater swimming robot developed at NTNU is Mamba [31],[32]. This
robot is modular with common mechanical and electrical interfaces between the
links, making it easy to expand. Different propulsion modules have been developed
such as links with fins, passive or motorized wheels, thrusters, or legs, for different
applications on land as well as in water. The model considered in this report does
not include these propulsion modules. The thrust is produced by a gait pattern.
Each link is 0.09 m long and has one degree of freedom (DOF) with a maximum
joint travel of 90 degrees. The head module contains a micro controller, a wireless
camera, LEDs and wireless communication. The tail module only contains an an-
choring mechanism for the external power supply and pressurized air for inflating
an applied skin.

NOTE: The robot configuration allows for motion in 3D with interconnected
vertical and horizontal links. However, in this thesis, we disregard vertical motion,
and consider only motion in 2D. And thus the length of each link is assumed to be
0.18 m. In the original terms, Figure 1.3 is made up of 12 links (excluding the head
and tail modules), whereas it would be counted as six link modules in this thesis.

Mamba is able to move on both land and in water, see Figure 1.2 and Figure 1.3.
The robot is modular with arbitrary interconnection of links, communication and
power lines. The robustness and easy reconfiguration of the robot makes it a solid
experimental platform for ongoing research on robotic snakes at NTNU. The robot

4
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Figure 1.2: NTNU’s underwater snake robot Mamba [32], during an experiment at
Marine Cybernetic Laboratory at Tyholt.

Figure 1.3: Mamba [32] on land.



1. Introduction

is waterproof down to around 5 m, and can also be covered with a skin, providing
a smoother exterior surface. Extensive work has been done in the robotic snakes
community at NTNU on path-following control [22] using the underwater snake
robot Mamba. Mamba is the robot which will be used in this report to identify
the fluid coefficients for the hydrodynamic model proposed in [18] for underwater
snake robots.

1.4 Methods for Identification of Fluid Coefficients

There are several approaches for identifying fluid coefficients for submerged bodies,
both by theoretical estimates and experimental procedures. This section presents
some of the many possible methods.

1.4.1 Simulation Software
Drag Coefficients

Simulations for finding the fluid drag coefficients can be found using CFD. Multiple
software solutions are available, some of which are ANSYS Fluent [1], OpenFOAM
[40] and Solidworks Flow Simulation [45]. Solidworks is chosen as it is fairly straight
forward to simulate on existing Computer-Aided Design (CAD) models of the snake
modules. Solidworks is a commonly used 3D-CAD software with many capabilities
and expansion packages. The Flow Simulation package is powerful, and high mesh
settings may provide very accurate results. However, a very refined mesh results in
the simulations being extremely computationally demanding. An adaptive meshing
function enables the user to select a less refined mesh while automatically creating
a finer mesh in important areas.

Added Mass

For obtaining the added mass coefficients, two software candidates have been con-
sidered, namely WAMIT (Wave Analysis by Massachusetts Institute of Technol-
ogy) [48] and WADAM (Wave Analysis by Diffraction and Morison Theory) [7].
They are both using the panel method, which builds on the principle of solving
the Green integral equation, dividing the structure into small panels (2D or 3D).
Solving the green integral equation for each element gives values of velocity po-
tential over each element. The dynamic pressure is easily found from this and the
velocity over the surface is found applying the Bernoulli equation. From there, one
finds the potential damping and added mass by integrating the velocity potential
over the body, [9]. The panel method is further explained in Chapter 3.2.1 This
method is quite accurate and computationally easy as the added mass coefficients
are estimated without the use of CFD. WADAM and WAMIT is widely used to
obtain the added mass coefficients in marine vehicles or floating structure [33], [29],
[27].

WAMIT is considered the industry standard among oil and engineering compa-
nies [12], however, it lacks a graphical user interface. Hence, WADAM is considered
in this thesis as the 3D potential theory in WADAM is directly based on WAMIT,
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and it has a good graphical user interface. WADAM is available as part of the DNV
GL software package SESAM [7].

Other approaches for identifying the added mass coefficients are Strip Theory
and empirical 3D data. Strip theory evaluates a 3D object as a sum of 2D strips and
assumes a slender body where the length is much larger than the width. This will
not be the case for a snake robot with few links. Empirical 3D data uses already
obtained experimental, analytical or empirical results on bodies such as a cylinder
that can resemble the snake body. There have been many studies on cylindrical
objects and references such as the Det Norske Veritas (DNV) standard [6], can be
used. However, these are often general results which will not apply directly to the
underwater swimming robotic snake Mamba.

1.4.2 Experiments for Identification

Different methods for experimentally determining the fluid coefficients are found
in the literature. Below, some of the methods are overviewed.

e Free decay pendulum motion

— The free decay pendulum test [10] uses a scaled-down model of the
vehicle as a pendulum connected by a rod. It is set to oscillate in water
when it is displaced from its equilibrium position, Figure 1.4(a). Due to
the hydrodynamic forces that resist the motion, the amplitude of the
swinging motion will decay over time. The hydrodynamic parameters
can then be extracted from the history of the motion. This is based
on the free decay test with spring oscillation [37]. There is a need of
accurately measuring the position and the states of the vehicle, which
can be challenging. Advantages of this experiment are that the motion of
the pendulum is restricted in a single plane and has only one DOF. The
position of the pendulum is fully described by the displacement angle, 6.
The motion is constrained, and therefore the dynamic equations could
represent the motion correctly. Secondly, the variable # can be measured
accurately, either by a camera as done in [10], or by position sensors.

e Towing test and rotation test

— This approach is often used for ship design [16]. An object is towed at
different velocities to determine quadratic and linear damping. One can
interpolate to obtain quadratic and linear damping functions. In addi-
tion, accelerated runs are performed for different accelerations. By mea-
suring forces at different velocities and subtracting the already known
damping and rigid body mass forces, added mass forces can be obtained.
The procedure can be repeated for rotational experiment. The approach
is quite easy to do, but is time consuming.

e Guided rail

— A guided rail experiment acts on the same principle as the towing test,
but by instead using a guided rail in an enclosed tank. The module is
connected to the rail and moves in the tank. By measuring the forces
applied, one can extract the hydrodynamic parameters [39], [28]. See
Figure 1.4(b).
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e On-board sensor experiment

— Acceleration can be measured for a given thrust input. Inertia and damp-
ing terms can be obtained by filtering acceleration data [9].

e Planar motion mechanism tests

— A planar motion mechanism is an electromechanical device used to move
a model ship in a pre-programmed series of motions in a test tank fa-
cility. The forces and moments on the model and other data relating to
performance are measured [35].

Based on available resources and equipment, three experiments are performed.
For identification of drag coefficients, two variations of the above concepts are con-
sidered. Firstly, a simplified guided rail approach is performed as a proof of concept,
Chapter 4.3. The second experiment is based on the towing test and guided rail ap-
proaches, where the object is placed in a circulation tank and fluid flow is applied,
Chapter 4.4. The experimental approach concerning added mass coefficients is in-
spired by the decaying pendulum. However, the pendulum oscillations is actuated
by a servo motor, Chapter 4.4.
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Figure 1.4: Experiments for determining hydrodynamic coefficients.

1.5 Outline of the Thesis

The thesis is organized as follows. In Chapter 1, a brief review is given of under-
water snake robotics in general and NTNU’s underwater snake robot, Mamba, in
particular. Additionally, common methods for identifying fluid coefficients are pre-
sented. Chapter 2 presents a mathematical model of a general underwater robotic
snake together with proposed variations of the drag force model. Next, in Chap-
ter 3 simulation methods for identifying the fluid coefficients are presented, while
Chapter 4 details the carried out experimental procedures. The results obtained
from both simulations and experiments are presented and discussed in Chapter 5,
before the conclusion of the findings together with proposals for future work are
presented in Chapter 6.



Chapter 2

Modelling of Underwater Snake
Robots

This chapter seeks to give a brief insight to the mathematical model of a general
underwater robotic snake, which also can be used to describe the motion of the
underwater robotic snake Mamba. In addition, variations to parts of the model con-
sidering the fluid coefficients is presented. The model variations considers including
fluid forces for the head and tail modules, as the original model incorporates link
modules only.

The complete model of the underwater robotic snake presented in Chapters 2.1
and 2.2, is derived in the article Modeling and Propulsion Methods of Underwater
Snake Robots [23], and a summary is presented in this chapter. The authors presents
a two-dimensional continuous model of the snake robot’s kinematics and dynamics,
as well as a straight-line-path-following controller for the snake. The model is based
on previous work done by the same authors [18],

The snake is made up of n rigid links, each of length 2/, mass m and moment
of inertia J = %mlz. The center of mass (CM) of each link is located in the center
of that link. Figure 2.1 show the different frames and terms used in this section,
where 6; denotes the link angle of link 2 € 1,...,n, and ¢; = 6; — 6; 11 is the joint
angle of link ¢ € 1,...,n — 1. The reader is referred to [23] and [18] for a more
thorough explanation of the mathematical terms and notation used. The resulting
closed-form model is well suited for model-based control.

2.1 Equations of Motion

The equations of motion for the underwater snake robot can be expressed as stated
in [22]. The acceleration of the CM is given by
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Figure 2.1: Kinematic parameters of underwater snake robot, [22].
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where M,, N, E, K, E, V; and V, are given in [23]. Adding the influence of fluid
forces and torques, the equations of motion for the robot is given by Equation 2.1
and

M0 + W0 +V, 40+ N, g(ep, — Vie) + Py (e, — Vy)

+ Ky (fox + fix) + Ky (foy + fiy) — 7 = DTu, (2.2)
where the various matrices are given in [23]. The drag forces fp, in x direction
and fp, in y direction are further discussed in the next section. By defining state
variables x = [QT ng éT ng} the model is rewritten in compact state-

space form as

T

X:{a

T

pL, 6 ﬁgM]=F(x,u), (2.3)

where F(x,u) is found by solving 2.1 and 2.2 for poas and 6.
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This model is also valid for ground-moving snakes, where the drag forces in x
and y direction are replaced with a ground-friction model [31], and added mass
effects are disregarded, making it a versatile model for use in both water and on
land.

2.2 Hydrodynamic Modelling

The model presented in this thesis includes both linear and nonlinear drag effects,
added mass effects, fluid moments and fluid currents. Fluid moments are omitted in
most modeling approaches for underwater snake robots as they have little impact on
the overall motion of the system. However, including these provides a more accurate
model from an energy-efficiency standpoint. The hydrodynamic modelling is the
most challenging part compared to the motion dynamics, and made assumptions
depends highly on the body shape and properties of the fluid flow [49].

The impact of the fluid forces is dependent on the shape and movement of
the submerged object. Generally, if the object moves or swims slowly, the viscous
forces are dominant, but for larger objects, the added mass effects will dominate. An
underwater robotic snake lies in between these two extrema and is thus effected
by both drag forces (resistive forces) and added mass (reactive forces). For low
Reynolds numbers, a resistance model like Taylor’s model [47] is suitable. For high
Reynolds number and slender bodies, Lighthills’ model [30], is appropriate [50].
The non-linearity of the fluid forces acting on a submerged moving body are highly
complex and an exact model is therefore not possible to obtain. Numerical solution
of the Navier Stokes equations using CFD gives accurate fluid forces, but this is
approach is not suitable for online control purposes.

The results obtained in [18] are found using the Morison’s equations [36], [11].
The underwater snake robot is assumed a slender body made up of cylindrical links
with elliptical cross sections, where each link of the snake is considered as isolated
segments. The fluid forces are dependent only on the transverse link motion. This
modelling approach has some underlying assumptions:

o Assumption 1  The fluid is incompressible, viscid and incompressible in
the inertia frame

e Assumption 2 The robot is neutrally buoyant

e Assumption 3 The current in the inertial frame, v, = [Vm,i,Vw]T is
constant and irrotational

The fluid forces are functions of the current and are expressed as a function of
relative velocity. The relative velocity of link 7 is defined as

link,i __ .link,i link,i
ri o — Di Ui (2.4)
link,i . . :
where v,/7"" is the current velocity expressed in body frame.

Due to assumption 3, v, = 0 and the time derivative of the velocity expressed
in body frame (Figure 2.1) is

i i d —Si]le‘é‘ COSG‘é‘ Vi
. link,i lobal\1 1Y% A% Tt
ki — = (R c) — . : e 2.
Vesi dt (( ”"k”) v [—cos&zﬂi —sin@,ﬂj |:{/y7,:| (2:5)
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Each link is subject to a fluid force and torque acting on the link CM. The fluid force
is made up of two components: drag force and added mass effects. The employed
drag model takes into account the general case of anisotropic friction, which results
in two drag terms, ¢; in x direction (tangential to the link) and ¢,, in the y direction.
The fluid forces acting on link ¢ in the body frame can then be written as

) . . . 2
link,i __ A link,i ~ link,i ~ link,i link,i
fi = —Ca0,;"" — Cpv,; " —Cpsgn (vm» ) (vm» ) , (2.6)

where Cp and C,4 are the constant diagonal drag- and added mass parameter
matrices containing the fluid coefficients to be identified. In addition, the following
assumption is made in order to avoid numerically calculating the drag forces.

e Assumption 4 The relative velocity at each section of the link in body
frame is equal to the relative velocity of the respective CM of each link.

This assumption is valid because of the small link length compared to the total
length of the snake. Further, with this assumption there is no need for deriving the
drag forces in analytical form, due to the nonlinear terms. Thus, for a cylindrical
link with length 2/ and major and minor diameter 2a and 2b, respectively, Cp and
C4 can be expressed as

N ¢ 0 %pﬂ'C’f@QZ 0
= g h 2.
Co [0 CJ [ 0 1pCy2a21]" 27)
A |me O |0 0
Ca= [0 ,un} o [O p7rC’Aa22l] ’ (2:8)

where p is the density of the fluid, and Cf and C; are the drag coefficients in x
and y direction of motion, whereas C4 is the added mass coefficient. Note that the
added mass parameter in z direction is set to zero, u; = 0, as this is insignificant
compared to the total body mass of this slender body.

The fluid torques are included in this model as they pose a significant contribution
to the actuation torques at each link-joint. Thus they have a direct effect on the
power consumption of the system. The fluid torque is caused by the link rotation
only. Assuming each link of the robot is oscillating similarly to a flat plate oscillating
in a rotational motion, the torque applied by the fluid on link 4 is modeled as

T, = —)\léi — )\29.i - )\39l|91|, (29)

where A1, Ay and A3 are dependent on the fluid characteristics and the shape of
the links. The added mass torque for a cylinder can be written
1
A = Epwa(cﬂ — %)%, (2.10)

where C'y; is the added mass inertia constant, and Ay and A3 are found by inte-
grating the drag torque around the link CM over the link length, giving

1
Tdrag = —/ (sCLdI sO;ds + sCLa, sgn(s@z)(891)2> ds = —Xob; — )\392-|9.Z-|7 (2.11)
—
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where Ay and A3 are given by
1 .
A2 = épwcf(a +b)13, (2.12)

A3 = %p?rCf(a + b)I*. (2.13)

The expression for the fluid forces on link i given in the inertial frame is ex-
pressed as

) link,i
fotobal _ global plink,i _ cosf; —sind; iji _ (2.14)
7 link,iJ1 sin 92 cos 01 flllz;;,kﬂ . .

Performing the matrix multiplications, the global frame fluid forces on the links
can be written on vector form as

(8] [Ea] L [fD] L [fD
=o)L L] o) @19
where f4, and f4, are the forces from added mass effects:
fa Cy —S¢] [0 0] [V,
T = — X 2.1
w5 Sl ) 210

where the relative link velocities V., and V,. and the relative accelerations in the
body frame are given by

Vel [Cs S¢][X-V,
Vo= 1% @RV 21

V] [Co So X n —Sp  Cp | |diag(d) 0 X -V, .18)
Vi, ] [=Se Co| Y] |-Co —Sef| 0 diag(d)] [Y-V,] 7
The linear drag forces fjgm and fjgy are given as

fh, 1 [aCo —cuSo| [Vi.

[fﬁy] T |:CtSG ¢nC | : (2.19)

Whereas the nonlinear drag forces f&I and fil are
D, D,

f/] _ [eCo —cnSe V. 1) [Ve
{f{{ :|[0th enCo |\ v, | ) [VE] (2.20)

The torque applied by the water on all links are

T =-MIL,0; — \o1,0 — \31,0/9). (2.21)
By defining
fp fh, + 15,
fo = [¢27| = [f 1 ] 292
£y] ~ |£h, + £ (222)
the model (Equations 2.1 and 2.2) is complete. Still, one needs to find the values

for the drag-force parameters c;, c,, A2, A3, and the added mass parameters u,
and \;.
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2.3 Drag Force Model Variations

The existing model assumes the underwater robotic snake being made up of n
identical links. Further assuming each link is approximated as an elliptical cylinder,
the first and last links will have flat circular shapes perpendicular to the angle of
attack, with sharp edge transitions to the remaining links. This is not the case
in most practical applications, such as for Mamba, where more aerodynamically
shaped head and tail modules are attached. Adding head and tail modules improves
the hydrodynamic properties by reducing the amount of vortexes around the snake,
making the flow more laminar, and thus less drag is experienced.

The proposed mathematical model presented in the previous section can be
expanded in different forms. A number of variations are explored in this thesis that
will include the head and tail in addition to the existing link modules. The model
is further extended to include individual drag coefficients for linear and quadratic
drag. In addition, a coupling between the velocity in body y direction and the force
in body x direction is introduced. All models assume the simple case of the relative
joint angles being equal to zero, ¢; = 0,7 € 1,...,n — 1. Resulting in all the links
in the robot being configured as a straight line.

From the fluid forces acting on one link, Equation 2.6, the total drag force for a
snake configuration with n links can be written, with simplified velocity notation

fi=n (—CD’U — Cpsgn (v) vz) , (2.23)

where f; is the original drag force model and Cp is the same as in Equation 2.7.
The first variation, f5, distinguishes between the drag coefficients for linear and
quadratic drag, while still assuming the snake module configuration only being
made up of link modules.

f,=n(fp,+fp.), (2.24)

where the linear and nonlinear drag forces of a link module, f}, ; and f}, ; are
written as

PR LG L B I L

’ 0 —2p2a2lCL] vy’
e [—sgn(ve) smp(tty2uch 0 vz
DL 0 —sgn(vy):p2a21CY] v ]’

where C’}, C}I, CY and CI are the linear and nonlinear drag coefficients for a
link module, v, and v, are the fluid velocities in x and y direction expressed in
body frame. Extending to this, the next model variation also includes linear and
quadratic drag terms for the head and tail modules

f3 = fID,HT + fIDI,HT + ”(fE,L + fIDI,L)7 (2.25)
where L .
—= bC 0 v
£l _ 2 TPAOC fp :| [ $] , 2.26
D,HT 0 —%pAHTcéHT vy ( )
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—sgn(%)%ﬂ'paZC}LT 0 ] [vg] (2.27)
v’ ’

fII —
D,HT 0 fsgn(vy)%pAHTCLIiIHT 3

are the linear and nonlinear drag force contributions for the head and tail modules,
where Agr is the characteristic area of the head and tail modules in y direction,
C’JIc , C’chI , CCIl and C(IiI are the linear and nonlinear drag coefficients for the
HT_ HT HT . HT . B L. .
combined head and tail modules. The next model variation additionally includes

effects on z forces from v,
fy = fID,HT + fIDI,HT + n(fIID,L + fIIDI,L) + fID,XY + fII)I,XYa (2.28)

where the fluid forces in body z induced by v, are

! _ {O —sgn(vy)palC}(y} {vx]
D XY ;

0 0 Uy
P 0 palCYly ] [v2
D.XY = | 0 vz

where C%y-, CYy are the linear and nonlinear drag coefficients. The next variation
omits linear drag for the head and tail as well as for the cross term

f5 = IDI,HT + ”(fJI:),L + fIDI,L) + fIDI7XY' (2.29)

The last model variation is built on the general fluid drag force model f = % pv2CyA,
considering only the nonlinear drag effects. Here, A is the area of the body projected
in 2D towards the angle of the flow, denoted the reference area.

%PAsz,xU?C 0

fo = , 2.30
6 0" Lpd,n)Ce (230
where A, and A, are the reference areas in = and y direction.
A, = mab, (2.31a)
Ay = Ay,H + n2l2a + AZ/:T’ (231b)

where Ay g = 5.919 x 1073 m? and Ayr =4.757x 1073 m? are the reference areas
for the head and tail.

The different model variations of the drag model will be investigated later based
on the obtained forces from the simulations and experiments, in order to conclude
on a more precise model of the hydrodynamic effects. Note that in [23], only the
drag forces f; are considered in the hydrodynamic model. However, in this thesis
the hydrodynamic model is extended by variations including different combinations
of linear and quadratic drag, contributions in x forces from flow in y direction, and
effects caused by the head and tail modules. This thesis will later identify the fluid
parameters for the different model variations in order to obtain the most precise
one.
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2. Modelling of Underwater Snake Robots

2.4 Fluid Parameters

2.4.1 Original Model

From the original model, there are six expressions dependent on the unknown fluid
coefficients:

1 (a+b)

c = §p7rCf 5 21, (2.32)
1

Cn = §pCd2a2l, (2.33)

pin = prCaa’2l, (2.34)
1

A1 = ﬁpr'M(a2 —b?)%13, (2.35)
1 .

Ay = 6,mcf(a +b)13, (2.36)
1

A3 = é,mcf(a + bt (2.37)

As mentioned previously, ¢, ¢,,, A2, Az are the drag-force parameters, while p,, and
A1 are for the added mass effects. These parameters are further dependent on the
fluid coefficients given in Table 2.1, which this thesis aims to identify.

Coefficients
Cy Drag coefficient in z direction
Cy Drag coefficient in y direction
Ca Addded mass coefficient

Table 2.1: Fluid coefficients to be identified.

In this thesis does not consider identifying the added mass inertia coefficient
C)s. Neither is added mass in = direction as this can be assumed zero compared
to the mass of a long slender body.

Existing Estimates

The simulations done in Innovation in Underwater Robots - Biologically Inspired
Swimming Snake Robots [22] are based on the estimates given in Table 2.2, with
different values depending on the motion of the robot, as mentioned in Chapter 1.

The underwater snake robot is made up of n = 9 links. The links are ap-
proximated as elliptical cylinders of length 2] = 2 x 0.18m, major diameter 2a =
2 x 0.055m and minor diameter 2b = 2 x 0.05m.

The values are chosen under the assumption of a steady-state flow [26], [17],
which results in setting the added mass inertia coefficient to its theoretical value,
Cyr = 1, as the overall motion of the system is not significantly affected by this
coeflicient. As expected, C is chosen smaller for the eel-like motion than for lateral
undulation, as the oscillations of the head of the snake are smaller in this case and
thus having less fluid drag in « direction.
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2.5. Least Squares Estimation

Lateral Eel-like Steady-state
undulation motion theoretical coeff.
Cy 0.3 0.17 0.01 — 0.03
Cy 1.75 1.75 1.0
Ca 1.5 1.5 1.0
Cwm 1.0 1.0 1.0

Table 2.2: Fluid coefficients used in [22] and [18§].

2.4.2 Model Variations

The numerous possible drag coefficients for the model variations presented in the
last section are overviewed in Table 2.3.

Model Corresponding fluid coefficients
f; C'f, Cq
fa C'{ ct C { CcY
fs C Ccli, ! C[Iil, ct | CCIi , o CH
{ {I HL HL {HL -
f4 C{ I C CII C f{L, C%{IL’ C HL’ CdHL’ CXY7 CXY
fs Cy, C’d, C’ v Cas Cryrs Clirs Cyy
fe Cy, Cq

Table 2.3: Fluid coefficients for model variations.

2.5 Least Squares Estimation

To estimate the drag coefficients in the hydrodynamic force models, a least-square
estimation scheme is used, [8]. When the velocities are known, the force model can
be written linearly, as shown in Equation 2.44. This makes the problem suitable
for a least squares solver. As the inputs to the system, v, and v, are known, and
the output forces are obtained from experiments or simulations, the force models
from Chapter 2.3 can be rewritten the following form, using f; as an example:

U, 01]][C] U, 0][CH
ol 2l A e
2 0 U, |cl 0 U, |cH (2.38)
where

Usy = —5mpa’vs, (2.39)

1
Us, = —sgn(vs)5mpavs, (2.40)

1

Uy, = —5PAnTVY, (2.41)

1
Uy, = —Sgn(Uy)§PAHTU§ (2.42)
: (2.43)



2. Modelling of Underwater Snake Robots

are known variables. The estimation can now be written as

£ — U, a11 —(i)— Uy, 12 U, o —?—Uy2a22 (2.44)
where
ay = Cf,, (2.45)
Q2 = éﬁ, (2.46)
as; =Ch | (2.47)
gy = CIL (2.48)
(2.49)

are the unknown coefficients. The estimated coefficients which gives the minimum
of the sum of squared errors,

min(SSE) = min(} (f - £2))?, (2.50)

can be found by using a least square estimation, where f is the forces obtained
from simulations or experiments and f, is the estimated forces. The estimation
returns the drag force coefficients from Table 2.3. The least squares algorithm
is implemented in MATLAB using the lsqnonneg, which impose an additional
requirement of non-negative outputs.
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Chapter 3

Simulations

This chapter covers the theoretical identification of the fluid coefficients based on
the simulation schemes done with SolidWorks and WADAM. The geometry of the
underwater robotic snake robot Mamba has been considered in the simulations
with module configurations ranging from head and tail with one link (H1LT) up
to nine links (H9LT). By varying the number of links, it is possible to investigate
how the identified fluid coefficients are dependent on the length of the robot.

3.1 Flow Simulation

Theoretical values for the drag coefficients Cy and Cy are calculated with Solid-
works, using the Flow Simulation extension. Solidworks has a large user base and
offers a fairly easy user interface. As the models for Mamba are designed in Solid-
works, there is no need for translating the models to different formats prior to
running the flow simulations. The flow simulation package simulates fluid flow,
heat transfer and fluid forces using CFD. The CFD calculations builds on solving
the Navier-Stokes equations, which for 3D incompressible flow, are:

Ovy n vy n Ovy n Oy F, 10P n (82% n 0%v, n 5‘2%) (3.1)

— U=tV VU = — — = —— + v , (3.
ot Y Ox Y oy 0z p pox Ox? Oy? 022

Ovy Ovy Ovy ov, F, 10P v, 0%v, 0%y,

-7 — —_J _dJ _ 9 - ¢ ? .2
ot +UI5‘$ +Uy3y —H}Z@Z p p3y+y(3x2+3y2+6‘22)7 (3-2)
8%—1—11%4-0%—}—0%—&—1854_”(8202 821;Z+a2vz) (3.3)
ot T ox Y oy 0z  p  poz 0x2 = oy2 9227

where the parameters are stated in Table 3.1. The solver can return a wide range
of values, where for this thesis, forces in z and y directions, and torques in z di-
rection, expressed in body axis, are measured as these are the necessary quantities
for obtaining the drag coefficients and are also available for measurement in the
experimental approaches. In addition, the parameters can be adapted to a com-
plete three-dimensional model of the snake in the future. The mathematics behind
Solidworks Flow Simulation solver is well documented in their technical reference
[46].
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3. Simulations

Parameter Definition

P Fluid static pressure
t Time
P Fluid density
v Kinematic viscosity
T,Y, 2 coordinate axes
Vs Uy, Vs Fluid velocity in z, y, and z direction

F., Fy, F, Body force on fluid in z, y, and z direction

Table 3.1: Parameters in the 3D incompressible Navier-Stokes equations.

A downside to Solidworks Flow Simulation is that the simulations are station-
ary. This means, for a given fluid flow input, the object can not easily be rotated
during the simulation to record the forces and moments at different angles of at-
tack. A solution is to do a so-called parametric study where several simulations
are run with different inputs. In the initial case the flow is in the x direction and
zero in the y direction. Using simple trigonometry, the input fluid flow velocities
in z and y direction is altered for each case from 0 degrees (v, = 0) to 90 degrees
(vy = 0). Having the x and y fluid flow inputs as a function of an angle, 6, a virtual
rotation of the object is achieved. Figure 3.1 illustrates the concept where the body
is virtually rotated 6 degrees about the global coordinate axes.

NOTE: For the model in Chapter 2, 6; is defined as the angle between link ¢
and the global z axis. As the 3D geometry models are connected with the joint
angles ¢; = 0 degrees, 0; is equal for all links i. Hence 6 is used to denote the angle
of attack for the snake module configuration.

NN

Fluid flow direction

Xglobal

Ygiobal

Ybod y

Figure 3.1: Virtual rotation of body in Solidworks flow simulations.
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3.1. Flow Simulation

3.1.1 Geometry

The 3D geometry models for the snake modules are made in Solidworks. The three
modules that fully defines the snake configurations are: Head, Link and Tail (Fig-
ure 3.2). All modules are designed to be interconnected with the other modules,
resulting in a straight-forward mounting process of the 3D printed modules. No
physical material is defined for the modules, resulting in a smooth outer surface.
Figure 3.3 show the H2LT configuration.

(a) Head module. (b) Link module. Extrusion in front for (¢) Tail module.
mounting with other modules.

Figure 3.2: The three snake geometry models.

Figure 3.3: H2LT configuration: Head module (green) connected with two links and
tail.

3.1.2 SolidWorks Simulation Parameters

The simulation parameters for the flow simulations are stated in Table 3.2. A brief
guide for setting up SolidWorks Flow Simulation is found in Appendix A.2.2.
Meshing

Solidworks Flow Simulation has a built in automatic meshing tool. The user can
input the refinement of the mesh on a scale from 1 to 7, where 7 is the most refined
mesh. The mesh setting directly affects the simulation time needed as a finer mesh
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3. Simulations

Parameter
Analysis type
Liquid

Flow type

Setting
External
Water

Laminar and Turbulent
Adiabatic wall

Default wall thermal condition

Roughness 0 pm
Pressure 101325 Pa
Temperature

293.15 K

Table 3.2: Flow simulation settings.

can create million of cells that will be computed individually, and thus exponentially
increasing the computational time. It might therefore be necessary with a trade-off
between accuracy and simulation time. A wide range of preliminary simulations has
been performed with different mesh settings. The results showed that the default
mesh setting (refinement level 3) was to coarse, yielding inaccurate results. Whereas
the highest mesh setting for the largest objects (HILT) created an amount of mesh
cells that drained the resources (CPU, RAM) of the computers and the simulation
crashed. As the optimal mesh is hard to find, the final simulations where done

with mesh setting 6. This secures relatively accurate results, but demands long
computing time. Figure 3.4 illustrates the mesh cells.
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Figure 3.4: Illustration of meshing the H3LT snake configuration.

Computational Domain

The Computational Domain (CD) is the 3D space (a box) around the object where
the mesh cells are calculated. Reducing the CD results in fewer mesh cells and thus
significantly reduces the computational time needed. However, by constraining CD
too much, valuable information for the convergence tests done in the simulation
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3.1. Flow Simulation

are lost. In the latter case, the results may be incorrect, even with a highly refined
mesh. Several test were done analysing the pressure and velocity profiles around the
geometry to determine the smallest possible CD without the loss of information.
The test concluded in the CD settings for a snake geometry with n links presented
in Table 3.3.

Axis direction Size

T + 1x Geometry length

T - 1.5x Geometry length

y + 1xGeometry length + 0.34 m

Y- 0.5x Geometry length + 0.34 m
z+/- 3xMajor Diameters

Geometry length = Igead + Nliink + leail

Table 3.3: CD settings for n links. The distances are the location of the CD border
from the center of the snake along the coordinate axes.

The CD must be configured to best suit a parametric simulation run for angles
6 € [0...90] degrees and velocities v € [0.1,0.2,...,0.4] m/s. Figure 3.5 illustrates
the CD and velocity cut plots for the HILT configuration for a velocity of 0.5 m/s
at an angle § = 45 degrees. CD is reduced in positive z axis and negative y axis
as the majority of this area has no impact on the results as the incoming flow is
uniform and of a constant velocity.

S s[RT=Te[=]
Q Computatons Domsin
v ox

=@§

20 pe BpY

z
i

Figure 3.5: The resulting CD (Grey box with orange edges) for the HOLT configu-
ration.

A comparison of two mesh settings and the size of the CD in seen in Figure 3.6.
The figure show preliminary test simulations for a cylinder for a varying 6 at
velocity v = 0.3 m/s. The most accurate result is obtained for the highest mesh
refinement, mesh = 7, and with the default CD. Lowering the mesh to its default
value of 3, the returned forces are less. This is a result of the coarser mesh causing
a lack of information about the true geometry of the cylinder. For the most refined
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3. Simulations

mesh level, a conservatively constrained CD yields almost identical results as for a
default CD. Further decreasing the CD size leads to a less consistent result.

-0.15 -
-0.2
Z
8 -0.25 -
5
=
-0.3 - = Mesh = 7, CD = Default
e Mesh = 3, CD = Default
Mesh = 7, CD = Constrained
e Mesh = 7, CD = Less constrained
20.35 I I ! ! |

0 5 10 15 20 25
Angle 6 [°]

Figure 3.6: Comparison of mesh refinement and CD size.

3.1.3 Solidworks Simulation Cases

Simulations are done on the CAD-files for the actual 3D printed modules that will
be used in the experimental approach. The 3D printed snake links have the same
dimensions as the real snake link modules. Simulations are done for several cases
with different snake module configurations.

Velocity [m/s] Angle 6 [deg] No. of
Range Step size  Range  Step size simulations
Case 1 10.02 to 1] 0.02 0 — 50
Case 2 0.1 — [0 to 90] 3 31
Case 3 0.2 — [0 to 90] 3 31
Case 4 0.3 — [0 to90] 3 31
Case 5 0.4 — [0 to 90] 3 31

Simulation scenarios per configuration: 174
Total number of simulations: 1566

Table 3.4: Simulation cases for drag coefficients for each body configuration H1LT
through H9LT.

Table 3.4 overviews the performed simulation cases done on each body con-
figuration HILT through HILT. Case 1 considers # = 0 degrees, for a set of 50
velocities from 0.02 to 1 m/s. Case 2 considers a fixed-velocity fluid flow where
for each simulation scenario the angle of the flow, 0, with respect to the z-axis,
increases with 3 degrees from 0 in the first scenario up to 90 degrees for the fi-
nal scenario. Case 3 to 5 are identical to case 2, but for different velocities. Each
body configuration results in 174 different simulation scenarios, resulting in a total
of 1566 simulations for all body configurations. For each body configuration, the
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3.1. Flow Simulation

complete set of simulation cases are loaded and run as a parametric study where
the user only needs to manually start the first simulation case and the rest is run
consecutively.

Computational Resources and Simulation Durations

The simulations are run on four physical computers and two NTNU servers, all
with Solidworks 2016 x64 SP02 installed. The specifications for the computers are
listed in Table 3.5. The two servers are powerful, but are available to multiple users
simultaneously, resulting in shared resources and the potential of not fully exploit-
ing the full resources of the servers. Each computer/server runs all 174 simulations
for one configuration, which means six configurations can be simulated in parallel.

Computer CPU Cores RAM
Computers 1-3  Intel Core i7-4770 3.4 GHz 8 16 GB
Computer 4 Intel Core 15-3470 3.2 GHz 4 16 GB
Server 1 Intel Xeon CPU E5-2690 v4 2.60 GHz x2 56 192 GB
Server 2 Intel Xeon CPU E5-2690 2.90 GHz x 2 32 192 GB

Table 3.5: Specifications for the computers used for the simulations

The CFD calculations are significantly computationally demanding, even for
simple objects like a cylinder and simulations running on modern powerful com-
puters. As each body configuration requires an unique CD, the running time for
each simulation increases with the number of links in the body configuration. For
the H2LT configuration, the CD size results in ~ 8 x 10° cells, whereas the num-
ber of cells are 2.8 x 10° for the HILT configuration. As a result, the simulation
times for each simulation scenario varies from 45 minutes per case for HILT on
computer 4, and one hour per scenario for H2LT on computer 1, up to about five
hours for HOLT. It should be noted that these are estimated average computing
times and will vary with the different scenarios within each simulation case. In
addition, variations in the computing time is present due to available resources on
the computers and the load on the two servers the simulations are run on. The
resulting total simulation time is thus approximately 3800 hours, approximately
5.2 months, if each simulation were to be run consecutively on a single computer.
Running the simulations on multiple computers reduces the total simulation time.
Still, the amount of simulation time required is substantial.

3.1.4 Solidworks Simulations Output

Solidworks outputs an Excel sheet containing the calculated forces and torques
for each of the runs. The output files are found in Appendix A.2.1. In addition,
Solidworks can save the full simulation results. The full results can be utilized
by the user to further analyse the obtained results by studying flow patterns,
pressure distribution and more. However, the full results accumulates to hundreds
of gigabytes of data and the option to save the full results have been disabled.
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3. Simulations

3.1.5 Verification

The CFD calculations from Solidworks should be verified. In [9], verification sim-
ulations are run for simple geometric objects where reference values for the drag
coefficients are available. A test is performed on a square rod with a fluid flow at
v = 0.085 m/s parallel to the rod. The reference value [6], is Cy,,, = 0.87, while
the value obtained from the simulation is Cy = 0.8552. A similar test is performed
for a sphere. The reference in this case is Cyg,,, = 0.12 and from the simulation
Cq = 0.1130. The test show that the simulations are fairly accurate for simple
geometries. As the geometric objects in this thesis is fairly simple, the verification
test results suggests Solidworks to be a reasonable choice of software for obtaining
drag coefficients for this thesis.

3.2 Added Mass

This section overviews the process of finding the added mass coefficients using the
software extension WADAM from DNV GL’s software package Sesam [7].

3.2.1 Panel Method (WADAM/WAMIT)

As mentioned in Chapter 1.4.1, WADAM builds directly on WAMIT for solving
for the added mass coefficients, but offers a better user interface. WAMIT uses the
panel method to solve for the hydrodynamic coefficients. This method builds on
dividing the body into N small panels and solving the Green integral equation for
each panel to find the velocity potential, ® over each element.

N > N
1 2 : dG(X;E_;)_E : Co2) i — 1 -
éq)z + = (pj /Sj dSXT = < l_l dSXG( ,61) 1=1: N, (34)

J

where ®; is the unknown velocity potential value, ¢ is the facet number, S; is the

surface of each panel, and G(X ; €;) is the Green function. By solving for all panels,
the total velocity potential over the body, ® is obtained. Further, the dynamic
pressure, payn is found by using the linearized Bernoulli equation

0P

The velocity over the surface is found by applying the Bernoulli equation

0P 1

a+§\V<I>\2+%+gz:a (3.6)

where z is the water depth. By integrating the velocity potential over the body,
potential damping and added mass can be found

Ay () = R [p /SOB B dS} (3.7)

Biy(w) = —3 (p / g, dS) (3.5)
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3.2. Added Mass

3.2.2 Meshing

The geometric shapes to be used with WADAM has to be a mesh object in the
WAMIT file format Geometric Data File (.gdf). Solidworks is not capable of export-
ing 3D objects in this format and thus another software tool, such as Rhinoceros
5 [42] can be used for translating the geometric models. For each snake configu-
ration, HILT through HILT, the assembled geometry is exported from Solidworks
as a Standard for the Exchange of Product Data (.step) formatted file, a common
file format for sharing geometry between different CAD software. The .step file is
loaded into Rhinoceros 5 and the object is converted to a Non-Uniform Rational
B-splines (NURBS) meshed object using the function From NURBS object. The
resulting meshed object is exported as a .gdf file and is ready for WADAM or
WAMIT. The process is illustrated in Figure 3.7

DS SOLIDWORKS )/ / g WADAM
& R
Geometry X NURBS //
Rhinoceros Added Mass Simulations

Figure 3.7: Process for translating Solidworks geometry files to be compatible with
WADAM.

WADAM has an upper limit of 2000 elements in the meshed geometry file [5],
and thus complex 3D objects may violate this limit. It is possible to adjust the
parameters in Rhinoceros when converting the .step file to a NURBS object to
limit the amount of mesh elements. However, this may lead to disfigured and in-
accurate meshed objects. As an example, a circular shape may be broken down
into triangular panels or other polygons. The further the amount of panels is lim-
ited, the more the circular object is disfigured. A second option for limiting the
complexity of the object is by simplifying the 3D model in Solidworks. The four
rounded edges leading from the back of the head towards the very front results in a
number of mesh panels exceeding what WADAM is capable of handling. The head
model was simplified by making the edge sharper. The simplification does not alter
the geometry significantly, while drasticly reducing the number of elements in the
meshed model. A comparison of the head module before and after the simplifica-
tion is seen in Figure 3.8. All geometry files from Solidworks and Rhinoceros are
found in Appendix A.1.3.

3.2.3 Simulation Parameters

Launching Sesam, the WADAM-wizard is opened to configure the simulation pa-
rameters. The frequency-independent added mass matrix is of interest, hence using
a water depth of 300 meters, the snake is placed 100 meters below the water sur-
face. It can thus be assumed that the added mass coefficients are not influenced by
the wave frequency and are constant, making the added mass purely dependent on
the acceleration of the body. A uniform mass distribution is assumed, and that the
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ﬁ\\

(a) Original. (b) Simplified.

Figure 3.8: Original (left) and simplified head module.

center of buoyancy (CB) is located at the CM of the body. A complete user guide
for recreating the simulation runs can be found in Appendix A.1.2.

3.2.4 WADAM Simulations Output

The WADAM analysis is completed quickly compared to the CFD simulations for
finding the drag coefficients in Solidworks. For each simulation of the different
snake configurations, HILT through HILT, WADAM stores the results in a text
file named WADAM1.LIS where the 6 x 6 dimensionless added mass matrix, AP is
found. The first two entries on the diagonal are the elements of interest as these
represent the added mass coefficients in  and y directions. The non-dimensionless
elements are found by multiplying with the water density and the volume of the
object

AP = APV, (3.9)

where the superscript denotes non-dimensionless(N D) and dimensionless (D), V; is
the volume of body 4, and the subscript i € {H,T, HLT, H2LT, H3LT, ..., HOLT}
denotes the module or the configuration of modules. Both the volume of the body
and the water density is found in the .LIS file.

The first two diagonal elements of ANP equals y; and p, in Equation 2.8,
whereas the second diagonal elements of CP corresponds to C4 on the right side
of Equation 2.8. The added mass coeflicient in = direction, y, is assumed zero in the
original model, as is a valid assumption for a slender body. However, the following
notation is introduced to allow for any non-zero results, which can confirm the
assumption.

i e 0 pﬁCEiJale 0
Ca= [0 MJ = [ 0 prCP b2l (8.10)

where the superscripts and subscripts are similar to that of Equation 3.9.
It should be noted that not all elements in the complete 6 x 6 added mass
matrices are correct. WADAM uses a radius of gyration in pitch and roll equal the
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3.2. Added Mass

depth of the submerged body. The roll and pitch added mass will become incorrect.
A solution is to do two additional simulation runs with different coordinate axes,
and combining the three results. The added mass in surge and sway (x and y direc-
tion) are the two quantities of interest in this thesis and the additional simulation
cases are disregarded. This would however be of interest for future expansion of
the model to 3D.
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Chapter 4

Experimental Procedure

This chapter presents the planned and executed experimental setups for identifi-
cation of the fluid coefficients, including the choice for a force/torque sensor for
the measurements. The final experimental procedures and utilized equipment are
based on the procedures described in Chapter 1.4.2 and available resources. The
two chosen experiments incorporates a passive guided rail towing tank and a circu-
lation tank. For large objects, experiments are often conducted with scaled down
models. As the snake module configurations are small, experiments are conducted
on full-scale snake module configurations. Thus, scaling errors are avoided.

4.1 Force/Torque Sensor

An important aspect of the experimental approach for identifying the fluid coeffi-
cients is the ability to measure forces and torques. A suitable measurement device
or devices must be chosen for the experiments. The criteria taken into account for
the selection of the sensor device are presented in the following section, together
with the chosen sensor.

4.1.1 Sensor Placement and Measurement Range

The physical placement of the sensor is a major factor to consider when selecting
the sensor. The ideal case is to mount the sensor in direct proximity to the CM of
the snake modules as this point is the center of all calculations and the need for
transforming the measurements are eliminated. However, this approach requires a
water proof sensor which further increase the complexity and cost of the sensor.
An alternative is to mount the sensor above the water surface with a rod extending
down to the submerged snake configuration. If the sensor is mounted in this manner,
the majority of the forces on the snake from the water will be experienced as torques
from the point of view of the sensor. The amount of torque is directly linked to the
length of the rod between the sensor and snake. In addition, the length of the rod
introduces inaccuracies in the measurements as small disturbances at the end of the
rod will spread to the sensor with a higher magnitude. As the snake is required to
be submerged at a minimum depth below the water to avoid the surface effects, the
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rod will have to be of a certain length. Further, the torque measurements will have
to be converted to the appropriate forces and further combined with the other force
measurements. The measurement range in torque is usually much less than that of
the forces (see Appendix C), resulting in a sensor with too low accuracy in force
measurements due to the large range. Although water proof sensors are generally
more expensive, the ability to mount the sensor at the snake CM, and thus directly
read the correct forces and torques is sought after. Therefore, a waterproof sensor
is chosen for the experiments in this thesis.

4.1.2 Sensor Selection Criteria

The following criteria are emphasized on when selecting the appropriate sensor.
Some might be conflicting criteria.

Measurement Range

The measurement range of the sensor needs to be within a reasonable area. The
accuracy and resolution is directly affected by the full-scale range and should thus
be within the estimated needed range.

Accuracy

The accuracy of the sensor is highly important for repeatability, documentation
and guaranteeing accurate measurements. Qualities such as low hysteresis, low
measurement drift, and linearity are appreciated.

Measurement Resolution

As the expected measurement ranges are quite low, the sensor resolution will have
to be of a such magnitude that small changes in force and torque is captured.

Versatility

Although the sensor is chosen specifically for the experiments proposed in this
thesis, the possibility to use the sensor for similar experiments is a plus. Other
experiments might include experiments on different robotic modules or robotic
platforms for future research, as well as other applications.

Decoding

The raw data from the sensor must be easy to decode, and so solutions for ana-
log to digital signal processing and software user interface will be considered. The
possibility for incorporating the sensor readings into already existing software solu-
tion is important. Many of the systems for controlling the underwater snake robot
Mamba are employed using National Instrument’s LabView, it follows that support
for LabView is of great advantage.
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Construction

The sensor should be of high-end build quality and be able to withstand being
submerged in at least two meters depth over a longer period of time. Its physical
size must be small enough to fit inside a snake module. The experiments might
require multiple accounts of mounting and dismantling of the sensor to the snake
and the experimental rig, and it follows that the unit is built so this is viable and
will not result in the sensor housing being worn out from this process.

Delivery and Customer Service

A last criteria is good communication with the manufacturer and customer service
if problems with the sensor should arise. Additionally, the delivery time will be
considered for the sensor to arrive in ample time before conducting the experiments.

4.1.3 Estimated Sensor Requirements

Based on calculations and estimates the following criteria is provided to the various
suppliers, along with a preliminary description of the planned experiments:

o Resolution F,/F, < 0.2N
o Measuring range F,/F, > £25N
e Measuring range F, > +50N

A copy of the email to the suppliers is found in Appendix C together with their
proposed sensor solutions.

4.1.4 Embedded Unit

Three individual measurements are needed for fully identifying the fluid coefficients
of interest in this thesis: Forces in x and y direction, and torque around the z axis,
see Figure 4.1. The three quantities of interest can be measured using a wide range

Figure 4.1: The three measurements needed for identifying the fluid coefficients.

of sensor equipment. Two possible approaches are using an individual sensor for
each measurement, and one sensor for capturing all quantities. The first approach
would require three individual sensor that each could be ordered according to the
needed criteria needed for the experiments. This approach could provide measure-
ment ranges perfectly suitable for the experiments, but it introduces uncertainty
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in the form of having three sensors of possibly different quality, both in accuracy
and build quality. In addition, different decoding requirements might result in syn-
chronization problems when recording the measurements. Finally, three units will
require more resources in form of required mounting space, manual assembly work,
as well as the possibility of added cost.

A more elegant solution is to utilize a single unit providing all needed mea-
surements, such as a six-axis force/torque sensor. A vast variety of these kind of
sensors are commercially available for all kinds of applications. A single sensor
eliminates the drawbacks in the previous paragraph, but might lead to the need of
trade-offs in the sensor ranges as fewer options might be available. A general six-
axis force/torque sensor has great potential for re-usability as forces and torques
in all three axis direction are measured, making the more specialized approach in
the previous paragraph possibly futile in other experiments. Using a single six-axis
force/torque sensor seems reasonable for the experiments considered in this thesis.

4.1.5 ATI Mini40 IP68 6-axis Force/Torque Sensor

Based on the requirements of the sensor and discussions with the suppliers, the
sensor Mini40 with IP68 rating from ATI Industrial Automation is chosen. It has a
low-profile design ideal for several mounting scenarios, including mounting inside a
snake module. The sensor is depicted in Figure 4.2. It is IP68 rated, for submersion
in fresh water to a depth of 4m. The sensor is ordered with two calibration profiles,
SI-40-2 and SI-80-2. Key properties for the two calibration profiles are listed in
Table 4.1. The sensor has a very low noise distortion due to the use of silicon
strain gauges that provides a stronger signal than conventional strain gauges, [3].
The sensor is delivered with a signal amplifier and a USB Data Acquisition (DAQ)
interface for signal decoding. A stand-alone demo software is provided together
with drivers for LabView.

Figure 4.2: Mini40 IP68 six axis force and torque sensor.
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Calibr.  F, F, F, T, T, T,
SI-40-2 40N 440N +£120 N +2Nm £2 Nm +2 Nm
SI-80-2 480N 480N 420N 44 Nm 44 Nm +4 Nm

Table 4.1: Measurement ranges of the ATI Mini40 sensor for two calibration profiles.

Connection and Signal Chain

The sensor is connected to a external power supply and signal amplifier (Fig-
ure 4.3(a)) by a 12-pin connector. A National Instruments USB DAQ card (Fig-
ure 4.3(b)) is connected to the power supply box by a 26-pin connector. The DAQ
card converts the sensor signal from analog voltages to digital signals. It is con-
nected to a computer via USB. The signal chain is illustrated in Figure 4.4.

y o

= . NI USB-6210
By 16 Inputs, 16-bit, 250 kS/s, Mulifunction U0
‘i £

o
]

(a) Power supply (b) DAQ card

Figure 4.3: Power supply and computer interface for the sensor.

Software

A demo program from ATI Industrial Automation is used for monitoring, logging
and changing the measurement settings. Relevant settings are calibration profile
(see Table 4.1), measurement sampling frequency, averaging and biasing.

4.2 Module and Sensor Mounting

The total snake configurations are produced by mounting several 3D printed mod-
ules together. As there are limitations on the physical size of the printed objects,
the link modules consists of two individual pieces that are put together. For an n-
link snake configuration, the needed parts are listed in Table 4.2 and the assembly
of the H2LT configuration is illustrated in Figure 4.5.
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Composite Loading Composite Loading Da'_t'a lr\jquisition
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Figure 4.4: Signal chain for ATT mini40 sensor using a DAQ card, [2].

Module Needed quantity
Head module 1

Tail module 1

Sensor module 1
Extension module 2

Link module 2xXn

Table 4.2: The parts needed for an n-link snake configuration

Mounting for
experimental rig

/|

A C E Sensor E C B

D

Figure 4.5: Assembled H2LT configuration. A: Head module, B: Tail module, C:
Link modules, D: Sensor module, E: Extension modules.

4.2.1 Mounting of Sensor

The sensor is connected to the experimental rig by a stiff rod. A connector plate is
mounted between the rod and the sensor to securely fasten the sensor. Figure 4.6
show the rod, connection plate and the sensor.

The measurement origin is located center at the bottom of the sensor. To avoid
transforming the measured forces and torques, the sensor is mounted with the
sensing origin at the snake module configuration CM. Using two link modules will
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4.2. Module and Sensor Mounting

Mini40 P68

Figure 4.6: ATI Mini40 IP68 sensor mounted to the rod (blue) via the connector
plate(red).

result in the sensor being mounted in the extension between the two modules.
To avoid this a dedicated sensor module is printed, together with two extension
modules that mounted together represents one link. A circular intrusion in the
module allows the sensor to be mounted in the center without coming in contact
with the surrounding walls, as this would lead to inaccurate measurement readings.
When mounted correctly, the positive x and z axes points to the nose of the snake
and downwards, respectively. Finally, a lid covers the opening while allowing the
sensor cable and the mounting rod to exit without touching the lid. Figure 4.7 show
the sensor mounted inside the module together with the head and tail modules.

(a) Sensor mounted. (b) Opening covered.

Figure 4.7: The sensor mounted in the middle module together with the tail and
head modules.

4.2.2 Coating

The different modules of the snake are 3D printed, and as a result, they do not
completely match the hydrodynamic properties of the 3D geometries used in the
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Figure 4.8: The H1LT configuration prior to coating. Not seen in this picture is the
tape covering the numerous screw holes.

simulations. There are several factors causing these dissimilarities which each will
directly effect the measurement results.

e The 3D printed surfaces are relatively coarse and porous compared to the
ideal surfaces in the simulations. This is due to the 3D printing patterns and
resolution, as well as the properties of the plastic material used. The coarse
surface has a direct impact on the skin friction and thus increases drag forces.

e Because of the upper limit on the physical size of the objects that are to be 3D
printed, each link module is produced by joining together two independently
printed pieces by securing them together with bolts. The printed parts all
have eight to sixteen holes for fully fastening the interconnected link modules
together. Each of these holes contributes to increased drag.

e A small discrepancy in form of a small gap is observed at the interconnections
of the modules.

e The lid covering the sensor in the sensor module has openings for the rod and
cable. A second lid is located at the bottom of the same module covering the
bolts mounting the sensor to the module. The openings and the extensions
between the lids and the modules all contributes to hydrodynamic effects.

Figure 4.8 clearly show the coarse surface of the skin as well as the small air gaps
between the different modules.

It is desirable to make the surface as smooth as possible to match the simulation
parameters. The coarse surfaces can be sanded down, but the process might be time
consuming and the results will not necessarily be sufficient. A solution is to cover
the assembled snake modules in a latex skin. First, the holes for bolting the modules
together are covered with tape, then the entire body is painted with Dragon Skin
10 Medium [44]. Dragon Skin is made by the company Smooth-on and is a silicone
compound used for a variety of industrial applications as well as for movie special
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effects. It has a service temperature from -21°C to +205°C. The compound is made
out of two liquid parts A and B that are mixed together at a ratio of 1:1 by volume.
Black pigment is added purely for aesthetic reasons.

The snake module is fastened securely with clamps to provide a stable working
environment. When the two silicone parts are thoroughly mixed, a thin layer of
the silicone compound is painted on the snake body with a brush. The silicone
compound should be applied thick enough to cover the wanted surfaces, while
still being thin enough to avoid the excess silicone to form droplet formations
on the underside of the surface. The minimum cure time is five hours and the
resulting surface is smooth when the compound has cured, see Figure 4.9. The skin
sits tightly around the snake configuration while being easy to remove without it
sticking to the surface of the snake.

Figure 4.9: Two different module configurations with Dragon Skin applied. From
left to right: HILT with cured skin, H2LT freshly painted.

Coating the snake in Dragon Skin highly improves the smoothness of the snake
module. However, the opening where the rod and cable exits the snake are still
open and will cause some additional drag effects. While the silicone compound is
highly elastic, covering the openings requires contact with the rod which would
lead to inaccurate measurement readings. In addition, the compound could drip
down onto the sensor, possibly causing damage.

4.3 Passive Guided Rail Towing Tank for Drag Estimation

The first experimental approach is a passive guided rail towing rig. This setup
utilizes a relatively small pool and a towing rig driven by simple weights. Based
on available tools and resources, this setup is easily realizable. As the system has
a passive input in the form of an applied weight, there is no need for developing
electromechanical control systems. This does however produce a challenge in esti-
mating velocities as there is no direct control or measurement of this. The validity
of the experiments depends on the system reaching a steady-state velocity when
measuring the forces acting on the snake. However, this setup is adapted to perform
preliminary experiments as it is relatively simple and sufficient to obtain initial re-
sults for the drag coefficients. Figure 4.10 overviews this experimental approach.

4.3.1 Theory

Given a submerged body moving through water, if the force acting on the body
can be measured, the relations in Equation 4.1 provides sufficient information to

39



4. Experimental Procedure
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Figure 4.10: Overview of the passive guided Rail towing tank experimental ap-
proach.

identify the fluid coefficients:

fm = fp + fa+ma, (4.1)

where f,, are the measured forces, fp drag forces, f4 added mass forces, m is
the mass of the submerged object, and a is the acceleration. Assuming a constant
velocity, the acceleration and added mass terms are zero and the above equation
results in a direct measurement of the total drag forces. The drag term is equal
to Equation 2.22 which contains both linear and nonlinear drag forces. Further, if
the velocity and angle of attack of the submerged body can be controlled, and in
addition, the force acting on the body can be measured in body = and y directions,
then both drag coefficients, Cy and Cy can be determined experimentally.

4.3.2 Setup

The rig consists of a small pool with a rail mounted above the water. On the rail, a
wagon is mounted which in turn is connected to weights that will drag the wagon
across the pool when released. A rod extends from the wagon into the water where
the snake module configuration is mounted. The wagon and snake configuration is
constricted to movement along the global x axis, while the angle of attack can be
adjusted by a mechanism on the wagon. Lastly, the force/torque sensor presented
in Chapter 4.1, is mounted between the rod and the snake, at the snake module
configuration CM. A sketch of the proposed rig is seen in Figure 4.11.
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Figure 4.11: Overview over experimental setup for passive towing rig experiment.

Pool

The experimental rig is built around a plastic pool of dimensions 1.5 m x 0.9 m
x 1 m (Length x Width x Height). A steel frame surrounding the pool reinforces
the walls and bottom. The water height is 0.7 m before submerging the snake. The
entire experimental setup centered around the pool is seen in Figure 4.12.

Figure 4.12: The pool for the passive guided rail towing tank experimental setup.

Rail and Towing Wagon

The main rail is a stainless steel square pipe running the entire inside length of
the pool, parallel to the long walls. The rail acts as a guide for the movement of
the towing wagon and snake and the global x axis runs parallel to this rail. It is
mounted on each end of the pool on the underside of two solid wooden boards
perpendicular to the rail, both which are securely fastened to the pool frame. The
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two wooden boards are placed a small distance from the ends of the pool and acts
as physical start and end-point barriers for the path of the wagon.

Preliminary tests showed the need of an additional rail in parallel with the main
rail. Small disturbances in the water led to a tendency of swaying motion of the
snake which again led to small rotational vibrations about the wagon x axis. The
wagon is extended in y direction and mounted onto the second rail. This greatly
reduces the unwanted transverse motion and makes the overall system stiffer and
more robust. The preliminary test additionally revealed the stiffness of the rod to
be insufficient. As the wagon is released, the length of the rod and the weight of
the snake configuration combined with the abrupt motion of the wagon induces a
spring behaviour in the rod which is observed as a sinusoidal motion in « direction
in the sensor readings. Attaching a solid aluminum rectangular rod tightly to the
main rod led to a noticeable decrease in the undesirable effect. These modifications
does not affect the drag force measurements as the force sensor is attached inside
the module.

Figure 4.13: A: Main rail, B: Supporting rail, C: Wagon, D: Rod, E: Angle control,
F: Release mechanism, G: Indicator for velocity estimations.

The wagon and rail is seen in Figure 4.13. The wagon is made up of a stainless
steel square pipe surrounding the main rail. A total of 10 low-friction wheel bearings
are allowing the wagon to move back and forth on the rails, where two of the
wheels are on the upper and bottom faces of the supporting rail. The surfaces of
the rail and the wheel bearings are lubricated to minimize friction and allowing for
a smooth travel. The snake configuration is mounted to the wagon via a stainless
steel rod extending from the bottom of the wagon down into the water. The rod is
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securely fastened to the wagon with three hex screws to eliminate any wobbling or
vibrations. The rod is 0.4 m long where of 0.25 m is located above the waterline.

The part of the wagon where the rod is mounted can be rotated by loosening
two hex screws. This enables the snake configuration together with the rod to be
rotated between the different runs. CNC drilled holes allow rotation at one-degree
steps from 0 to 45 degrees. The rod has an arm extending perpendicular from the
rod, with a small extrusion that fits into the holes to ensure the selected angle is
maintained.

Snake Location

The snake configuration is placed in the middle of the pool with respect to the
water depth and the long walls. As the size of the pool is relatively small, wakes,
currents and waves will bounce off from the walls. Keeping the snake in the center
can lead to some cancellation of these effects, compared to an off-center approach.
The starting and stopping points for the snake travel is also placed at a certain
distance from the end walls. This both for avoiding hydrodynamic wall effects as
well as allowing for different snake configurations with different body lengths to
start and stop at the same points. Figure 4.14 show the snake location.

Figure 4.14: Snake configuration location in the pool.

Actuation

A weight pulling a string fastened to the wagon is the actuator input to the system.
A plastic container holds the chosen weights applied to the system. The weight is
suspended from the roof and is extended to the wagon via a string through two
pulleys, allowing the weight to pull vertically while the motion of the wagon is
horizontal. The string is a light-weight fishing line. The two wooden boards holding
the guide rail acts as physical points for starting and stopping the wagon. When
the wagon is pulled all the way back to its end position the wagon is held still
by a simple release mechanism while the string is extended by the applied weight.
The release mechanism ensures a consistent starting point for the wagon. When
released, the string pulls the wagon and snake configuration along the rail towards
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the end-point. At the end-point a piece of foam is installed to limit the impact
when the run comes to an end. When at rest at the end position, the weight is still
suspended, not touching the ground. The sensor cable is suspended from the roof
above the experimental rig in such a way that the system is unaffected.

Different weights are used for producing the different scenarios discussed shortly.
For each snake configuration, a lower limit is found by trial and error. Doing multi-
ple test runs with different weights identifies the lowest possible weight producing
a consistent and smooth ride. That is, the wagon should ride continuously without
slowing down or show any signs of a stuttering movement. Finding the maximum
weight is, again, done by adding weights to the setup and record the six measure-
ment outputs from the sensor. The forces experienced by the sensor have the largest
magnitude when the wagon impacts at the end of the rail. The upper weight limit
is found when at least one of the recorded measurements is approaching the limit
of the sensing range of the sensor, see Table 4.1. All weights between the lower and
upper limit are thus applicable as inputs for the given snake configuration.

While being a simple and low-cost solution, a major drawback is the inability
to precisely control the velocity of the system. Changing the amount of weight that
is applied to the system is the only option for varying the velocity. In addition,
different snake configurations and angles of attack leads to different velocities for
the same applied weight force.

4.3.3 Experimental Scenarios

Two types of scenarios are run for each snake configuration. In the first scenario,
the snake is traveling through the water tank with an angle of attack equal to zero,
f = 0 degrees. This is done for a set of different weights as inputs. The possible
selection of weights is limited as was discussed in the previous section. For the
HILT configuration, the applicable range of weights starts at 0.025 kg, with 0.025
kg increment up to the a maximum 0.2 kg. For the HILT snake configuration, this
results in eight different obtained velocities together with force measurements. In
the second scenario, the angle of attack is increased by 3 degrees for each run.
This is done for three different weights, totaling in 39 data points. The performed
experimental scenarios are listed in Table 4.3. For the H2LT configuration, the
possible weights are further limited due to the mass of the snake c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>