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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 undervannsfartøy blir i økende grad brukt til vedlikehold og reparasjon-
sarbeid på havbunnen. Utvikling av undervanns slangeroboter viser gode mu-
ligheter for utvidede arbeidsoppgaver og arbeidsområder sammenlignet med tradis-
jonelle ubemannede undervannsfartøy. Kombinasjonen av mange ledd og en slank
kropp gjør det mulig for slangeroboter å arbeide i trange områder hvor mennesker
og andre fartøy har vanskeligheter med å utføre arbeidsoppgaver.

Modellering og kontroll av undervanns slangeroboter er mer utfordrende sam-
menlignet med andre tradisjonelle undervannsfartøy. Nøyaktige modeller er derfor
nødvendig for å oppnå ønsket oppførsel og for å undersøke effekten av forskjel-
lige bevegelsesmønstre. En nøkkelegenskap er den hydrodynamiske modelleringen
som tar hensyn til kompliserte og svært ulineære hydrodynamiske effekter. Disse
effektene er vanskelige å modellere, og er ofte basert på analytiske estimat.

Formålet med denne masteroppgaven er å 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 å identifis-
ere fluidparameterne basert på CFD simuleringer og eksperimentelle tilnærminger.
I tillegg undersøkes varianter av modellen for drag krefter, som kan gi en mer
nøyaktig beskrivelse av de hydrodynamiske drag kreftene. De resulterende fluidko-
effisientene er sammenlignet med eksisterende estimater av fluidkoeffisienter 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
coefficients 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 Underwater 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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1. Introduction

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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1.2. Underwater Snake Robotics

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
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1.3. The Underwater Snake Robot Mamba

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.
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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.

• 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, θ.
The motion is constrained, and therefore the dynamic equations could
represent the motion correctly. Secondly, the variable θ can be measured
accurately, either by a camera as done in [10], or by position sensors.

• 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.

• 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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• 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].

• 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.

Module

Fdrag

(a) Decaying pendulum

F

Fdrag

Module

Sensor

(b) Guided rail

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.
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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 2l, mass m and moment
of inertia J = 1

3ml
2. 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 θi denotes the link angle of link i ∈ 1, . . . , n, and φi = θi − θi+1 is the joint
angle of link i ∈ 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].

[
p̈x
p̈y

]
= −MpNp

[
diag(θ̇) 0

0 diag(θ̇)

]
E

[
ṗx
ṗy

]
−MpNp

[
diag(θ̇) 0

0 diag(θ̇)

] [
KTSθ θ̇ −Vx

−KTCθ θ̇ −Vy

]
−MpLp

[
KT (Cθθ̇

2
+ Sθθ̈)

KT (Sθθ̇
2
−Cθθ̈)

]

+ MpE
T

[
fDx + ftx
fDy + fty

]
, (2.1)

where Mp, Np, E, K, E, Vx and Vy 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

Mθθ̈ + Wθθ̇
2

+ Vθ,θ̇θ̇ + Nθ,θ̇(eṗx −Vx) + Pθ,θ̇(eṗy −Vy)

+ Kx(fDx + ftx) + Ky(fDy + fty)− τ t = DTu, (2.2)

where the various matrices are given in [23]. The drag forces fDx in x direction
and fDy in y direction are further discussed in the next section. By defining state
variables x =

[
θT pTCM θ̇

T
ṗTCM

]
the model is rewritten in compact state-

space form as

ẋ =
[
θ̇
T

ṗTCM θ̈
T

p̈TCM

]
= F(x,u), (2.3)

where F(x,u) is found by solving 2.1 and 2.2 for p̈CM and θ̈.
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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:

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

• Assumption 2 The robot is neutrally buoyant
• Assumption 3 The current in the inertial frame, vc = [Vx,i, Vy,i]

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 i is defined as

vlink,ir,i = ṗlink,ii − vlink,ic,i , (2.4)

where vlink,ic,i is the current velocity expressed in body frame.
Due to assumption 3, v̇c = 0 and the time derivative of the velocity expressed

in body frame (Figure 2.1) is

v̇link,ic,i =
d

dt

(
(Rglobal

link,i )
T vc

)
=

[
− sin θiθ̇i cos θiθ̇i
− cos θiθ̇i − sin θiθ̇i

] [
Vx,i
Vy,i

]
. (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, ct in x direction (tangential to the link) and cn in the y direction.
The fluid forces acting on link i in the body frame can then be written as

f link,ii = −ĈAv̇
link,i
r,i − ĈDv

link,i
r,i − ĈD sgn

(
vlink,ir,i

)(
vlink,ir,i

)2
, (2.6)

where ĈD and ĈA 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.

• 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 2l and major and minor diameter 2a and 2b, respectively, ĈD and
ĈA can be expressed as

ĈD =

[
ct 0
0 cn

]
=

[
1
2ρπCf

(a+b)
2 2l 0

0 1
2ρCd2a2l

]
, (2.7)

ĈA =

[
µt 0
0 µn

]
=

[
0 0
0 ρπCAa

22l

]
, (2.8)

where ρ is the density of the fluid, and Cf and Cd are the drag coefficients in x
and y direction of motion, whereas CA is the added mass coefficient. Note that the
added mass parameter in x direction is set to zero, µt = 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 i is modeled as

τi = −λ1θ̈i − λ2θ̇i − λ3θ̇i|θ̇i|, (2.9)

where λ1, λ2 and λ3 are dependent on the fluid characteristics and the shape of
the links. The added mass torque for a cylinder can be written

λ1 =
1

12
ρπCM (a2 − b2)2l3, (2.10)

where CM is the added mass inertia constant, and λ2 and λ3 are found by inte-
grating the drag torque around the link CM over the link length, giving

τdrag = −
∫ l

−l

(
sCLdxsθ̇ids+ sCLdx sgn(sθ̇i)(sθ̇i)

2
)
ds = −λ2θ̇i − λ3θ̇i|θ̇i|, (2.11)

12



2.2. Hydrodynamic Modelling

where λ2 and λ3 are given by

λ2 =
1

6
ρπCf (a+ b)l3, (2.12)

λ3 =
1

8
ρπCf (a+ b)l4. (2.13)

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

fglobali = Rglobal
link,i f

link,i
i =

[
cos θi − sin θi
sin θi cos θi

] [
f link,ix,i

f link,iy,i

]
. (2.14)

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

f =

[
fx
fy

]
=

[
fAx

fAy

]
+

[
f IDx

f IDy

]
+

[
f IIDx

f IIDy

]
, (2.15)

where fAx and fAy are the forces from added mass effects:[
fAx

fAy

]
= −

[
Cθ −Sθ
Sθ Cθ

] [
0 0
0 µ

] [
V̇rx

V̇ry

]
, (2.16)

where the relative link velocities Vrx and Vry and the relative accelerations in the
body frame are given by[

Vrx

Vry

]
=

[
Cθ Sθ
−Sθ Cθ

] [
Ẋ−Vx

Ẏ −Vy

]
, (2.17)

[
V̇rx

V̇ry

]
=

[
Cθ Sθ
−Sθ Cθ

] [
Ẍ

Ÿ

]
+

[
−Sθ Cθ

−Cθ −Sθ

] [
diag(θ̇) 0

0 diag(θ̇)

] [
Ẋ−Vx

Ẏ −Vy

]
. (2.18)

The linear drag forces f IDx and f IDy are given as[
f IDx

f IDy

]
= −

[
ctCθ −cnSθ
ctSθ cnCθ

] [
Vrx

Vry

]
. (2.19)

Whereas the nonlinear drag forces f IIDx
and f IIDy

are[
f IIDx

f IIDy

]
= −

[
ctCθ −cnSθ
ctSθ cnCθ

]
sgn

([
Vrx

Vry

])[
V2
rx

V2
ry

]
. (2.20)

The torque applied by the water on all links are

τ = −λ1Inθ̈i − λ2Inθ̇ − λ3Inθ̇|θ̇|. (2.21)

By defining

fD =

[
fDx
fDy

]
=

[
f IDx + f IIDx
f IDy + f IIDy

]
, (2.22)

the model (Equations 2.1 and 2.2) is complete. Still, one needs to find the values
for the drag-force parameters ct, cn, λ2, λ3, and the added mass parameters µn
and λ1.
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2. Modelling of Underwater Snake Robots

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, φi = 0, i ∈ 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

f1 = n
(
−ĈDv − ĈD sgn (v) v2

)
, (2.23)

where f1 is the original drag force model and ĈD is the same as in Equation 2.7.
The first variation, f2, distinguishes between the drag coefficients for linear and
quadratic drag, while still assuming the snake module configuration only being
made up of link modules.

f2 = n
(
f ID,L + f IID,L

)
, (2.24)

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

f ID,L =

[
− 1

2πρ( (a+b)
2 )2lCI

f 0

0 − 1
2ρ2a2lCI

d

] [
vx
vy

]
,

f IID,L =

[
−sgn(vx) 1

2πρ( (a+b)
2 )2lCII

f 0

0 −sgn(vy) 1
2ρ2a2lCII

d

] [
v2x
v2y

]
,

where CI
f , C

II
f , C

I
d and CII

d are the linear and nonlinear drag coefficients for a
link module, vx and vy 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 = f ID,HT + f IID,HT + n(f ID,L + f IID,L), (2.25)

where

f ID,HT =

[
− 1

2πρabC
I
fHT

0

0 − 1
2ρAHTC

I
dHT

] [
vx
vy

]
, (2.26)
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2.3. Drag Force Model Variations

f IID,HT =

[
−sgn(vx) 1

2πρa
2CII

fHT
0

0 −sgn(vy) 1
2ρAHTC

II
dHT

] [
v2x
v2y

]
, (2.27)

are the linear and nonlinear drag force contributions for the head and tail modules,
where AHT is the characteristic area of the head and tail modules in y direction,
CI
fHT

, CII
fHT

, CI
dHT

and CII
dHT

are the linear and nonlinear drag coefficients for the
combined head and tail modules. The next model variation additionally includes
effects on x forces from vy

f4 = f ID,HT + f IID,HT + n(f ID,L + f IID,L) + f ID,XY + f IID,XY , (2.28)

where the fluid forces in body x induced by vy are

f ID,XY =

[
0 −sgn(vy)ρalCI

XY

0 0

] [
vx
vy

]
,

f IID,XY =

[
0 ρalCII

XY

0 0

] [
v2x
v2y

]
,

where CI
XY , C

II
XY 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 = f IID,HT + n(f ID,L + f IID,L) + f IID,XY . (2.29)

The last model variation is built on the general fluid drag force model f = 1
2ρv

2CdA,
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.

f6 =

[
1
2ρAxCd,xv

2
x 0

0 1
2ρAy(n)Cd,yv

2
y

]
, (2.30)

where Ax and Ay are the reference areas in x and y direction.

Ax = πab, (2.31a)

Ay = Ay,H + n2l2a+Ay,T , (2.31b)

where Ay,H = 5.919×10−3 m2 and Ay,T = 4.757×10−3 m2 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 f1 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:

ct =
1

2
ρπCf

(a+ b)

2
2l, (2.32)

cn =
1

2
ρCd2a2l, (2.33)

µn = ρπCAa
22l, (2.34)

λ1 =
1

12
ρπCM (a2 − b2)2l3, (2.35)

λ2 =
1

6
ρπCf (a+ b)l3, (2.36)

λ3 =
1

8
ρπCf (a+ b)l4. (2.37)

As mentioned previously, ct, cn, λ2, λ3 are the drag-force parameters, while µn and
λ1 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
Cf Drag coefficient in x direction
Cd 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
CM . Neither is added mass in x 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 2l = 2 × 0.18m, major diameter 2a =
2× 0.055m and minor diameter 2b = 2× 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,
CM = 1, as the overall motion of the system is not significantly affected by this
coefficient. As expected, Cf 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 x direction.
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2.5. Least Squares Estimation

Lateral Eel-like Steady-state
undulation motion theoretical coeff.

Cf 0.3 0.17 0.01− 0.03
Cd 1.75 1.75 1.0
CA 1.5 1.5 1.0
CM 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
f1 Cf , Cd
f2 CI

f , C
I
d, C

II
f , C

II
d

f3 CI
f , C

I
d, C

II
f , C

II
d , C

I
fHL

, CI
dHL

, CII
fHL

, CII
dHL

f4 CI
f , C

I
d, C

II
f , C

II
d , C

I
fHL

, CI
dHL

, CII
fHL

, CII
dHL

, CI
XY , C

II
XY

f5 CI
f , C

I
d, C

II
f , C

II
d , C

II
fHL

, CII
dHL

, CII
XY

f6 Cf , Cd

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, vx and vy 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 f2 as an example:

f2 =

[
Ux1

0
0 Uy1

] [
CIfL
CIdL

]
+

[
Ux2

0
0 Uy2

] [
CIIfL
CIIdL

]
, (2.38)

where

Ux1 = −1

2
πρa2vx, (2.39)

Ux2 = −sgn(vx)
1

2
πρa2v2x, (2.40)

Uy1 = −1

2
ρAHT vy, (2.41)

Uy2 = −sgn(vy)
1

2
ρAHT v

2
x (2.42)

, (2.43)
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2. Modelling of Underwater Snake Robots

are known variables. The estimation can now be written as

f̂2 =

[
Ux1

α11 + Ux2
α12 0

0 Uy1α21 + Uy2α22

]
(2.44)

where

α11 = ĈIfL , (2.45)

α12 = ĈIIfL , (2.46)

α21 = ĈIdL , (2.47)

α22 = ĈIIdL , (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 − f̂2))2, (2.50)

can be found by using a least square estimation, where f is the forces obtained
from simulations or experiments and f̂2 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 Cd and Cf 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:

∂vx
∂t

+ vx
∂vx
∂x

+ vy
∂vx
∂y

+ vz
∂vx
∂z

=
Fx
ρ
− 1

ρ

∂P

∂x
+ ν(

∂2vx
∂x2

+
∂2vx
∂y2

+
∂2vx
∂z2

), (3.1)

∂vy
∂t

+ vx
∂vy
∂x

+ vy
∂vy
∂y

+ vz
∂vy
∂z

=
Fy
ρ
− 1

ρ

∂P

∂y
+ ν(

∂2vy
∂x2

+
∂2vy
∂y2

+
∂2vy
∂z2

), (3.2)

∂vz
∂t

+ vx
∂vz
∂x

+ vy
∂vz
∂y

+ vz
∂vz
∂z

=
Fz
ρ
− 1

ρ

∂P

∂z
+ ν(

∂2vz
∂x2

+
∂2vz
∂y2

+
∂2vz
∂z2

), (3.3)

where the parameters are stated in Table 3.1. The solver can return a wide range
of values, where for this thesis, forces in x 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
ρ Fluid density
ν Kinematic viscosity

x, y, z coordinate axes
vx, vy, vz Fluid velocity in x, y, and z direction
Fx, Fy, Fz Body force on fluid in x, 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 x and y direction is altered for each case from 0 degrees (vy = 0) to 90 degrees
(vx = 0). Having the x and y fluid flow inputs as a function of an angle, θ, a virtual
rotation of the object is achieved. Figure 3.1 illustrates the concept where the body
is virtually rotated θ degrees about the global coordinate axes.

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

Ybody

Xbody

Yglobal

Xglobal

θ

Fluid flow direction

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
mounting with other modules.

(c) Tail module.

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 Setting
Analysis type External
Liquid Water
Flow type Laminar and Turbulent
Default wall thermal condition Adiabatic wall
Roughness 0 µm
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 (H9LT) 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.

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
x + 1×Geometry length
x - 1.5×Geometry length
y + 1×Geometry length + 0.34 m
y - 0.5×Geometry length + 0.34 m
z +/- 3×Major Diameters
Geometry length = lHead + nllink + ltail

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
θ ∈ [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 H9LT configuration for a velocity of 0.5 m/s
at an angle θ = 45 degrees. CD is reduced in positive x 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.

Figure 3.5: The resulting CD (Grey box with orange edges) for the H9LT 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 θ 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 5 10 15 20 25

Angle θ [◦]

-0.35

-0.3

-0.25

-0.2

-0.15

F
or
ce

[N
]

Mesh = 7, CD = Default
Mesh = 3, CD = Default
Mesh = 7, CD = Constrained
Mesh = 7, CD = Less constrained

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 θ [deg] No. of
Range Step size Range Step size simulations

Case 1 [0.02 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 to 90] 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 H1LT through H9LT. Case 1 considers θ = 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, θ, 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 i5-3470 3.2 GHz 4 16 GB
Server 1 Intel Xeon CPU E5-2690 v4 2.60 GHz ×2 56 192 GB
Server 2 Intel Xeon CPU E5-2690 2.90 GHz × 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 × 105 cells, whereas the num-
ber of cells are 2.8 × 106 for the H9LT configuration. As a result, the simulation
times for each simulation scenario varies from 45 minutes per case for H1LT on
computer 4, and one hour per scenario for H2LT on computer 1, up to about five
hours for H9LT. 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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3.1.5 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 Cdref = 0.87, while
the value obtained from the simulation is Cd = 0.8552. A similar test is performed
for a sphere. The reference in this case is Cdref = 0.12 and from the simulation
Cd = 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, Φ over each element.

1

2
Φi +

N∑
j=1

Φj

∫
Sj

dSX
dG( ~X; ~εi)

dnj
=

N∑
j=1

∫
j=1

dSXG( ~X; ~εi) i = 1 : N, (3.4)

where Φi is the unknown velocity potential value, i is the facet number, Sj is the
surface of each panel, and G( ~X; ~εi) is the Green function. By solving for all panels,
the total velocity potential over the body, Φ is obtained. Further, the dynamic
pressure, pdyn is found by using the linearized Bernoulli equation

pdyn = −ρ∂Φ

∂t
. (3.5)

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

∂Φ

∂t
+

1

2
|∇Φ|2 +

p

ρ
+ gz = C, (3.6)

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

Akj(ω) = R

[
ρ

∫
SOB

Φjnk dS

]
(3.7)

Bkj(ω) = −ωJ
(
ρ

∫
SOB

Φjnk dS

)
(3.8)
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3.2.2 Meshing

The geometric shapes to be used with WADAM has to be a mesh object in the
WAMIT file formatGeometric 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, H1LT through H9LT, 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

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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3. Simulations

(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, H1LT through H9LT, WADAM stores the results in a text
file named WADAM1.LIS where the 6 × 6 dimensionless added mass matrix, AD is
found. The first two entries on the diagonal are the elements of interest as these
represent the added mass coefficients in x and y directions. The non-dimensionless
elements are found by multiplying with the water density and the volume of the
object

AND
i = AD

i ρVi, (3.9)

where the superscript denotes non-dimensionless(ND) and dimensionless (D), Vi is
the volume of body i, and the subscript i ∈ {H,T,HLT,H2LT,H3LT, ...,H9LT}
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 AND equals µt and µn in Equation 2.8,
whereas the second diagonal elements of CD corresponds to CA on the right side
of Equation 2.8. The added mass coefficient in x direction, µt, 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.

Ĉi
A =

[
µt 0
0 µn

]
=

[
ρπCDAi,x

ab2l 0

0 ρπCDAi,y
ab2l

]
, (3.10)

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 × 6 added mass

matrices are correct. WADAM uses a radius of gyration in pitch and roll equal the
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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.

32



4.1. Force/Torque Sensor

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:

• Resolution Fx/Fy ≤ 0.2N

• Measuring range Fx/Fy ≥ ±25N

• Measuring range Fz ≥ ±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. Fx Fy Fz Tx Ty Tz

SI-40-2 ±40 N ±40 N ±120 N ±2 Nm ±2 Nm ±2 Nm
SI-80-2 ±80 N ±80 N ±240 N ±4 Nm ±4 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.

(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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Figure 4.4: Signal chain for ATI mini40 sensor using a DAQ card, [2].

Module Needed quantity
Head module 1
Tail module 1
Sensor module 1
Extension module 2
Link module 2×n

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

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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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.

• 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.

• 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.

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

• 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: H1LT 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
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Figure 4.10: Overview of the passive guided Rail towing tank experimental ap-
proach.

identify the fluid coefficients:

fm = fD + fA +ma, (4.1)

where fm are the measured forces, fD drag forces, fA 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 x and y directions,
then both drag coefficients, Cf and Cd 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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Foam damping

Weight

Fweight

v

String

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 × 0.9 m
× 1 m (Length × Width × 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 x 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,
θ = 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
H1LT 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 H1LT 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 configuration. It
requires a larger weight to achieve smooth movement, and releases more energy
when stopping.

After each run, the wagon and snake configuration is pulled back to the start
position and the weight and/or angle of attack is adjusted. As the pool is small,
waves and currents are present after a run has been completed. It is necessary
to wait for the water to calm down before conducting the next experimental run.
For low weights and the angle of attack at zero, at least five minutes are required
before conducting the next experiment. As larger weights and large angles leads to
a more substantial amount of water being moved around, a longer waiting period
is required. The waiting period was determined visually and by monitoring the
sensor readings.
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H1LT H2LT
Scenario 1 Scenario 2 Scenario 1 Scenario 2

Weight [kg] Angle [deg] Angle [deg] Angle [deg] Angle [deg]
0.025 0 – – –
0.050 0 3,6, . . . , 39 0 –
0.075 0 3,6, . . . , 39 0 3,6, . . . , 39
0.100 0 3,6, . . . , 39 0 3,6, . . . , 39
0.125 0 – 0 3,6, . . . , 39
0.150 0 – 0 –
0.175 0 – – –
0.200 0 – – –

Table 4.3: Experimental scenarios for passive guided rail towing tank.

4.3.4 Measurements

During each run, force measurements are logged continuously on a computer and
saved as individual .csv files. The hardware and software, together with the signal
chain is described in Chapter 4.1.5. For this experimental setup, the SI-40-2 cali-
bration profile (Table 4.1) is used at a sampling frequency of 1000 Hz and averaging
level of 50. Resulting in 20 measurement samples per second. A screenshot of the
software is seen in Figure 4.15.

Figure 4.15: Screenshot from software used for sensor settings and measurement
recordings.
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4.3.5 Velocity Estimation

An important element of this experimental approach is estimation of snake veloci-
ties. Firstly, the estimated drag forces are dependent on the measured force and the
velocity alone. Secondly, being able to eliminate added mass terms from the force
measurements requires a constant velocity. In total, a precise velocity estimation
is vital for producing correct results.

A video camera is mounted on a tripod overlooking the end of the rail as seen
in Figure 4.16(a). The video camera is a Canon Legria HFG30. A 1 m long ruler is
mounted parallel to the rail directly above the wagon, Figure 4.16(b). The camera
frame captures 0.3-0.4 m of the wagon travel a few centimeters before the wagon
reaches the stopping foam and is decelerated. A marker attached to the wagon
clearly displays the position of the wagon relative to the ruler. From the recorded
video of the runs, the velocities can be estimated as the amount of frames recorded
by the camera each second, frame rate, is known. A monitor in the background
displays an identification text for each run. As a result, each velocity estimate is
matched to the appropriate force measurements.

(a) Camera captures the movement of the wagon. (b) Ruler used for determining travel
length.

Figure 4.16: Setup for velocity estimation.

Each run is recorded at a frame rate of 50 frames per second (fps), which is
the maximum frame rate for this camera. Using the standard 24 fps frame rate
would result in a higher uncertainty. This is due to the fact that a higher frame
rate captures more information on the wagon position per second. Further, the
shutter speed of the camera is set fairly fast at 1/2000 s to avoid blurry frames
when the movement speed is high. The focal ratio is set to f/3.4. This enables the
entire ruler section to be completely in focus, while still being able to read the
run identification on the monitor in the background. The chosen shutter speed and
focal ratio results in rather dark images where it is hard to read the ruler markings.
This is solved by setting the camera light sensitivity to its maximum and mounting
two lamps to further illuminate the needed areas. The combined camera settings
above produces sharp and clear video frames for estimating the velocities.

For each recorded run, the recorded video is post-processed manually in order
to obtain the velocity estimates. When the marker on the wagon has entered the
video frame, the first position, p1 is noted. Stepping through the video frame by
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Figure 4.17: Still frame from velocity estimation video with examples of the start
and finish points.

frame, the second position near the end of the frame, p2 is noted together with the
number of frames stepped through. Knowing the two positions and the number of
frames in between, the following equation identifies the average velocity

vmean = |p1 − p2|
Nfps

Nframes
. (4.2)

, where vmean is the average velocity, Nfps is the number of frames per second, and
Nframes is the number of recorded frames.

A still frame from one of the recorded runs is seen in Figure 4.17. Note that
there are some sources of error in this approach. Firstly, the experiments assumes
a steady-state velocity is reached during the velocity estimations. However, the
wagon might still be accelerating during the period of velocity estimation, and the
calculation will be wrong. Secondly, the establishment of point p1 and p2 might
be prone to error due to the camera perspective. The ruler has markings every
1 mm which is a fairly high resolution. However, when p1 is to be determined at
the right most part of the video frame, the apparent position from the camera
is perceived as further to the right than its true position. The same applies for
p2. This effect is dependent on the distance from the wagon marker to the ruler.
Therefore, the marker is position as close as possible to the ruler while still not
coming in contact and possibly influencing the speed of the wagon. An additional
solution is to position the two lamps in such a way that the shadow of the marker
is the true position in the center of the two lit areas. Figure 4.18 illustrates the
above concepts. Where p′1 is the apparent correct position, whereas p1 is the actual
position. The distance between the markers and the ruler is highly exaggerated to
illustrate the concept.
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(a) Illustration of concept. (b) The visible shadow indicating the true lo-
cation.

Figure 4.18: Camera perspective error, where p1 and p2 in red are the position
perceived by the camera, and p1 and p2 in blue are actual positions, seen as the
small shadow in (b).

4.3.6 Measurement Recording and Post Processing

When a run is started, the force measurements are biased to remove any possible
hysteresis and static measurements. The measurement recordings are started tn = 5
seconds prior to the wagon being released from its starting point. In each trial,
the initial measurements are averaged to identify the average steady-state noise
experienced by the sensor, and is extracted from the final measurements. It is
assumed this noise is constant throughout the run. When the wagon is released,
the measurement recordings continue until the wagon has come to a full stop at
the end.

Synchronization

As the velocity estimates and measurement recordings are not synchronized, a
method is developed to match the correct measurement section with a given veloc-
ity. A constant velocity is assumed in the travel range of the velocity estimation.
The distance from the point of deceleration to the final position of the velocity
estimation, p2, is known. As a result, the duration of which the velocity is averaged
is known together with the duration of travel before impact. When analysing the
recorded measurements, the point of deceleration is easily identified through peaks
in the force measurements when the wagon abruptly stops. The time of the impact
is denoted ti. Using this information together with the sampling rate of the sensor
measurements, one can extract the correct section of the measurements to match
with the average velocity. As a result, the amount of measurement points for this
period varies with the speed of the wagon.
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For K number of runs at a given configuration of weight and angle, the average
force measurement, f̄avg, is given as

f̄avg =
1

K

K∑
k=1

f̄meas,k − f̄noise,k, (4.3)

where

f̄meas,k =
1

Nm,k

Nk,2∑
m=Nk,1

fk(m), (4.4)

f̄noise,k =
1

Nn

Nn∑
m=1

fk(m), (4.5)

where k is the run number and f̄meas,k is the average of the measurement period
corresponding to the section of the averaged velocity in run k. Whereas f̄noise,k is
the average of the measurements prior to the start of run k, and

Nk,2 = tk,2
fs
avg

, (4.6a)

Nk,1 = tk,1
fs
avg

, (4.6b)

Nm,k = Nk,2 −Nk,1, (4.6c)

Nn = tn
fs
avg

, (4.6d)

are the number of measurement samples for run 1, run 2, prior to release of run k
and noise, respectively. Further, fs is the sample rate, avg is the averaging number
for the measurements, tk,1 and tk,2 are the measurement start and stop times. The
noise sampling time is constant, tn = 5s. Whereas the sampling periods for the
measurements are dependent on the average velocity of the system.

tk,2 = ti −
p2 − 0.275 m

v̄k
, (4.7a)

tk,1 = tk,2 −
p1 − p2
v̄k

, (4.7b)

where ti is the time of impact. An example of the recorded force in x direction for a
run is seen in Figure 4.19, where f̄noise,k is recorded in the period up to tn. Shortly
after, the wagon is released and the period of velocity averaging and valid mea-
surements is from tk,1 to tk,2. For the same example, the resulting measurements
and averages are shown in Figure 4.20.

4.3.7 Validation of Measurements and Velocity Estimations

All experimental runs for the H1LT configuration at zero degree angle of attack are
conducted six times at different orders. First, each weight configuration is run three
times in a row before incrementing the weight. Then the runs are conducted again
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Figure 4.19: Time definitions for synchronization of measurements to velocity.
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Figure 4.20: Recorded and averaged measurements.
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for each weight once, before incrementing to the maximum weight. This is done
three times as well, resulting in six individual runs for each weight configuration.
This is done to validate the force measurements and velocity estimations, and
investigate the repeatability of the experimental trials.

Both the force measurements and the velocity estimations were found to coin-
cide sufficiently for each separate run. Table 4.3.7 overviews the calculated variances
for the velocity estimations and force measurements in x direction.

Weight [kg] Velocity Force
0.025 0.0103% 0.1075%
0.050 0.0027% 0.0402%
0.075 0.0004% 0.0236%
0.100 0.0005% 0.0165%
0.125 0.0014% 0.0124%
0.150 0.0011% 0.0100%
0.175 0.0038% 0.0084%
0.200 0.0031% 0.0073%

Table 4.4: Variance [%] of velocity estimations and force measurements for different
weight inputs.

Figure 4.21 show the force measurements in x direction for all weight inputs on
the H1LT snake configuration compared to the average.
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Figure 4.21: Force measurement validation for H1LT configuration. The dashed
lines are the average for each weight.

As the variance in both velocity and force is small, it is concluded that the
velocity estimations and force measurements are sufficiently accurate. As a result,
the remaining experiments are run once for each case.
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4.3.8 Limitations

Due to the size of the pool, the experiments are limited to the H1LT and H2LT
configurations. Extending the snake configuration with additional links results in
the snake coming too close to the edges of the pool. The amount of data points
for the first scenario are substantially fewer than for the simulation approach in
Chapter 3.1.3, where 50 data points are gathered for each configuration when the
angle of attack is zero. Whereas for the angled simulation scenario, 124 data points
are obtained, compared to 39 experimentally. Still, sufficient data points are gath-
ered for comparison to the simulations. A weight incrementation lower than 0.025
kg is possible and will result in more data. However, due to the waiting period
between each run the required time for the experiments is large. As a limited time
is available for the experiments, limitations has to be made. Still, a total of 141
recorded runs are conducted.

4.4 Circulation Tank for Drag and Added Mass
Estimations

The circulation tank experiments are an extension to the experiment in Chap-
ter 4.3. The snake configurations are submerged in a circulation tank with an
user defined laminar fluid flow. Similar to the passive towing tank experiment,
force measurements are recorded. However, now the fluid velocity is constant and
known. Further, by moving the submerged snake configuration in a sinusoidal mo-
tion like a pendulum perpendicular to the water flow, the added mass coefficient
in y direction can be identified.

4.4.1 Theory

Fluid Drag

Equation 4.1 and the assumptions in Chapter 4.3.1 are still valid.

Added Mass

Given that the drag coefficients are identified, Equation 4.1 can be exploited to
extract the added mass coefficients. The method requires the acceleration of the
snake configuration to be known. An assumption made for the mathematical model
in Chapter 2 is that the underwater snake robot is neutrally buoyant. This is not
the case for the conducted experiments. While this is of no importance for the drag
related experiments, this can have a huge impact on the added mass experiments.
Assuming the fully submerged snake module configuration has positive buoyancy,
the following equation can be used to extract the added mass forces of the config-
uration.

fm = ma+ fD + fA + fB , (4.8)

where fB is the buoyancy force.
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4.4.2 Overview of Experiments

Figure 4.22 overviews the circulation tank experiments for drag and added mass.
The snake module configuration is mounted submerged in a test section of a cir-
culation tank. For identification of fluid drag, the angle of attack of the snake
configuration can be chosen between 0 and 90 degrees. For added mass identifica-
tion, the angle of attack is set at θ = 0 degrees, while a servo motor moves the
snake in a sinusoidal motion, like a pendulum, perpendicular to the flow. The body
velocity and acceleration is extracted from the given input and measured servo mo-
tor angle. A laminar fluid flow enters the test section at a user-defined velocity. The
six axis Force/Torque sensor presented in Chapter 4.1 outputs the forces acting on
the snake by the fluid flow. The velocity of the fluid is measured accurately using a
Laser Doppler Velocimetry (LDV) setup. Drag experiments are conducted with a
variety of flow velocities, while the flow is limited for the added mass experiments.

Figure 4.22: Overview of the circulation tank experimental approaches.

4.4.3 Setup

Circulation Tank

A circulation tank is the main component of the experimental approach. A typ-
ical application for a circulation tank is tests on static models in moving water.
These can include scaled ship models, marine structures, turbines and more. The
circulation tank at the Department of Marine Technology (NTNU) at Tyholt [43],
has a laminar fluid flow (Turbulence level of 1% of free stream velocity), and the
flow can be controlled exactly, with speeds ranging from 0.03 to 1 m/s. An option
for varying flow speeds are also present. The circulation tank is powered by a 18.5
kW pump motor. The dimensions of the circulation tank is 9.1 m × 3 m × 2.11
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m (Length × Width × Height), while the test section is 2.5 m × 0.61 m × 0.61
m (Length × Width × Height). The test section is encapsulated in 0.026 m thick
plexiglass walls. The top plexiglass consists of two individual parts which can be
removed for access to the test section. When mounted, a 0.028 m wide gap allows
the test object to be placed inside the test section by a rod extending to the outside.

Snake Location

The snake configuration is placed centered in the y-z plane. In x direction, the snake
CM is placed 0.69 m from the flow inlet. Figure 4.23 show the H2LT configuration
mounted in the test section. Note that the first top plexiglass is not present in this
photo.

Figure 4.23: Snake configuration placement in circulation tank.

Setup for Drag Coefficients

The setup used in the circulation tank for estimating the drag coefficients is an
improved version of the setup for the passive guided rail towing tank. The setup
is more rigid as the only moving part in this setup is the angle of attack control.
Two stainless steel square pipes mounted across the test section of the tank secures
a solid platform for mounting the snake module. Two stainless steel plates are
mounted on each side of the square pipes. A stainless steel pipe extending down
to the sensor and snake module configuration goes through the plates and does
not allow for movement in z direction. The diameter of the pipe is 0.02 m, further
stiffening the system compared to the previous experimental setup. The top steel
plate is perforated at 3 degree intervals, allowing an angle of attack from 0 to 90
degrees. The chosen angle of attack is locked with a pin. In addition the rod and
connections on the plate and the sensor have extrusions fitted, such that the angle
between them is constant. An illustration of the setup is seen in Figure 4.24.
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Figure 4.24: Illustration of experimental setup in the circulation tank for drag
forces.

(a) Top view. (b) Side view.

Figure 4.25: Overview of the final experimental setup in the circulation tank for
identification of drag coefficients.

Setup for Added Mass Coefficients

For the added mass experiments, the modules requires an acceleration. This is
achieved by utilizing a servo motor from the snake robot Mamba. An actual func-
tioning joint module from Mamba containing the servo motor, electronics and an
angular positioning sensor is used for this purpose. The link is mounted on a beam
across the test section of the circulation tank. An adapter plate is used to mount
the steel pipe to the joint. The snake configuration is fixed at an angle of attack
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equal to zero, θ = 0 degrees. When moving the joint, the snake modules moves an-
gular in the global y-z plane, which translates to a movement in body y direction
only. Figure 4.26(a) illustrates the concept. The servo motor is controlled from a
national Instruments LabView program. The commanded angular position is φ and
the amplitude of the motion is α. The radius of the angular motion of the snake
configuration CM is r = 0.476 m. The final setup is seen in Figure 4.26(b).

(a) (b)

Figure 4.26: Overview of experimental setup in the circulation tank for identifica-
tion of added mass coefficients.

4.4.4 Servo Motor Control and Acceleration Estimation

The servo motor is controlled by a LabView program used in controlling the un-
derwater snake robot Mamba. The LabView program is modified to record mea-
surements from the 6-axis Force/Torque sensor mounted inside the snake module
configuration. Appendix B.1.2 contains the LabView program, and a brief user
guide can be found in Appendix B.1.3. The angular motion is given by the control
signal

φref = α sin (ωt) , (4.9)

where ω is the frequency and α is the amplitude. The maximum value of α is
dependent on the minimum distance the snake configuration should have from the
walls to avoid hydrodynamic wall-effects.

4.4.5 Velocity Measurements and Acceleration Estimations

The flow velocity in the test section of the circulation tank is measured by a
magnetic flow meter, located near the start of the test section. Small modifications
to the test section of the flow tank have been made since the original installation.
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Figure 4.27: Power box and LabView program used for controlling the servo motor.

As a result, the flow speed measurements from the flow meter may not be accurate.
To sufficiently determine the flow speed, a LDV rig has been utilized. In summary,
the LDV concept works in the following way. A laser beam is split in two polarized,
coherent beams which are focused at a single point inside the test section. The focal
point is located in the beginning of the test section, in front of the snake module
configuration. In addition to naturally occurring particles, reflective particles are
added to the fluid. When a particle passes the focal point of the laser beams, the
scattered light is collected by receiving optics and focused on a photo detector. The
resulting light intensity frequency is related to the velocity of the particles, and the
flow velocity can be found. The LDV approach is highly accurate, non-intrusive
and needs no calibration. A limitation is that the velocity is measured at a single
point. However, the inlet flow at the test section is highly laminar, and knowing
the velocity at the focal point should be sufficient.

(a) Laser transmitter/receiver. (b) Laser beams.

Figure 4.28: Laser Doppler Velocimetry setup.

When comparing the velocities obtained from the LDV system to the magnetic
flow meter, the difference is small. The differences in measured velocity can be seen
in Table 5.3. For each velocity, the LDV system is set to measure the velocity con-
tinuously until around 100 particle velocities are accepted and the average velocity
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is returned. The error between the measurements are very low.

Acceleration Estimations for Added Mass

As this setup does not contain an accelerometer, the acceleration and velocity of
the snake configuration has to be determined in a different way. By differentiating
the command signal, angular velocity and angular acceleration is obtained. The lag
between the measured position φ and the command signal φref is used to deter-
mine the phase shift, Φ. Additionally, the measured amplitude is larger than the
commanded due to overshooting. The difference is adjusted for by adding a term
to the amplitude. The corrected signal, φref, can be differentiated to find the an-
gular velocity and acceleration coinciding with the measured angle. Figure 4.29(a)
show the command signal together with the measured angle and corrected signal.
Figure 4.29(b) show the resulting estimated angular acceleration compared to the
numerically differentiated angular acceleration based on the measured angle. The
angular acceleration estimate clearly follows the numerically differentiated angular
acceleration, completely removed of noise.
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Figure 4.29: Correction of angular position and accelleration.

Body y velocity and acceleration is found by multiplying with the radius, r. The
resulting velocity and acceleration estimates of the snake module configuration is
given by

v̂y = r (α+ δ)ω sin (ωt+ Φ) , (4.10)

ây = −r (α+ δ)ω2 cos (ωt+ Φ) , (4.11)

where δ and Φ are the amplitude and phase shift correction terms, respectively,
and v̂y,
hatay are the estimated velocities and accelerations.
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4.4.6 Experimental Scenarios

The experimental scenarios conducted in the circulation tank are run for two snake
module configurations, H1LT and H2LT.

Drag Coefficients

The experimental scenarios for identification of drag coefficients are chosen to
match the simulation scenarios. The accurate control and measurement of the fluid
flow velocity makes this possible. Table 4.5 overviews the conducted experiments.
Each of the experimental cases are conducted twice. Case 1 considers an angle of
attack equal to zero, θ = 0 degrees, at 10 different velocities. The experiments are
run once with increasing flow velocity, and a second time with decreasing velocity.
Case 2-5 are run at four velocities with a varying angle of attack, ranging from 0
to 90 degrees at 3 degree intervals. Again, each case is run once with increasing
θ and again with decreasing θ. For all cases, measurements capturing any static
noise are captured prior and subsequent to each of the twin case runs. After the
flow velocity or angle of attack is changed, the force recordings are started when
the any possible force fluctuations have settled and the flow has reach its steady
state. The force measurements for each run is then recorded for 10 seconds.

For body configurations H1LT and H2LT
Velocity [m/s] Angle, θ [deg] No. of
Range step size Range Step size runs

Case 1 [0.1 to 1] 0.1 0 — 10 × 2
Case 2 0.1 — [0 to 90] 3 31× 2
Case 3 0.2 — [0 to 90] 3 31× 2
Case 4 0.3 — [0 to 90] 3 31× 2
Case 5 0.4 — [0 to 90] 3 31× 2

Simulation scenarios per configuration: 134× 2
Total number of experimental runs: 536

Table 4.5: Scenarios for obtaining drag coefficients in the circulation tank experi-
ments. For H1LT and H2LT snake module configurations.

Added Mass

Added mass experiments are conducted with body x axis parallel to the fluid flow
in the circulation tank, θ = 0 degrees. The body configurations are moved in
a sinusoidal motion perpendicular to the flow, illustrated in Figure 4.26(a). The
experiments are run for a set of different amplitudes, α, and frequencies, ω.

The largest value of α is dependent on the width of the test section, movement
radius, and the radius of the snake module. Additionally, requiring that the snake
configuration is not too close to the walls, the maximum amplitude is found to be
α ≈ 20 degrees. As the snake configuration is moved towards the walls, displaced
fluid will push back onto the snake, causing inaccurate force measurements. Ideally,
the experiments should be conducted in a larger pool where there is no possible
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issues with such wall effects. A solution is to remove the displaced fluid by applying
a fluid flow in the circulation tank. The width of the tank limits the experiments to
identifying added mass in y direction only. For long slender bodies, this can safely
be assumed zero. The presence of a fluid flow in x direction should therefore have
little impact on the behaviour of the snake configuration.

The lowest possible frequency, ω is found by visual inspection. For ω < 60 deg/s,
a jerky and inconsistent motion is clearly observed, resulting in the actual motion
differing in a large degree from the commanded motion. The largest frequency is
found by monitoring the temperature of the servo motor for a large amplitude
at increasing frequencies. Too high temperatures indicates that the servo motor
might be overloaded and the commanded motion will not be possible to follow.
Additionally, the high load can cause the servo motor to malfunction.

The experimental cases are presented in Table 4.6. For each combination of
amplitude and frequency, the experiments are run for 60 seconds. Additionally, 5
seconds of noise measurements are recorded prior and subsequent to the sinusoidal
motion.

For body configurations H1LT and H2LT
α ω Fluid flow No. of

[deg] [deg/s] [m/s] runs
Case 1 10 60, 70, 80 0.2 3
Case 2 15 60, 70, 80 0.2 3
Case 3 20 60, 70, 80 0.2 3

Simulation scenarios per configuration: 9
Total number of experimental runs: 18

Table 4.6: Scenarios for obtaining added mass coefficient in the circulation tank
experiments. For H1LT and H2LT snake module configurations.

4.4.7 Measurement Post Processing

Drag

For each of the two twin runs, the average of the noise recordings prior and subse-
quent to the experiments are subtracted. This gives four force recordings that have
been compensated for any static noise that might be present. The average of the
four compensated force measurements are the final obtained force. For two twin
runs, 1 and 2, the final force is found by

f̄m =
1

4

2∑
i=1

fm,i − fpre
noise,i + fm,i − fpost

noise,i, (4.12)

where f̄m is the resulting force, fm,i is the measured noise for run i, while fpre
noise,i

and fpost
noise,i are the noise measurements prior and subsequent to run i. Figure 4.30

show examples of noise measurements, compensated force measurements and the
final force.
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Figure 4.30: Example of resulting force measurement based on two runs and com-
pensated for noise.

Added Mass

The measured forces can be decomposed to several terms which has to be deter-
mined individually. The added mass forces can be extracted from this.

fA = fm −ma− fD − fB . (4.13)

The measured force is filtered to remove some unwanted noise. This is seen in
Figure 4.31.

Acceleration estimations are explained previously. The mass of the snake is
found by measuring the complete setup with the snake module configurations,
sensor, motor and cables. As water enters the configuration, this becomes part
of the mass of the system. By subtracting the weight of the setup without the
snake module configuration, the mass of the two snake module configurations are
obtained: mH1LT = 1.43 kg, mH2LT = 2.395 kg. The drag forces are based directly
on the coefficients obtained from the drag experiment. The buoyancy force is found
by biasing the sensor data at φ = 0 degrees, where the buoyancy component of the
measured force in y direction, fmy , is zero. For four different values of φ, fmy is
measured and the buoyancy force, B, is found from the relation

B =
fmy

sin(φ)
. (4.14)

The measurements are done twice for each combination of snake module config-
uration and φ. Table 4.7 summarizes the obtained buoyancy forces. From Equa-
tion 4.14, the buoyancy force in y direction as a function of the angle φ is

fB = B sin(φ). (4.15)

Removing all of the above terms from Equation 4.13 the forces caused by the
added mass is found. Figure 4.32 show the different force components obtained
from the added mass experiments.
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Figure 4.31: Filtered and unfiltered force measurements for added mass experi-
ments. With α = 20 and ω = 80.

H1LT H2LT
Buoyancy force, B [N]

φ Run 1 Run2 Run 1 Run 2
5 3.8210 3.8158 8.2147 8.7697
10 3.8100 3.9062 8.3242 8.6104
15 3.8379 3.8569 8.2700 8.4756
20 3.8483 3.8699 8.2674 8.3954

Mean force B = 3.8457 B = 8.4159

Table 4.7: Obtained buoyancy force for H1LT and H2LT body configurations.

4.4.8 Limitations

The size of the test section of the circulation tank limits the conducted experiments
to the H1LT and H2LT snake configurations only. The width of the test section
is less than the length of the H3LT configuration, highly limiting the number of
possible experiments with a varying θ. For small θ, the test section can accommo-
date the H3LT configuration. However, this could lead to inaccurate LDV velocity
measurements. There are limitations in the placement of the LDV system which
for the H3LT configuration will lead to the laser focal point being placed at a lo-
cation where the flow has been altered due to the presence of the snake module
configuration.
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Figure 4.32: The various force components obtained from added mass experiments.
Excerpt from experiment with H2LT configuration with α = 20 and ω = 80.
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Chapter 5

Results

This chapter presents and discusses the results for drag coefficients and added mass
coefficients based on performed simulations and experiments. The results regarding
the drag coefficients are obtained from flow simulations in Solidworks, a passive
towing tank experimental approach, and circulation tank experiments. The results
related to the added mass coefficients are obtained from simulations in WADAM
and circulation tank experiments. The results for drag coefficients are presented
first, followed by results for added mass coefficients. For both cases, simulation and
experimental results are compared. Simulations are performed on nine different
snake configurations, named H1LT, H2LT, . . . , H9LT. Each consisting of head
and tail modules and from one to nine middle links. Due to limitations in size, the
experimental approaches are performed on the H1LT and H2LT snake configuration
only.

All result files are found in Appendix A and Appendix B

5.1 Drag Coefficients

Drag coefficients are found from forces and velocities obtained from simulations
and experiments as discussed in Chapters 3 and 4. The simplified work flow for
obtaining the drag coefficients from the forces is illustrated in Figure 5.1

Figure 5.1: Illustration of the work flow for estimation of drag coefficients.

This section is organized as follows: Simulation results are presented together
with a system identification based on a least squares approach. It is followed by
results and system identification for the experimental procedures. The section is
concluded with a summary of the findings.
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5. Results

5.1.1 Solidworks Simulations

Solidworks returns forces in body x and y directions for each case of combined
input velocity and angle of attack. For each of the nine body configurations, five
simulation scenarios are run, Table 3.4. The first being at 50 flow velocities ranging
from 0.02 to 1 m/s with an angle of attack set to zero, θ = 0 degrees. The last four
cases are run at four different flow velocities, each for varying angle of attack, θ.

Case 1: Zero Angle of Attack at Increasing Velocities

In the case of zero angle of attack, the resulting forces obtained from the Solidworks
flow simulation are presented in Figure 5.2. The forces returned by the simulation
software is the fluid forces acting on the snake as a result of the fluid flow past
the snake configurations. As the fluid flows are stationary, no added mass effects
are present. The graph show the fluid forces acting on the nine different snake
configurations, H1LT throguh H9LT, as a result of the fluid flow velocity. Following
previous notation, the positive x axis is in the direction of travel, and thus the fluid
forces acting on the snake have negative sign. As a result of the snake geometry
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Figure 5.2: Simulation results for all snake configuration exposed to a fluid flow at
θ=0 degrees for increasing velocities.

being symmetrical about the xy and xz plane, body y forces are omitted as these are
minuscule and produce no viable results. In general, Figure 5.2 reveals expected
behaviours, meaning that the fluid forces are zero for v = 0 and increases with
increasing velocity. Additionally, the forces are further amplified for larger snake
configurations. It is clear that the main trends are consistent, and the force curve
for each configuration follows a predictable curve.

Spikes and noise is observed for most of the snake configurations. The major
effects are observed at velocities greater than v = 0.5 m/s. The spikes are of
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5.1. Drag Coefficients

various amplitude and do not appear at the same velocities for the different snake
configurations. The observation of spikes and noise effects is a recurring tendency
in all performed simulation schemes. Possible explanations for the noise effects and
why the H5LT and H6LT configurations are exposed to less noise is discussed later.

Cases 2-5: Varying Angle of Attack for Given Velocities

The comprehensive results from the simulation cases concerning various angles of
attack is presented graphically in Figures 5.3 and 5.4. The graphs show forces in
body x and y direction for four different velocities, with an angle of attack between
0 to 90 degrees. By exposing the snake configuration to fluid flows from different
angles, forces in both body x and y direction are obtained. This makes it possible
to identify drag coefficients in x and y direction, Cf and Cd for the original model,
and the various variations of the model.

Considering first the y forces seen in Figures 5.3(b), 5.3(d), 5.4(b) and 5.4(d),
all forces start at zero as previously mentioned. The overall behaviour is similar for
all four velocities, varying mainly in amplitude. As the angle of attack is increased,
the force increases in a sinusoidal manner as the body forces are directly correlated
to the body velocity. As the angle of attack is increased beyond approximately
40-50 degrees spikes are starting to appear frequently. This might be due to the
fluid flow direction being more perpendicular to the cylindrical form of the bodies.
For small angles, the head and tail module heavily limits turbulent fluid behaviour
around the snake modules configuration. For a cylinder, turbulent behaviours may
appear for fluid flow perpendicular to the cylinder axis. As the snake configurations
largely resembles a cylindrical body, such behaviour should be expected.

Forces in body x direction are of far less magnitude. This is expected as the
characteristic area in x direction is inferior to that in y direction. The forces are
increasing with the size of the snake configuration and decreasing as the angle
increases. At approximately 40 to 60 degrees angle of attack, the body x forces are
giving a positive force against the fluid flow. This is possibly due to the dissimilar
geometry of the head and tail modules. If the geometry of the head and tail modules
were identical, the forces would converge to zero as θ approaches 90 degrees. This
is because the velocity in x direction is zero for θ=90 degrees. The head module
is quite bulky with a wide front to accommodate a camera and LED lights and
other devices. Whereas the tail has sharper edges. The difference between the
two modules is clear in Figure 4.7. When the snake configuration is exposed from
fluid flow in y directions, positive force contributions in body x direction appears,
pushing the body forwards. The effect is small, but superior to the general drag
forces in x direction, resulting in the total forces being positive for flow angles
greater than 40-50 degrees. From this, one would expect the positive x force having
its largest value at θ = 90 degrees. Despite this intuitive explanation, the peak is
located at roughly 78 degrees, after which it is decreasing and returning to the drag
forces being the dominant player. A possible explanation is that, especially for the
head, the surfaces are not straight lines, but a combination of lines and curves of
different length and bend radius. The result being that the y velocity components
leads to equal force in x direction.
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5. Results

The noise is more prominent in the x force plots than for y forces. One aspect
is the general amplitude of the measured forces in x direction being small. The
results may therefore be more easily influenced by simulation errors. In addition,
the fluid is generally more turbulent in the x direction for the angled cases as the
geometry resembles a cylinder. The noise and spike aspects are discussed in general
the next subsection.

For all cases presented in Figures 5.3 and 5.4, although troubled with noise,
the general behaviour of the obtained forces are consistent and can provide a good
basis for the identification of the fluid coefficients. Especially if the angle of attack
is limited to a maximum of 40 degrees, which is a common chosen amplitude range
for the motion of the link angles for swimming snake robots [18], [22].

Noise and Spikes in Simulation Results

The reason for the observed noise and spikes are unknown. One hypothesis is
the available computational resources available for a given simulation scenario.
Simulation mesh refinement and the size of the Computational Domain are the
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Figure 5.3: Simulation results for all snake configurations exposed to fluid flow for
different angles at velocities v = 0.1 and v = 0.2 m/s.
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(c) v = 0.4 m/s
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Figure 5.4: Simulation results for all snake configurations exposed to fluid flow for
different angles at velocities v = 0.3 and v = 0.4 m/s.

two components that determines the complexity of the simulations. The size of
the CD is defined based on the snake module configuration size as discussed in
Chapter 3.1.2. Simulations are run at the second most refined mesh setting, as
preliminary simulation tests on the highest mesh setting resulted in the simulations
crashing. It is possible that the chosen mesh setting results in the simulations
approaching a resource limit, and thus is struggling to reach some of the various
convergence criteria. As a result one would expect the spikes to increase with
the size of the snake configuration. From Figure 5.2 this is seen to be generally
correct, with the exception of the H5LT and H6LT configurations. However, these
two simulation cases are run on the far more powerful server farms than the other
configurations. This is in support of the hypothesis. On the other hand, larger snake
configurations should lead to less turbulent fluid behaviour in the case presented
in Figure 5.2.

Noise and spikes are clearly more present in the angled cases in Figures 5.3
and 5.4. The noise is still increasing with the snake configuration size as previously
proposed. The disturbances are especially noticeable for the H8LT configuration,
but is somewhat less apparent for the H9LT configuration. However, as seen in
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5. Results

Figures 5.4(c) and 5.4(d), for v = 0.4m/s forces acting on the H8LT configuration
are less troubled with spikes than the less computationally demanding H7LT con-
figuration. As the simulations for the H8LT configuration were run on one of the
server farms, this further supports the claimed hypothesis.

It is interesting to directly compare the outcome of the same simulation sce-
nario run on two different computers. Figure 5.5 show the results for the H9LT
configuration for a varying angle of attack at v = 0.3 m/s. The simulations are run
on Computer 1 and Server farm 1 (Table 3.5). The simulation case in question is
one of the most demanding cases, and a difference in the results is expected. The
plotted results highly supports the proposed hypothesis. While spikes do indeed
occur for the server calculations, the amount is clearly less than for the simulations
done on a regular computer.
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Figure 5.5: Comparison of an identical simulation scenario run on computer and
server farm. For H9LT at v = 0.3 m/s and varying θ.

A reasonable suggestion is to perform the simulations on a less refined mesh
setting to reduce the noise generated by the highly computationally demanding
simulations. Prior to the simulations performed for this thesis, a large set of similar
simulation cases was performed to investigate the simulation behaviour. In these
preliminary simulations, the mesh refinement was set at the default value of 3 and
the CD was at its default size, resulting in far larger CDs than for this thesis. The
simulations were performed only on two snake configurations: H1LT and H2LT.
While the overall results were similar, the results from the simulation tests showed
far more tendencies of noise and spikes than what has been presented in this thesis.
The conclusion at that point was to increase the mesh refinement to obtain more
accurate results, which the results in this thesis have shown to be.

Ideally, all simulations should be run on the powerful server farms or on equally
powerful computers. Thus reaching a limit in computational performance would be
avoided. For the sake of this thesis, it is not possible. The available server farms
are shared between multiple users and are generally slow as a result of this, even
though the actual available computational resources are beyond what is needed.
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5.1. Drag Coefficients

For the used composition of six computers working in parallel on the simulations,
the time needed for completion was six weeks. Running all simulations on one
computer would demand approximately nine months of computing time. Further,
considering expanding the CD would require additional computing time. This is
not feasible for the scope of this thesis. Note that with the available resources,
the obtained simulation results with the mesh refinement level of 6 gave sufficient
results which are compared with the experimentally obtained data.

System Identification

The force data generated from the simulation cases is utilized in a least squares es-
timation scheme to determine the fluid coefficients for drag. The estimation scheme
is applied to both the original model for the drag forces, Equation 2.22, and for the
various adaptions made to this model, Chapter 2.3. Based on all simulation data,
each estimation model returns the corresponding fluid coefficients. Further, the es-
timated fluid coefficients are included in the different force models and compared to
the simulation results. Figure 5.6 show this for snake module configurations H1LT,
H2LT, H5LT and H8LT at zero angle of attack θ = 0 degrees. The original model
f̂1 together with f̂2 and f̂6 are the least successful estimates, but have less error as
the snake configuration is extended. The remaining models, f̂3, f̂4 and f̂5 are far
more fitting and returns almost the exact same forces. The latter three estimation
models all includes drag coefficients for the head and tail module as is not the
case for the other model variations. As the geometry of the head and tail modules
are vastly different to the link modules, it is perhaps no surprise that the models
including these tends to be more precise.

For the angled cases, Figure 5.7 show comparisons of simulated and estimated
forces on configurations H1LT, H2LT and H5LT at a velocity v = 0.3 m/s. Focusing
firstly on the forces in x direction, none of the model variations are truly fitting.
The closest matches are found for H5LT and larger configurations where the most
estimation models are reasonably close to the simulations up to θ = 30 degrees.
For larger angles, f̂4 stands out as most fitting. Being the sole candidate providing
positive forces for large angles of attack. Referring to Chapter 2.3, f̂4 is the most
complex model, containing 10 drag coefficients, indicating this should be the most
fitting model.

In contrast to the x forces obtained from the simulations, the y forces are more
consistent and should result in better estimations. For larger snake module configu-
rations, the various model variations are quite similar in behaviour. However, none
of the model variations are truly close to the simulation results. Although there are
some strange behaviour being observed for θ > 50 degrees, this is not really of great
importance for real life applications. As have been mentioned earlier, common gait
patterns for underwater snake robots generally considers link amplitude motions
θ ≤ 40− 50 degrees.

Figures 5.6 and 5.7 concerns only a few simulation cases for a selection of
snake module configurations, although the estimations are based on all simulation
data. A statistical analysis for how well each model variation fits to the simula-
tion cases is presented in Figure 5.8. Pearson, Spearman and Kendall‘s correlation
coefficients,[14], [24], indicates how well the estimated data set correlates to the
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Figure 5.6: Estimation results compared to simulation results for four different
snake module configurations, for θ = 0 degrees.

simulation results. A value of 1 indicates perfect positive correlation. The resulting
coefficients indicates that the force model f̂4 have the highest correlation in x and
in y.

Drag Coefficients from simulations

The resulting fluid coefficients obtained for the different estimated force models
based on the simulation data is seen in Table 5.1.
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Figure 5.7: Simulation results for v = 0.3m/s at different angles θ, with different
configurations.
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Figure 5.8: Pearson, Kendall and Spearman correlation coefficients for the simu-
lated and estimated data sets.

Model variations
f̂1 f̂2 f̂3 f̂4 f̂5 f̂6

Cf 0.0046 0.2361
Cd 0.1206 0.4807
CIf 0 0 0 0.0003
CId 0.0374 0.0191 0.0191 0.0374
CIIf 0.0112 0.0066 0.0066 0.0062
CIId 0.4063 0.4064 0.4064 0.3484
CIfHT

0 0.0063
CIdHT

0.1956 0.1956
CIIfHT

0.1106 0.1050 0.1134
CIIdHT

0 0 0.6186
CIXY 0.0055

F
lu
id

C
oe
ffi
ci
en
ts

CIIXY 0.1957 0.1779

Table 5.1: Fluid coefficients identified based on simulations.

5.1.2 Passive Towing Rig Experiments

The Towing rig experiment results in data from the 6-axis force/torque sensor
as well as velocities. From the six available measurements, only forces in x and
y directions are considered as these are the ones of importance. The accuracy
of the recorded forces and estimated velocities is deemed sufficient, as stated in
Chapter 4.3.7. Due to size limitations, the experiments are only conducted for the
H1LT and H2LT snake module configurations.

Case 1: Zero Angle of Attack at Increasing Velocities

Figure 5.9 show the recorded forces from the passive towing rig experiments. Again,
forces in y direction have been omitted as they are insignificant. Figure 5.9(a)
presents the recorded forces. Each cluster of crosses are the forces for each of
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Figure 5.9: Experimental results on H1LT and H2LT for θ = 0 degrees for different
weight inputs.

the six performed runs per weight input. The force is increasing linearly with the
applied weight input. The results for H2LT show a slightly higher recorded force,
which is expected due to the difference in size and mass. Similarly, for a given
weight input, the resulting velocity differs from the two snake configuration, as
seen in Figure 5.9(b). Finally, the forces as a function of the velocity is plotted in
Figure 5.9(c), in a similar fashion as for the simulation results in Chapter 5.1.1.

The recorded forces from this experiment are higher than for the simulations,
while still having the same qualitative behaviour. The reason behind the deviation
is investigated later in this section.

Case 2: Varying Angle of Attack for Given Weight Inputs

The experiments with varying angles of attack were performed with three different
weight inputs for both snake configurations. Chapter 4.3.2 discusses the upper
and lower weight limits. Further, the angle of attack is mechanically limited to 0
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to 40 degrees. Figures 5.10(e) and 5.11(e) show, for both snake configurations at
different weight inputs, the resulting velocities as a function of the angle of attack.
The qualitative behaviour is similar, with some minor exceptions. Figures 5.10(a),
5.10(b), 5.11(a) and 5.11(b) portray the body forces for a varying θ. The results
resembles the behaviour of the simulations, where y forces are increasing with the
angle and the x forces are decreasing. However, as the maximum angle is 40 degrees,
no information is available regarding the effects in the x force occurring at larger
angles.

In figures 5.10(c), 5.10(d), 5.11(c) and 5.11(d), the global velocity is transformed
to body velocity as a function of θ. As the recorded force and velocity is closely
related, the expected behaviour would be for all the data points to form a single
line. This should be the case regardless of the given input weight. This suggests
errors in either one or both of the force measurements and velocity estimations.
The latter is the most likely case, as will be discussed later.

Unlike the experimental approach cases for θ = 0 degrees, there is now no direct
visual comparison between the simulations and experiments. Except the fact that
the recorded forces are higher in this case as well. The simulations were done at four
given flow velocities, whereas this experiment returns different velocities dependent
on the combination of θ and the weight input.

The results from this experiment show in large degree an expected behaviour,
but may be lacking accuracy. A further comparison between simulation and exper-
imental results is presented later.

Sources of Error

As mentioned in the previous paragraphs, the simulation and experimental results
differ to some degree. Assuming the simulation results are correct, the following is
a summary of possible sources of error in the performed experiments.

• The correctness of the result relies upon the system reaching a steady-state
velocity with zero acceleration. The pool size results in a limited travel length
for the system. The measured forces will contain added mass components
if the wagon is still accelerating while the force measurements are being
recorded. This will contribute to a higher measured drag force. The possibil-
ity of an ongoing acceleration should be examined by using an accelerometer
mounted on the wagon, which was not possible with this setup.

• The system is not completely rigid. The snake module configuration is at-
tached to the wagon by a 0.4 m long rod. As the wagon is released, the rod
might bend and cause the snake to oscillate in x direction. The rod has been
reinforced which reduces this effect. In addition, the attachment point be-
tween the rod and the wagon may also be a source of a wobbling effect. This
might lead to the averaging of the recorded forces not being precise.

• Again, due to the small size of the pool, every movement in the water is
a cause for waves and turbulent fluid behaviour. An experimental run is
not conducted until the water has calmed down. This is confirmed visually
and by looking at the current measurement readings. However, there may
still be undesired effects in the water that affects the measurements. While
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Figure 5.10: Experimental results on H1LT for varying θ for different weight inputs.
Velocities in (c) and (d) are the body velocities based on (e).
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Figure 5.11: Experimental results on H2LT for varying θ for different weight inputs.
Velocities in (c) and (d) are the body velocities based on (e).
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an experimental run is conducted, water may bounce back from the walls,
causing incorrect force measurements.

• Even though the 3D printed snake modules originally are identical to the
geometry models used for the simulation, a few modifications have been made.
These are described in Chapter 4.2.1. The resulting opening around the rod
and cable entrances is a source for turbulent fluid behaviour as sharp edges
occur. The same is true for the rod itself. If however, the experiments are
conducted for larger snake module configurations, such as H3LT and so forth,
the effects caused by the rod and openings will be less, compared to the other
measured forces.

• The Dragon Skin coating is applied to obtain a smoother surface, as described
in Chapter 4.2.2. The painting process is done manually and carefully. Still,
the cured skin will not be completely evenly distributed on the snake module
configuration. When curing, the snake module configuration is hanging from
the rod. As the skin is initially liquid, gravity will pull some of liquid to the
bottom of the configuration. Resulting in droplets being formed. Finally, the
applied skin, although very thin, causes the overall size of the configuration
to expand.

Although some of the challenges listed above are minuscule, the total combination
is a source of error. Note that generally the simulations are conducted considering
ideal cases, while during experiments the different factors can affect the obtained
results.

System Identification

Similarly to the procedure in the previous section concerning the simulation results,
system identifications were performed for several model variations. Figure 5.12 show
the results for the H1LT and H2LT snake module configurations together with
the estimated models. The results from the experiment and the estimated models
seems to fit more accurately, despite the number of data points being significantly
less than for the simulations. Comparing Figures 5.12(a) and 5.12(b), a larger
configuration of the snake robot, seems to fit better with the different models. This
observation is discussed in Chapter 5.1.4 in light of the results from the simulations
and circulation tank experiments.

Figures 5.13 and 5.14 show the results for H1LT and H2LT for different values
of θ and weights. Figures 5.13(a), 5.13(c) and 5.13(e) show the results in x direction
for H1LT at different weights, and Figures 5.13(b), 5.13(d) and 5.13(f) the results
in y direction. Most of the estimation models have similar qualitative behaviour
as the measured forces. Estimates f̂1 and f̂2 seem to be the least fitting in x and y
direction, but behaves in the same way for the different weights.

For the H2LT configuration, shown in Figure 5.14, the trend is similar to the
H1LT case. Again, the different models fit better then for H1LT, indicating that
larger snake module configurations could provide more consistent results.

Overall, the estimates for model variation f̂4 is the most fitting model. This is
further backed up by the statistical analysis in Figure 5.15, where it has the highest
correlation for all three statistical analyses.
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Figure 5.12: Comparison of experimental results to different estimated models, for
θ = 0 degrees.

Drag Coefficients from passive towing rig experiment

The resulting fluid coefficients obtained for the different estimated force models
based on the passive towing rig data is seen in Table 5.2.

Model variations
f̂1 f̂2 f̂3 f̂4 f̂5 f̂6

Cf 0.0242 0.4319
Cd 0.2813 1.7712
CIf 0.0042 0.0109 0.0152 0.0177
CId 0.0193 0 0 0.0184
CIIf 0.0693 0.0149 0.0045 0
CIId 2.2438 1.5249 1.5249 1.3918
CIfHT

0 0
CIdHT

0.0795 0.0795
CIIfHT

0.2363 0.2498 0.2556
CIIdHT

1.8852 1.8852 2.4598
CIXY 0.0870

F
lu
id

C
oe
ffi
ci
en
ts

CIIXY 0.8704 0.3472

Table 5.2: Fluid coefficients identified based on the passive towing rig experiments.
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Figure 5.13: Comparison of experimental results to the estimation models. H1LT
configuration.
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Figure 5.14: Comparison of experimental results to the estimation models. H2LT
configuration.
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Figure 5.15: Statistical analysis of estimation based on experiments.

5.1.3 Circulation Tank Experiments

Compared to the passive towing rig experimental approach, the circulation tank
experiments returns a large set of measurement data. The reason for this is the
extended range of possible fluid flow velocities in the circulation tank.

Case 1: Zero Angle of Attack at Increasing Velocities

In Figure 5.16, the obtained force measurements in body x direction are seen for the
two configurations H1LT and H2LT with θ = 0 degrees. Again, due to symmetry,
the forces in y are omitted as the measurements are very close to their theoreti-
cal value of zero. The observed behaviour is as expected, with the magnitude of
the forces increasing with the fluid flow velocity and configuration size, while still
having a qualitatively similar behaviour for the two configurations.

Flow velocities and water temperature measurements are collected for all exper-
imental trials in the circulation tank. Table 5.3 presents the obtained flow velocities
and water temperatures for θ = 0 degrees experiments. Velocities obtained from
the magnetic flowmeter are quite similar to the more accurate LDV measurements,
suggesting it might be sufficient to obtain flow velocities from the built-in magnetic
flowmeter in the circulation tank and still get accurate results.

Each velocity is recorded at four separate trials. For each of the four trials, the
recorded velocities for a given reference velocity are very similar. For each velocity,
the trials are conducted for different water temperatures and at different days
for the two snake module configurations. At the first day of the experiments, the
circulation tank was filled with water with a temperature lower than the ambient
temperature. As a result of this, the water temperature is slowly converging towards
the ambient temperature.

The recorded velocities seems to be independent of water temperatures and
which snake module configuration that is submerged, making the experiments
highly repeatable.
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Figure 5.16: Circulation tank force measurements for H1LT and H2LT snake mod-
ule configurations when exposed to a fluid flow at θ=0 degrees for increasing ve-
locities.

Cases 2-5: Varying Angle of Attack for Given Velocities

Figure 5.17 gives an overview of the obtained forces in body x and y direction for
H1LT and H2LT configurations for varying θ at four different fluid flow velocities.
For forces in x direction, the fluid forces decreases for θ ≤ 10 degrees approximately,
after which they increase up until θ ≈ 85 degrees before again dropping. The
behaviour is a result of the geometry of the snake, leading to body y velocities
affecting body x forces. The reader is referred to Chapter 5.1.1 for the discussion
regarding similar behaviour for the corresponding simulation cases.

An interesting behaviour is observed in x forces for both snake module con-
figurations, Figures 5.17(a) and 5.17(c). At θ ≈ 40 degrees all the recorded forces
in body x direction, for both snake configurations and for all velocities, crosses
the y = 0 axis. The only exception is for the H2LT configuration at v = 0.3 m/s,
Figure 5.17(c), where the transition occurs at a larger θ. This is interesting input
for further investigation of the hydrodynamic modelling.

Force results in y direction, Figures 5.17(b) and 5.17(d), are behaving in a
more predictable way, generally increasing as θ increases. However, at θ ≈ 60− 70
degrees, the forces decrease. This is probably due to unwanted effects from the side
walls of the test section in the circulation tank. Additionally, this may also affect
the measured forces in x direction.

Table 5.4 overviews the measured flow velocities and water temperatures for
these experimental trials. The results are in accordance with what was obtained
from the experimental cases with θ = 0 degrees.
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Run 1 Run 2
vref Flowm. LDV RMS Temp. Flowm. LDV RMS Temp.

[m/s] [m/s] [%] [◦C] [m/s] [m/s] [%] [◦C]
For body configuration H1LT

0.1 0.101 0.1048 1.012 17.9 0.100 0.1043 0.545 17.8
0.2 0.205 0.2097 0.899 17.9 0.203 0.2087 0.775 17.8
0.3 0.299 0.3069 0.667 17.9 0.305 0.3091 0.786 17.8
0.4 0.402 0.4085 0.751 17.9 0.409 0.4135 0.864 17.8
0.5 0.502 0.5094 0.717 17.9 0.507 0.5157 0.633 17.7
0.6 0.605 0.6135 0.650 17.9 0.612 0.6170 0.277 17.7
0.7 0.709 0.7159 0.449 17.9 0.711 0.7170 0.326 17.7
0.8 0.808 0.8155 0.463 17.5 0.809 0.8166 0.370 17.6
0.9 0.909 0.9156 0.331 17.5 0.911 0.9141 0.560 17.6
1.0 1.009 1.0110 0.655 17.5 1.018 1.0160 0.356 17.6

For body configuration H2LT
0.1 0.100 0.1045 0.680 17.0 0.100 0.1047 0.631 17.0
0.2 0.202 0.2095 0.728 17.0 0.201 0.2063 0.979 17.0
0.3 0.302 0.3082 0.739 17.0 0.302 0.3100 0.650 17.4
0.4 0.400 0.4114 0.769 17.0 0.400 0.4115 0.745 17.4
0.5 0.500 0.5134 0.653 17.0 0.500 0.5133 0.677 17.4
0.6 0.605 0.6146 0.568 17.0 0.605 0.6135 0.620 17.4
0.7 0.707 0.7161 0.467 17.0 0.710 0.7220 0.625 17.4
0.8 0.811 0.8170 0.281 17.1 0.809 0.8214 0.725 17.4
0.9 0.912 0.9182 0.154 17.2 0.903 0.9138 0.473 17.4
1.0 1.007 1.0160 0.255 17.3 1.009 1.0160 0.324 17.3

Table 5.3: Velocity and water temperature data for drag coefficient experiment for
θ = 0 degrees in the circulation tank.

Run 1 Run 2
vref LDV RMS Temp. LDV RMS Temp.

[m/s] [%] [◦C] [m/s] [%] [◦C]
For body configuration H1LT

v = 0.1 0.1046 0.689 17.9 0.1042 0.722 17.5
v = 0.2 0.2101 0.749 17.6 0.2086 0.966 17.6
v = 0.3 0.3113 0.917 17.6 0.3075 0.813 17.7
v = 0.4 0.4121 0.738 17.8 0.4159 0.612 17.8

For body configuration H2LT
v = 0.1 0.1050 0.853 16.4 0.1053 0.768 16.4
v = 0.2 0.2114 0.718 16.5 0.2097 0.633 16.6
v = 0.3 0.3080 0.768 16.8 0.3084 0.673 16.3
v = 0.4 0.4177 0.766 17.3 0.4128 0.857 17.4

Table 5.4: Velocity and water temperature data for drag coefficient experiment for
varying θ in the circulation tank.
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Figure 5.17: Experimental results for snake module configurations H1LT and H2LT
for varying θ and different fluid flow velocities.

Sources of Error

The circulation tank experiments have fewer sources of error than what has been
discussed for the passive guided rail setup in Chapter 5.1.2. Mainly, the system
now has steady-state velocities, a rigid mechanical system and less disturbances in
the test section. Still, the possible challenges concerning the snake coating and the
opening in the snake configuration around the rod and sensor cable entrance are
still present.

Additionally, the width of the test section causes the nose and tail of the snake
to be very close to the walls at large θ. The turbulent fluid behaviour around these
snake geometries in near proximity to the walls are probable causes of erroneous
force measurements. Ideally, a wider test section would eliminate these wall effects,
and would additionally accommodate for larger snake module configurations.
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System Identification

The system identification schemes for the circulation tank experiments are run with
two different data sets as input. The first case includes the entire data set from the
experiments, which is in accordance with the system identification schemes for the
simulations in Chapter 5.1.1 and the passive towing rig experiment in Chapter 5.1.2.
The second estimation scheme limits the input for the angled experiments to a
restricted data set including the results for θ ≤ 39 degrees. This is done in order to
mitigate the unwanted wall effects obtained from the circulation tank experiments
for large θ. And additionally, θ ≤ 40 degrees is a common maximum amplitude for
underwater snake robots gait patterns. As has been noted earlier, the forces in y
direction are dropping at large θ due to the wall effects. In order to obtain accurate
estimates for the added mass coefficient in y direction, accurate drag coefficients
are needed. By limiting the data set to θ ≤ 39 degrees, the unexpected behaviour
in y forces are eliminated and the estimated models should return results that are
more predictable.

In Figure 5.18 the x force result for θ = 0 degrees is compared to the estimated
force models when the input data is unrestricted to all values of θ. Figure 5.18(a)
and Figure 5.18(b) compares the H1LT and H2LT snake module configurations,
respectively, with the estimations based on the restricted data set. Figure 5.18(c)
and Figure 5.18(d) show the same comparison, but for the unrestricted data set.
The estimated force models seems to fit satisfactory with the measured forces. The
exception is f̂1 and f̂2 that are no good match for the H1LT configuration, but
are closer for H2LT. This phenomena is further discussed in Chapter 5.1.4 when
comparing the experimental results to the simulations. Additionally, the restricted
data set causes a small improvement in the estimations.

Figure 5.19 show the results of the system identification for the angled case
at v = 0.2m/s for H1LT(Figures 5.19(a) and 5.19(b)) and H2LT (Figures 5.19(c)
and 5.19(d)). The estimations are based on the restricted data set for θ ≤ 39
degrees.

The estimated force models in x direction are the least accurate. This could
indicate that the forces in x direction are more complex then initially assumed,
and requires a force model of greater polynomial degree than what is presented in
this thesis. The measured values are also quite small (< 0.06 N) and are therefore
more sensitive to noise and inaccuracies. In addition, none of the models except for
f̂4 accounts for positive forces in x direction.

In y direction, the estimated force models more accurately represent the mea-
sured forces, up until θ ≈ 40 degrees. As the data set is limited to θ ≤ 39 degrees,
this should be of no surprise. Again, f̂1 is the least fitting force estimation, while
the f̂2 estimation has improved compared to the θ = 0 degrees case. As is noted
for θ = 0, experiments for H2LT cause less error in the estimations compared to
H1LT.

Figure 5.20 is similar to Figure 5.19, but for v = 0.3 m/s. For the increased ve-
locity, the estimations in x direction (Figures 5.20(a) and 5.20(c)) improves slightly
compared to v = 0.2 m/s (Figure 5.19). In y direction (Figures 5.20(b) and 5.20(d))
the estimated models fit the measured forces for θ ≤ 40 degrees approximately.
However, unlike the results for v = 0.2 m/s, the results for H1LT are better than
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(a) H1LT. Estimations based on θ ≤ 39
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(b) H2LT. Estimations based on θ ≤ 39
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(c) H1LT. Estimations based on θ ≤ 90
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(d) H2LT. Estimations based on θ ≤ 90

Figure 5.18: System identification results for circulation tank experiments. For
snake module configurations H1LT and H2LT for θ = 0 degrees.

for H2LT in the y direction.

A comparison of estimations based on the full data set and the restircted data
set is made in Figure 5.21. The comparison is made for H2LT at a fluid flow velocity
of v = 0.4 m/s, however, the main trends are common for the other velocities and
snake configurations. Generally, for both estimation cases, the estimated forces in
x are not satisfactory and the error increases with the flow velocity. However, the
opposite is true for forces in y direction, where increasing the velocity improves the
estimations. The estimations based on the restricted data set are quite accurate
within the same range of θ, and follows a more predictable curve towards the largest
values of θ. For the complete data set, the estimates are less accurate, but follows
the main trends of measured forces in a larger degree throughout the entire interval
of θ.

Figure 5.22 show the statistical analyses of the estimation models, supporting
the claim that estimation model f̂4 is the most fitting candidate.
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(c) H2LT
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(d) H2LT

Figure 5.19: System identification results for circulation tank experiments. For
snake module configurations H1LT and H2LT for varying θ at v = 0.2. Estimations
are based on θ ≤ 39 degrees.

Drag Coefficients from circulation tank experiments

The drag coefficients obtained from the circulation tank experiments are presented
in Table 5.5 and Table 5.6, where the presented results are based on the full data
set and the restricted data set, respectively.
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Model variations
f̂1 f̂2 f̂3 f̂4 f̂5 f̂6

Cf 0.0167 0.3169
Cd 0.3835 1.1945
CIf 0 0 0 0.0040
CId 0.1255 0.0569 0.0569 0.1255
CIIf 0.0513 0.0126 0.0126 0.0068
CIId 1.2403 1.2402 1.2402 1.0488
CIfHT

0 0.0141
CIdHT

0.1929 0.1929
CIIfHT

0.2448 0.2531 0.2781
CIIdHT

0 1.4444 0.5383
CIXY 0.0412

F
lu
id

C
oe
ffi
ci
en
ts

CIIXY 0.6654 0.5466

Table 5.5: Fluid coefficients identified based on the circulation tank experiments
based on unrestricted dataset

Model variations
f̂1 f̂2 f̂3 f̂4 f̂5 f̂6

Cf 0.0207 0.3363
Cd 0.3268 1.6066
CIf 0 0 0 0.0032
CId 0.0603 0 0 0.0602
CIIf 0.0544 0.0133 0.0133 0.0088
CIId 1.8601 1.4272 1.4272 1.1142
CIfHT

0 0.0148
CIdHT

0.1769 0.1769
CIIfHT

0.2602 0.2451 0.2675
CIIdHT

1.1770 1.1770 2.0963
CIXY 0.0351

F
lu
id

C
oe
ffi
ci
en
ts

CIIXY 0.4612 0.2963

Table 5.6: Fluid coefficients identified based on the circulation tank experiments
based on restricted dataset
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(c) H2LT
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(d) H2LT

Figure 5.20: System identification results for circulation tank experiments. For
snake module configurations H1LT and H2LT for varying θ at v = 0.3. Estimations
are based on θ ≤ 39 degrees.
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(a) Estimations based on θ ≤ 39
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(b) Estimations based on θ ≤ 39
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(c) Estimations based on θ ≤ 90
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(d) Estimations based on θ ≤ 90

Figure 5.21: Comparison of system identifications based on the complete data set
and data set limited to θ ≤ 39 degrees. For H2LT configuration at v = 0.4.
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(a) Statistical analysis based on data set for θ ≤
39 degrees.
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Figure 5.22: Statistical analysis of estimation from experiment 2 based on limited
data set(a) and full data set(b)
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5.1.4 Comparison of simulation and experimental results for
drag coefficients

The large set of data gathered from the simulations and the two experimental
approaches results in different identified drag coefficients. This section compares
the results from the two experimental approaches and the simulations for the two
snake module configurations H1LT and H2LT.

Zero Angle of Attack at Increasing Velocities

Figure 5.23 compares the forces in x direction for θ = 0 degrees. The results are
qualitatively very similar, differing mainly in amplitude. Considering first the two
experiments, a substantial higher number of data points are obtained for the cir-
culation tank compared to the passive towing rig experiment. Aside from this, the
only difference is that the recorded forces from the circulation tank experiments are
not as high as what is obtained from the passive towing rig experiment. This ob-
servation supports the claim that the first experiments did not reach a steady-state
velocity. As such, added mass fluid forces are most likely the source of the measured
forces being higher. Also, as seen in Figure 5.23, the error is small comparing the
two experimental results.

The forces returned from the two experiments are approximately twice as large
as what is obtained from the simulations. This could be explained in part by the
coating and rod exit discussed in Chapter 5.1.2. However, it does not seem plausible
that these factors alone results in forces of twice the magnitude as the simulations.
Further investigation should be done in the future by adapting other simulation
tools.
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Figure 5.23: Comparison of results from simulations and experiments. H1LT and
H2LT snake module configurations at θ=0 degrees.
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Varying Angle of Attack

Due to the inability to sufficiently control the velocity of system in the passive
guided rail experiment, a direct comparison can not be made with the simulations
and circulation tank experiment. However, it is reasonable to believe that the be-
haviour of the two experimental approaches are quite similar as this was shown to
be the case for θ = 0 degrees.

The comparisons of the obtained forces for both snake configurations, for vary-
ing θ at the four velocities are seen in Figures 5.24 and 5.25. The forces obtained
from the circulation tank experiment are again larger in magnitude compared to
the simulations. While the results are mostly qualitatively similar, the results partly
disagree for large values of θ.

In x direction, there seems to be a general agreement on θ ≈ 40 − 50 degrees
being the angle of attack where the body y velocity contributions to body x forces
overcome the drag forces in body x and results in a total force in the opposite
direction of the global drag forces. While the x forces from the simulations are
increasing from θ = 0 degrees and larger, the experiments show that the drag to
be dominant up to θ ≈ 10 − 30 degrees, depending on the flow velocity. In the
simulations, the x forces decrease at θ ≈ 70 degrees, while this does not happen
until θ ≈ 85 degrees for the experiments. The exception is for H1LT at v = 0.1
m/s, where the decrease starts earlier at θ ≈ 65 degrees.

For y direction, the behaviour is more similar, differing mainly in the decrease
in the forces obtained from the experiment after θ ≈ 60− 70 degrees. As has been
noted earlier, this decrease is probably caused by the nose and tail of the snake
modules being fairly close to the walls at large θ. This could indicate that the
qualitative behaviour of the simulations are correct, but the forces should be of the
same magnitude as what was obtained by the experiments.

For both experimental approaches, the rod connecting the snake configuration
to the remaining part of the experimental rig, causes a turbulent behaviour that
increases the drag forces. This turbulent effect is clearly seen above the snake
configuration in Figure 5.26, where a fluorescent liquid is added to the test section
of the circulation tank, illuminated by ultra violet light. In the figure, the angle
of attack is θ = 90 degrees. In addition to the turbulence caused by the rod, the
majority of the turbulence is caused by the fluid passing the main body of the
snake configuration.

The relative impact of the rod will decrease for larger snake module configu-
rations. Therefore, experiments on larger snake module configurations should be
conducted in the future.

System Identification

In general, for both the simulations and experiments, f̂4 is the most fitting can-
didate. This may come of no surprise as this model variant is the most complex,
involving the largest set of individual drag coefficients. Whereas the original model,
f̂1 does in general not produce satisfying results. Though, this is the simplest model
with only two drag coefficients. As f̂2 includes individual drag coefficients for linear
and quadratic drag, it is generally more accurate compared to f̂1.
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Figure 5.24: Comparison of results from simulations and experiments. H1LT and
H2LT snake module configurations at varying θ.

All estimation models struggle to handle the drop in x forces at a large θ. A
possible solution is to have drag force equations of a higher polynomial degree.
However, as the drag forces in x direction for a slender body is small compared
to that in y direction, a more complex system may not be necessary. The higher
accuracy of the model may not be significantly more beneficial than a simpler
model of less accuracy. Additionally, from a practical point of view, most common
gait patterns does not involve a value of θ larger than 40-50 degrees, suggesting
the accuracy for large θ to be of low importance.

An interesting observation is that the accuracy of f̂1 and f̂2 increases for larger
snake module configurations. This is clearly visible for the simulation results in
Figure 5.7. The experimental results are also in agreement with this statement,
although they are limited in size to H2LT. This implicates that, for large snake
module configurations, the original drag force model f̂1 may be of similar accuracy
as the more complex models. Where the relative drag forces caused by the head
and tail gradually decreases with an increasing number of links. An important
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(c) v = 0.4 m/s
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Figure 5.25: Comparison of results from simulations and experiments. H1LT and
H2LT snake module configurations at varying θ.

Figure 5.26: Flow patterns for the H2LT configuration at θ = 90 degrees.
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practical aspect to consider is the number of links required in order to obtain a
thrust-producing gait pattern, which usually is n ≥ 8. This further underlines the
need for experiments conducted on larger snake module configurations.

Drag Coefficients

This section summarizes the obtained drag coefficients for model f̂4 based on the
data gathered from the simulations and experiments. Additionally, coefficients for
f̂1 is presented as well as this model may be very well suited for larger snake module
configurations for θ < 50 degrees.

Considering first the results for f̂4 in Table 5.7, it is clear that the coefficients
for quadratic drag dominate the coefficients for linear drag. This might indicate
that f̂4 could be simplified by removing some of the linear terms.

The resulting drag coefficients for f̂1 is presented in Table 5.8. Comparing these
results to the analytical estimates in Table 2.2, the experimental results for Cf are
closer to the analytical estimates than what was identified based on the simulations.
On the other hand, the values for Cd are much smaller for both experiments and
simulations compared to Table 2.2.

It should be possible to claim that for small snake module configurations, the
effects from the head and tail modules, as well as the x-y cross forces have a
significant presence compared to the effects caused by the link modules alone.
And as result, it is necessary for a complex drag force model with several drag
individual drag coefficients to be incorporated to sufficiently describe the resulting
fluid forces. However, for larger snake module configurations, which is necessary

Passive Circulation Tank
Simulated Towing Rig Unrestricted Restricted

CIf 0 0.0152 0 0
CIIf 0.0191 0 0.0569 0
CId 0.0066 0.0045 0.0126 0.0133
CIId 0.4064 1.5249 1.2402 1.4272
CIfHT

0.0063 0 0.0141 0.0148
CIdHT

0.1956 0.0795 0.1929 0.1769
CIIfHT

0.1050 0.2498 0.2531 0.2451
CIIdHT

0 1.8852 1.4444 1.1770
CIXY 0.0055 0.0870 0.0412 0.0351
CIIXY 0.1957 0.8704 0.6654 0.4612

Table 5.7: Comparison of drag coefficients for force model, f̂4.

Passive Circulation Tank
Simulated Towing Rig Unrestricted Restricted

Cf 0.0046 0.0242 0.0167 0.0207
Cd 0.1206 0.2813 0.3835 0.3628

Table 5.8: Comparison of drag coefficients for the original force model, f̂1.
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to create thrust, a more simple model is sufficient as it was indicated from the
simulation studies with larger configurations.

5.2 Added Mass

In this section the results for estimating the added mass coefficients are presented.
Figure 5.27 overviews the procedures for the simulation and the experimental ap-
proach.

5.2.1 WADAM Simulations

The simulation results from WADAM is summarized in Table 5.9 together with
the volume of each configuration. The excel file containing the full added mass
matrices is found in Appendix A.1.1. In addition, the HydroD/WADAM project
files together with the full .LIS output files are found in Appendix A.1.3.

Configuration Non-dimensionless Dimensionless Volume
i µx,i µy,i CAx,i

CAy,i
Vi
[
m3
]
× 10−3

Head 0.2943 0.2366 0.7631 0.6134 0.376
Link 0.5421 1.2050 0.4170 0.9269 1.268
Tail 0.2683 0.1567 1.0456 0.6108 0.250
HT 0.1837 0.4911 0.2850 0.7620 0.629

H1LT 0.2318 1.8600 0.1195 0.9588 1.893
H2LT 0.5153 3.6840 0.1880 1.3500 2.670
H3LT 0.6486 5.1539 0.1653 1.3132 3.830
H4LT 0.6967 6.7942 0.1379 1.3448 4.929
H5LT 0.9147 8.3451 0.1480 1.3504 6.029
H6LT 0.8570 9.9436 0.1173 1.3606 7.130
H7LT 0.9210 11.527 0.1092 1.3664 8.230
H8LT 1.0449 13.112 0.1093 1.3711 9.330
H9LT 1.1822 14.689 0.1106 1.3740 10.430

Table 5.9: Simulation results for added mass on the different snake modules and
configurations.

The simulations returns the added mass for each of the snake module config-
urations. The non-dimensionless added mass parameters in x and y direction for

Figure 5.27: Illustration of the work flow for estimation of added mass coefficients.
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configuration i, µx,i and µy,i, are the total added mass [kg]. While the dimen-
sionless CAy,i and CAx,i are commonly referred to as the added mass coefficients,
and are dependent on the geometry of the object. They are related as shown in
Equations 5.1 and 5.2.

µx,i = ViρCAx,i , (5.1)

µy,i = ViρCAy,i
. (5.2)

Non-dimensionless added mass, µx,i and µy,i, are shown graphically in Fig-
ure 5.28(a). It is seen that µy,i grows linearly for each added link, while µx,i barely
increases compared to µy,i, and is negligible for larger configurations of HnLT.
Figure 5.28(b) show the dimensionless coefficients based on Equation 5.1 and 5.2.
In addition, the coefficient for the added mass model presented in Equation 2.8 is
shown, based on the calculation of Equation 5.3.

µy,i = µnρnĈAi . (5.3)

The difference between both dimensionless added mass coefficients, CAx,i
and

CAy,i
, are roughly constant for configurations with n ≥ 3 links. The original math-

ematical model disregards added mass in x direction, CAx
= 0, as the impact is

negligible compared to added mass in y direction for configurations with many
link modules. The simulation results agrees with this. The coefficient based on the
model presented in Equation 2.8, ĈAi follows the same trend, and settles on a value
somewhat lower than the results from the simulations.

H1LT H2LT H3LT H4LT H5LT H6LT H7LT H8LT H9LT
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(a) Non-dimensionless added mass for all snake
configurations.
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(b) Dimensionless added mass coefficient based
on the model and directly from simulations

Figure 5.28: Simulation results for added mass.
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CAx CAy CA

0.1194 1.3601 1.2674

Table 5.10: Added mass coefficients from simulation.

System Identification

To obtain an estimated coefficient valid for every snake module configuration, a
least square estimation is used on Equation 5.4 and 5.5

µx,i = ViρĈAx , (5.4)

µy,i = ViρĈAy
, (5.5)

where ĈAx
and ĈAy

are the unknown coefficients. Similarly, an estimate of the
coefficient using the model in Equation 2.8 is found from

µy,i = µnρnĈA. (5.6)

The resulting least square estimations returns the results shown in Table 5.10.
The coefficient CA is somewhat lower than CAy

, where the same trend is seen in
Figure 5.28(b). The difference is small, < 0.1, and smaller than the coefficient in x
direction, which is already neglected in the model presented in Chapter 2.2.

5.2.2 Circulation Tank Experiment

The conducted experiments have considered added mass in y direction only. As
both theory and the simulation results in Figure 5.28(a) agree on the added mass
in x direction being insignificant [18], [38], this should be a reasonable choice. The
results from the experiment relies on the experimentally obtained fluid drag coef-
ficients. Figure 5.29 show the results of the experiment for different amplitudes, α,
for a frequency, ω = 70 deg/s. The behaviour is similar regardless of amplitude, and
the magnitude of the measurement is larger for higher α, which is to be expected.
Comparing H1LT in Figure 5.29(a) and H2LT in Figure 5.29(b), they both exhibit
similar behaviour. For H2LT, the added mass is larger, due to H2LT being larger
in both volume and mass.

System Identification

For the estimation, two different drag models estimates based on the drag exper-
iments are used. This is done as a means to investigate how different drag force
estimates influence the added mass estimations. The drag force models in question
are f̂1 and f̂4. The least square estimation uses the following equation

fA = µnρnĈA, (5.7)

where fA is the added mass force, and ĈA is the unknown added mass coefficient.
The result of the estimations is presented in Table 5.11, where it is clear that
the resulting coefficients varies insignificantly based on which drag force model is
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Figure 5.29: Comparison of experimental results for added mass with varying α
and ω = 70.

Drag model CA

f̂1 1.2754
f̂4 1.2770

Table 5.11: Added mass coefficients from circulation tank experiments, based on
different drag force models.

used. The obtained values are close to the theoretical value which is assumed to be
CA ≈ 1-1.5. As f̂4 was shown to be the most precise drag force model, this is used
as a basis for the added mass estimations.

In Figures 5.30, 5.31, and 5.32, the estimated added mass forces is compared to
the measured for different configurations and values of α and ω. Similar to the esti-
mations of drag forces, the added mass force estimations are more precise for H2LT
snake configuration. Again, this might indicate the modelling to be more suited for
larger snake module configurations. The estimated model does not account for the
head and tail. For the H1LT configuration, the head and tail accounts for 33% of
the total volume, while only 19% and 5% for H2LT and H9LT, respectively. As the
head-tail contribution decreases rapidly with each addition link, the reduced cor-
relation of experimental and estimated added mass for H1LT compared to H2LT
can be attributed to this .

Sources of Error

To the best of our knowledge, the simulation results are fairly accurate. However,
the obtained experimental results may be influenced by several factors.

• The snake configuration is not neutrally buoyant, as is assumed for the math-
ematical model. Though this has been accounted for in the performed cal-
culations, the buoyancy may not be constant as air bubbles escape from the
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Figure 5.30: Comparison of experimental results and estimation for added mass
with α = 10 and ω = 80.
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Figure 5.31: Comparison of experimental results and estimation for added mass
with α = 15 and ω = 70.

configuration and is replaced by water. This also affects the mass of the snake
module configuration.

• The sinusoidal motion may not be perfectly smooth at all times, although this
effect is not visible by visual inspection. As the estimated acceleration from
Chapter 4.4.5 is sinusoidal, any discrepancy between the estimated and real
acceleration will produce an error in from of inaccurate force measurements.
The acceleration estimation method proposed in Chapter 4.4.5 should ideally
be validated by measurements from an accelerometer.

• The fluid flow in the circulation tank that removes the water between the
snake configuration and the walls might be too slow, possibly causing some
torque around the body z axis and incorrect forces in body y direction.
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Figure 5.32: Comparison of experimental results and estimation for added mass
with α = 20 and ω = 80.

• The results are directly dependent on the identified drag coefficients. Any
error in the drag coefficient for θ = 90 degrees will propagate to the added
mass results.

• Ideally, the experiment should be conducted for even more snake module
configurations to eliminate possible effects from the rod connecting the snake
to the servo motor.

As for the drag experiments, each of the above factors may not significantly alter
the results alone, but the combination of several of these might cause an error.

5.2.3 Comparison of simulation and experimental results for
added mass coefficients

Table 5.12 overviews the added mass coefficients identified based on the performed
simulations and experiments. From the simulation, the added mass coefficient in
x direction has an expected low value and a theoretical value of the added mass
parameter µt = 0 is reasonable for modelling purposes, especially for large snake
module configurations. Comparing the simulation and experimental results, the
resulting added mass coefficients are of similar values. This indicates the simula-
tion results can be used to properly identify the added mass coefficients. Further,
Figure 5.33 compares the measured added mass force from the circulation tank
experiments to the different obtained coefficients. As have been mentioned, the
estimates for H2LT performs better, but as the variation between the added mass
coefficient estimates are low, the resulting added mass forces are similar.

The obtained fluid parameters in Table 5.12 are within the range of the ana-
lytical estimates in Table 2.2
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Simulations Circulation Tank
CAx

0.1194 -
CAy

1.3601 -
CA 1.2674 1.2770

Table 5.12: Comparison of added mass coefficients obtained from simulations and
experiments.
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Figure 5.33: Comparison of estimated added mass, based on the different ap-
proaches, for H1LT and H2LT with α = 20 and ω = 80.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has presented methods for identifying fluid coefficients for a general
underwater snake robot by experiments and CFD simulations. With these methods,
the fluid force model presented in [23] have used to identify the parameters for
the hydrodynamic model. Additionally, different variations and extensions to the
model have been presented to account for hydrodynamic behaviour observed in the
experiments.

The drag force simulations has given a qualitative insight into the fluid forces,
but do not compare in magnitude to the experimental results. The two experiments
related to the drag coefficients have correlating results, and when the angle of at-
tack is limited to θ ≤ 40◦, the proposed drag force model variations show promising
results. It has been observed that the original drag force model in [23] correlates to
the results obtained in this thesis for large snake module configurations, indicating
that the closed-form analytical model of underwater snake robots is suitable for
snake module configurations with many links. It was found that for large angles
of attack, the resulting hydrodynamic behaviour requires a more complex drag
force model capable of capturing these effects. Based on the different experimental
results, the drag force coefficients for the model presented in [23] have been identi-
fied as Cf ∈ [0.02, 0.03] which is in accordance with the theoretical estimates, and
Cd ∈ [0.2, 0.4] which is smaller than the expected theoretical values.

This thesis has shown that the added mass coefficient for the underwater snake
robot Mamba is CA ≈ 1.27, which is in agreement with the existing analytical
estimates for a general underwater snake robot. Additionally, the added mass effects
caused by the head and tail modules can be disregarded for larger snake module
configurations.

6.2 Recommendations for Future Work

The experiments and simulation schemes presented in this thesis can be adapted
for fluid coefficient identification for a 3D model of underwater snake robots. The
proposed results in this thesis should be verified by adapting the described experi-
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mental procedures to larger snake module configurations, with respect to the drag
coefficients. The use of an accelerometer in the experiment related to added mass
coefficients is recommended in order to obtain more accurate estimates of the added
mass coefficients. Additional simulations could be conducted using alternate soft-
ware platforms such as ANSYS Fluent or COMSOL to verify the fluid coefficients
obtained in this thesis. Finally, it would be of interest to employ the identified
coefficients in experiments on the underwater snake robot Mamba to investigate
possible improvements in performance.
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Appendix A

Simulations

A.1 Added Mass Coefficients

A.1.1 Results

The excel sheet containing the added mass results is found in the folder:
Appendices/Appendix A-Sim/A.1-Added Mass/A.1.1-Results

A.1.2 WADAM Guide

A brief tutorial for calculating the added mass using HydroD (WADAM) is found
in the folder:
Appendices/Appendix A-Sim/A.1-Added Mass/A.1.2-WADAMGuide

A.1.3 Input Geometry

The following geometry files and relevant software projects are found in the folder:
Appendices/Appendix A-Sim/A.1-Added Mass/A.1.3-Geometry

• Solidworks geometry files

• Solidworks geometry files exported to .step-files for Rhinoceros

• Rhinoceros projects

• Rhinoceros geometry files exported to .gdf-files for HydroD (WADAM)

• HydroD (WADAM) project files

A.2 Drag Coefficients

A.2.1 Results

The excel sheets containing the Solidworks simulation results is found in the folder:
Appendices/Appendix A-Sim/A.2-Drag Coefficients/A.2.1-Results
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A. Simulations

A.2.2 Solidworks Guide

A brief tutorial for setting up a Solidworks Flow Simulation is found in the folder:
Appendices/Appendix A-Sim/A.2.2-Drag Coefficients/A.2.2-SWGuide

A.2.3 Geometry

The following geometry files are found in the folder:
Appendices/Appendix A-Sim/A.2-Drag Coefficients/A.2.3-Geometry

• Geometry files for simulations

• Solidworks geometry assemblies for the different configurations
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Appendix B

Experiments

B.1 Added Mass Coefficients

B.1.1 Added Mass Coefficients Results

The experimental added mass results are found in the folder:
Appendices/Appendix B-Exp/B.1-Added Mass/B.1.1-AddedMassResults

B.1.2 LabView Program

The LabView program used for the added mass experiments is found in the folder:
Appendices/Appendix B-Exp/B.1-Added Mass/B.1.2-LabView

B.1.3 LabView Program Guide

A brief guide to the LabView program is found in the folder:
Appendices/Appendix B-Exp/B.1-Added Mass/B.1.3-LabViewGuide

B.2 Drag Coefficients

B.2.1 Passive Guided Rail Towing Rig Results

The excel sheets containing the experimental results are found in the folder:
Appendices/Appendix B-Exp/B.2-Drag/B.2.1-GuidedRailResults

B.2.2 Circulation Tank Results

The excel sheets containing the experimental results is found in the folder:
Appendices/Appendix B-Exp/B.2-Drag/B.2.2-CircTankResults
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Appendix C

Sensor

The email to the suppliers and the received quotes are found in the folder:
Appendices/Appendix C-Sensor
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Appendix D

MATLAB

The MATLAB codes used for extracting, processing and plotting the data are
found in the folder:
Appendices/Appendix D-MATLAB
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