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Abstract

Soft underwater robotics have gained attention for scientific study of
marine life, replicating natural swimming behaviours, providing a plat-
form for swarm analysis and many other applications. However, cur-
rent technologies for soft underwater robots show a big trade off be-
tween simplicity and functionality.

The master thesis presents the design, development and implementa-
tion of a novel magnetic actuation technique which is inherently sim-
ple, modular and swift. Repulsive and attractive forces between an
electromagnet and permanent magnet, which is embedded in a soft
structure, are exploited. This causes a deformation of the soft struc-
ture. In this case a bend of a silicon cast tail with optimised shape and
flexibility. Upon cyclic repetition, an undulating motion is generated
actuating the underwater robot. This swimming behaviour is inspired
by thunniform propulsion found in nature. All the components were
integrated into a mermaid shaped body with full water protection of
all electric and mechanical parts. A series of swimming tests confirmed
the ability to swim untethered at a velocity of 10.8 cm/s.

The established prototype exemplifies the realisation of the novel actu-
ation principle. The new modular and straightforward setup makes it
appropriate for education and research with great potential for further
optimisation and extension. This new generation of soft robotic ac-
tuation has large potential in other applications providing immediate
control and direct output in a transmission free setup.
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Chapter 1

Introduction

1.1 Objective

This master thesis aims to develop and evaluate a soft underwater robot.
An effort by my supervisor, Prof. Conor Walsh is the soft robotics toolkit,
a website enabling students from primary school do graduate students to
learn about soft robotics. The longterm goal is to integrate this robot into a
workshop that will fascinate students about soft underwater robots. Goals
which the underwater robot should ideally fulfil were established.

e Fin for propulsion. Inspired by nature, the caudal (rear) fin should be
actuated to propel the underwater robot forward like a fish.

e Simple, modular and robust design. The design should have a very
low complexity while retaining functionality and versatility. Using a
low number of simple components allows the robot to be used by stu-
dents and makes the design inherently robust. Additionally it makes
it cost effective.

e Depict a character. To appeal to younger students the outer shape
should be humanoid while allowing some flexibility in proportions.
Inspiration can be taken from superhero comic characters like mer-
maids.

e Soft robotics education. The robot should have features that demon-
strate the use case of soft robotics, therefore teaching it in a practical
hands on experience.

e Real world purpose. One goal is to demonstrate an application for
such an underwater robot.

The project was approached in multiple phases. First, a concept was devel-
oped. Here the state of the art (Chapter 1.2) was investigated which lead
to coming up with a unique approach (Chapter 1.3). Next, in particular the
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actuation method was verified for its feasibility (Chapter 2). Upon ensur-
ing the functionality of the approach the whole underwater robot including
body, electronics, actuation method and fin was implemented. Tests, simu-
lations and investigating theory lead to improvements and a new iteration
of implementation. This cycle was repeated numerous times and the final
underwater robot along with the learnings along the way are presented in
this report. In the end an outlook is given on possible ways of continuing
the project.

1.2 State of the Art

1.2.1 Soft Robotics Overview

While rigid robotics excel in controlled environments, animals and humans
often serve as the benchmark when it comes to real world applications [22].
Out of an urge to replicate more natural systems, a new field of soft robotics
has emerged. Soft by definition is not only bendable, but also stretch-
able movements enabling not only new possibilities, but also posing dif-
ficult challenges for the design and development. On the one hand, pre-
cise manipulation and control becomes more challenging compared to rigid
robotics, where strong and precise actuators are established and their simu-
lation is linear and therefore straight forward. On the other hand, by using
compliant systems, one can utilise a lot of techniques found in the natural
world. One example is the achievement of dynamic gaits like humans, by
storing elastic energy in compliant bones and soft tissue. [22] Another exam-
ple are insect like robots, replicating flying and walking movement [14, 15].
Soft robotics have great potential regarding new actuation and sensing meth-
ods and can benefit significantly from bioinspired solutions. While there are
many well investigated low cost actuation methods, achieving complex mo-
tion is challenging. This is due to the usually one dimensionality of soft
actuators, meaning they either bend, jump, twist, extend or flex only en-
abling a very niche application [19, 2, 12]. To achieve complex motion like
a heart contraction multiple actuators need to work synergistically and be
arranged in a well designed and thought out way (compare [21]).

A compliant design can create robots, that interact with the environment,
humans and animals in a completely new way. One benefit is that they
are inherently safe, as even a false actuation does not result in eg. a rigid
metal arm hitting a person. Large and rigid robots currently used in e.g. car
manufacturing are usually completely encapsulated to avoid accidents with
humans. In the future, soft robots can work hand in hand with humans.
Additionally there are not only the benefits of the replicated natural system,
but by applying the same mechanism the robot fits into nature creating less
disruption. This not only seems more appealing to humans, but enables e.g.
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Soft Robotic Fish

Figure 1.1: (top left) a glider robot, actuated using strings; (top right) a miniature robot for
swarm simulation utilising magnetic in coil actuation; (bottom left) an advanced robotic fish
using pneumatic actuation; (bottom right) a salamander inspired robot using hinge joints to
recreate a undulating spinal cord model

wildlife observation [17] or integration into natural systems like medical as-
sistive devices [23]. New insights to the underwater world can be gained by
close non-disruptive observations replicating fish locomotion with minimal
disruption of the natural environment [25, 6, 7]. One last advantage is to use
a biomimetic approach to learn more about nature by attempting to create a
robotic model of specific mechanisms [18, 16].

1.2.2 Applying soft robotics for underwater Robots

Numerous approaches have been developed to replicate biological under-
water locomotion as shown in figure 1.1. Four different kinds of actuation
are highlighted.

String actuation is arguably the most basic type of actuation performing
very simple movements. One connects a string to soft robotics and recog-
nises a deformation upon contracting the string. Inspired from nature one
can compare this actuation type with tendons in the human/ animal body.
Therefore one can argue, that there is significant potential to realise com-
plex movements utilising multiple carefully designed actuators synergisti-
cally. The main problem is how to generate the contraction of the string,
where typically a motorised pulley is used. As the force is transmitted over
the string it additionally poses significant waterproofing challenges when
applying underwater.
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Pneumatic actuation is among the most common types of actuation for soft
robotics. Underwater, liquid is pumped from one chamber into another re-
sulting in a deformation. Applications are not limited to fish tails [17, 20]
, but also include grippers [26, 10] and sea stars [4]. While the actuation
has proven to work reliably, primarily thanks to extensive research in this
direction the pumps actuation the soft robotics remain the main challenge
especially when requiring waterproofing. Robots have been developed repli-
cating the escape behaviour seen with fish in nature. [20] A highly flexible
pneumatic tail enables the robot to form an S- shaped tail during the escape
motion.

There are also rigid approaches to propel a fish forward. They include a
magnet in coil actuation that has been implemented successfully for minia-
ture underwater robots used for swarm simulations [5]. A coil with a mag-
net in its core is used. Upon applying a current in the coil the magnet
experiences a torque according to the magnetic field from the coil. The
force scales poorly making this type of actuation only feasible for smaller
underwater robots. Additionally the actuator is a complex part made from
multiple small 3d printed parts and needs to be glued in order to seal the
wire of the coil leaving the shell of the robot. Nevertheless it provides a
robust and small actuation method.

To investigate the swimming movement further, robotic replicates of natu-
ral fins or whole animals are built. To mimic undulating swimming rigid
hinge joints were used [25, 13]. Here, the traveling wave movement of a
Angulliform swimming animal was replicated.

Overall most underwater robots consist of a rigid main- body shell housing
the electronics to which external fins are attached. Some exceptions con-
sist of multiple compartments, that move relative to each other resulting
in a forward propulsion. Other aspects like buyancy, waterproofing, com-
munication, connections and camera/ intelligence vary significantly across
implemented underwater robot.

For all of these underwater robots there is a large trade off between func-
tionality and simplicity. While the robot by Katzschmann et al [17] is able
to swim up to 18m deep in the ocean, being controlled using an ultrasonic
remote it is highly complex and therefore expensive to build. Furthermore,
the swimming speed of robotic replicates of fish locomotion are rather slow
with about 0.5-1 body length per second compared to natural fish usually
swimming at around 10 body length per second [3].

1.3 Concept of the master thesis

The main challenge posed in this thesis is how to achieve simple actuation of
the soft fin tail in order to generate a thrust. As shown in the state of the art
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of current underwater robots various types of actuation are explored. For
string and pneumatic actuation waterproofing poses a significant challenge.
This is because the actuator and actuated tail require a physical connection
in the form of a string or a pipe translating the force. Multiple compartments
connected with hinge joints make a robot inherently complex. While the
magnet in coil actuation is a very elegant solution it does not scale well for
larger robots and has a complex setup.

A novel actuation method has been invented, verified and implemented to
meet the goals set in the beginning of the project. The approach is based
on the interaction of an electromagnet and permanent magnet. As the force
between the two is translated via the magnetic field they do not need to
interact directly. This enables one to place the electromagnet in a closed off
waterproof housing while the permanent magnet is out in the water, inte-
grated in the soft tail. This is an inherently reliable and simple setup. Ad-
ditionally the force between the permanent magnet and electromagnet can
be controlled precisely and instantly by adjusting the current through the
electromagnet. The main drawbacks of magnetic actuation are the energy
efficiency and low power at larger distances.

The actuation method is integrated into a complete autonomous underwater
robot. The shape is designed in a humanoid way, taking inspiration from
comic characters like a mermaid. In line with most current underwater
robots a rigid shell houses the essential electrical components. It represents
the main body and head of the character. The soft tail is attached to it
propelling the underwater robot forward. Peripherals like hair and arms
are shaped like a fin improving the fluid-dynamics during swimming. A
camera is included to enable autonomous tracing of objects under water.
Electromagnetic wireless communication is used at the surface and out of
the water.






Chapter 2

Actuation Method

2.1 Actuation priniciple

As seen in figure 2.1 the actuation idea utilises the simple repelling and
attracting force between an electromagnet (EM) and a permanent magnet
(PM). The magnetisation of the iron core of the electromagnet is set by ap-
plying the corresponding current to the coil, wrapped around it. This results
in a negative or positive force between the EM and PM. As no physical con-
nection is necessary to translate the force the electromagnet is placed in a
waterproof body housing the electric components. The permanent magnet
is placed inside a soft silicone cast tail. By applying a current to the elec-
tromagnet the force on the magnet changes. This causes the tail to move
accordingly. To create the desired undulating movement two pairs of elec-
tromagnets (EM) and permanent magnets (PM) are used.

The successful implementation of the magnetic actuation method was dev-
ided into three steps.

e Magnet electromagnet interaction First the EM and PM interaction

Permanent magnet > _

Electromagnet o

Ly Repel or attract
4 each other

Figure 2.1: The fundamental actuation principle: The attracting and repelling force between
the Electromagnet and Magnet causes the soft tail to generate an undulating movement
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was investigated to maximise forces and identify the distance between
the magnet and the coil, at which significant forces are applied.

o Soft tail design The soft silicon cast tail needs to translate the force of
the PM to a strong undulating movement.

e Caudal fin design and control The undulating movement needs to
propel the underwater robot forward with significant thrust. A bioin-
spired approach is utilised.

2.2 Magnet electromagnet interaction

To optimise the force applied at the respective distance to the permanent
magnets two things can be improved. The electromagnet (EM) can gener-
ate a stronger magnetic field and the permanent magnet (PM) can have a
stronger dipole moment. The dipole moment of a PM can be increased by
having a higher remanence magnetisation or a larger volume. The volume
is constrained to fit inside the soft tail. The magnet material used is N52
grade neodymium which is one of the strongest magnetic materials com-
mercially available. The rating corresponds to a remanence magnetisation
of B, = 1.48T. For the dimension of the used magnet (r = h = 6.35mm)
the overall magnetisation when considering the whole magnet as a single
dipole is m,ag = 0.947A - m>.

As the PM leaves small room for optimisation the focus is on optimising
the electromagnet. The dimensions of the solenoid including width, length
and wire diameter need to be chosen. Additionally an iron cylinder with a
high permeability is placed at the core of the solenoid focusing the field and
therefore increasing the attraction forces.

To calculate the magnetic field of the coil it is considered as an assembly of
multiple single current loops. A single current loop results in the following
field along its symmetry axis.

1a? I 2
a X )71.5 (21)

| Hsingle 100p| = N2 (5)(1 + 3

Here a is the radius of the coil and x is the distance along the symmetry
axis from the single coil. I represents the current through the wire. The total
magnetic field is the summation over all current loops.
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|Btota1| =4 ZHsingle loop (2.2)
n
5Bt0tal
Fy = 2.3
x = Mmag ox (2.3)
31a%x 4
= —TMyag - Y - Z a2+x25/2cxmmag-1-n-x (2.4)

The resulting force on the permanent magnet with a dipole of 71,,,; in room
with permeability u is evaluated. Along the symmetry axis of the elec-
tromagnet the only non zero force is in the x direction. The force scales
linearly with the magnetic dipole of the permanent magnet, the current and
the amount of current loops n. It drops with the power of four with the
distance between PM and EM.

Consequently the current and windings should be maximised. The limi-
tations include heat distribution and power output of the electronics. The
resistance of the whole coil wire is important as it determines the result-
ing current depending on the applied voltage (I = U/R). The resistance
depends on the total length of the wire and the thickness of the wire (re-
sistance per distance). Using a thicker wire results in a lower resistance
increasing the current when applying the same voltage. However the den-
sity of the windings is reduced. This affects the overall magnetic field in
opposite ways. Therefore a trade off has to be found. The wire used is
the 26 AWG Enameled Copper Wire. It has a diameter of 0.4 mm and a
maximum resistance of 141.7 Q) /km.

To estimate the magnetic field and resulting forces depending on the pa-
rameters a simulation has been written. Based on formula 2.4 single current
loops are placed virtually according to the electromagnet dimensions. The
sum and derivative in x direction then determine the force applied to the
permanent magnet at respective distances x. This enables the immediate
estiamtion of When changing the dimensions of the coil the response of the
magnetic field can be observed.

The also important influence of permeability  was simplified in the simu-
lation by assuming vacuum with a permeability of g scaled by the factor of
the effective permeability y = pig - piess. As the iron core has low remanence
this approximation can be made. However, by utilising a more complex 3D
simulation and accounting for remanence time dependencies and the spacial
layout of the components could be further optimised.

After considering the stated aspects a coil with a soft iron core of 12.7mm
diameter, an outer diameter of 22mm and a length of 32mm was chosen. Its
force applied to the permanent magnet is measured and shown in figure 4.1.
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Figure 2.2: Winding of an electromagent using 3d printed guide rails.

Figure 2.3: Overview of the different forces applied to the magnets. F.;; describes the interac-
tion between the permanent and electromagnet; Fy;;;, describes the interaction between the two
permanent magnets; F,,., describes the force applied due to the compliant structure and fluid
drag.

2.2.1 Fabrication of the electromagnet

To fabricate the the electromagnet 3d printed guide rails have been designed
(figure 2.2). A guide is placed in the winding setup shown in the figure.
Enameled wire is locked on the guide. One hand rotates the setup consis-
tently and the other hand feeds the wire in the correct place. After fully
winding the coil the iron core is placed in the center of the guide and con-
tacts are soldered. The finished electromagnet is then placed in the under-
water robot.
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Figure 2.4: Simulation of the compliant tail response: A spring network is used to estimate the
behaviour upon experiencing the attractive or repelling force of the magnets.

2.3 Soft tail design

2.3.1 Shape design approach

The main task of the soft tail is to translate the force of the magnets into
a flapping tail motion. The overall tail design is originally inspired from
triangle shaped passive grippers [8]. Their triangular shaped ladder design
causes a bending motion upon a pressure acting on one of its sides (compare
tigure 2.3. Instead of an outside force causing the bending motion magnets
are placed on either side at the bottom of the tail. This allows the permanent
magnets to be close to the electromagnets to transmit sufficient force.

As the permanent magnets are the initiators of the tail movement it is im-
portant to consider the forces acting on them (figure 2.3). The force between
the electromagnet and permanent magnet is most important. It is the only
actively controlled force which is achieved by altering the current through
the electromagnet. Only if the force dominates over the sum of the all other
forces one can detect a movement. Additionally to the controllable magnetic
force there is an inherent attraction between the electromagnet and perma-
nent magnet. The two permanent magnets repel each other as they are poled
in the same direction. Their interaction can become significant as they get
closer, which is noted in the force F,m. Finally there is the mechanical force
from the tail acting upon the magnets. It includes the compliance of the
silicone structure and the drag in the water.

Based on these initial thoughts the forces are studied individually and pro-
totypes iteratively improved. The findings are documented in the results
section.

Various design alternatives were conceptualised. To estimate the compliant
response to the force of the magnet a 2d simulation is developed. The ap-
proach is based on a spring network. A low res image with marked pixels
is used to define the shape of the structure to analyse (compare figure 2.4).

11
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Different brightness values mark rigid areas or areas where forces are ap-
plied - eg. the magnets are placed. From those pixels a grid network is
determined. Vertical, horizontal and diagonal nodes are connected using a
joint. Forces on those joints are iteratively computed and the position ad-
justed to minimise forces. The underlaying principle is the one of a spring
network.

2.3.2 Material choice

Additionally to the shape of the caudal fin the material is also a very impor-
tant property. There are various types of silicones each having advantages
and disadvantages. Please find a table below highlighting silicones that were
used/ taken into consideration during prototyping.

Name Hardness | Pot life/ | Description
Shore A | cure time

Body Double Silk | 25 5min/ Fast cure time, very skin safe, good
25min for workshops with limited time

Dragon Skin 20 20 25min/ Very common Silicone, good for
4h prototyping

Smooth Sil 945 45 25min/ Hardness  significantly = higher
6h while retaining good stretchability

and mechanical properties

More information on the Shore Hardness scale can be found here: https:
//www.smooth-on.com/page/durometer-shore-hardness-scale/.

While all materials were tested and worked the Smooth Sil 945 was chosen as
the ideal one due to its higher hardness making a thinner and more custom
tail design possible. A Shore A hardness of 20 is roughly comparable with
a rubber band and 45 with that of a pencil eraser.

2.3.3 The fabrication process of the soft silicone tail

Through a iterative process the fabrication of the soft silicone tail has been
refined. Originally a traditional 3d printed mold was filled with two com-
ponent silicone and cured. As the complexity of the structure increased two
molds were made and then combined using a second curing step. To achieve
maximum flexibility regarding the tail design and to have a precise and re-
peatable shape injection molding was used. This process is also commonly
used in industry due to its convenient workflow, speed and repeatability.
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2.3. Soft tail design

As the name injection molding implies, silicone is injected into a cavity.
The most crucial part is to allow the air to escape such that the silicone
completely fills each cavity. A proper design of the form is crucial to ensure
a successful injection molding process. Therefore I list the most important
aspects to keep in mind when designing an injection mold. As a reference
find images of my injection mold in figure 2.5.

1. Design the desired shape of the tail

2. Enclose the tail in a larger rectangular box, leaving extra room for
screws around the corners. Then substract the component from the
rectangular box to recieve the hollow mold.

3. Split the mold to be able to take the silicone part out of the mold after
curing. Keep in mind the following things:

e Do not have overhangs in your final parts. Choose the parting
line between objects accordingly. Ideally all vertical walls should
be drafted slightly (1-3 degrees).

e For some designs a two part mold does not suffice. The overall
mold then needs to be cut into 3 or more pieces.

e Make the perimeter of your top and bottom have a drafted lip to
ensure self- reliant alignment.

e Use screws approx. every 15-20mm to secure the mold together.
Here cutouts for square nuts (M5) were used to be able to fasten
the screws well.

e Take into consideration, that due to the examined heat when cur-
ing the material can shrink and expand. Therefore it is advised
to break all corners on the female mold side.

4. Determine a flow concept of the silicone during the injection molding
process.

e The material should be injected at the lowest point of the mold.
Here a injection port channel can be used to lead to the appropri-
ate point.

e Place vent holes at the top part in areas where air gets trapped.
They should end at the same height to avoid excessive overflow
of material.

The process of injection molding itself after designing the mold is well es-
tablished in the lab and therfore straight forward. After 3d printing the

13



2. AcCTUATION METHOD

14

Figure 2.5: Cross section, bottom and top of the injection mold used to cast the soft caudal
tail.

mold it is baked in the oven at 65 degrees celsius over night to remove any
materials making the silicone stick to the mold or causing cure inhibition.
Before injection molding one applies mold release to the individual parts
to cover all surfaces. Assemble the mold and fasten all the screws. Then a
pressurised system established in the Lab was used to inject a homogenous
1:1 mix of two component silicone in the injection port channel. Here it is
important to apply constant pressure through the whole injection molding
process to reduce the formation of bubbles. As soon as all the vent holes
start leaking silicone one waits for about another 3 seconds and then stops
injecting silicone. The mold is then cured according to the package descrip-
tion. To accelerate the process the injected mold is placed in the 65 degree
oven. After fully curing the part the mold is taken apart and the finished
piece removed.

2.4 Caudal fin design and control

The goal of the whole actuated tail is to create a maximum forward thrust.
To achieve this the movement of the tail needs to be translated into a fin
stroke. A bioinspired approach is chosen to design the caudal tail. Receiv-
ing inspiration from biology makes sense as there are not only millions of
examples in nature, but evolution has perfected swimming over billions of
years. The optimal shape of the fin is investigated and its control including
the amplitude and frequency analysed.

2.4.1 Bio- inspired approach

In nature one separates between Thunniform and Anguilliform swimming.
While the latter describes an undulating locomotion in the form of a trav-
eling wave, the former describes an oscillating fin. The two types are com-
pared in the table below:
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Thunniform swimming

Oscillating fin

Example Species: Tuna, Doplphin
High maximum velocity

Undulating movement confined
mostly to the caudal fin

Often fin crescent shaped and con-
nected through thin section called

Angulliform swimming

Undulating locomotion

Example Species: Eel, Moray
High acceleration

Traveling wave motion through the
whole body

Body is often uniformly shaped
Whole fish needs to be taken into

caudal peduncle account
Allows swimming analysis only

considering tail

In nature usually none of these extremes are present, but a combination of
both. For this approach a tail motion similar to thunniform swimming was
chosen. It has been extensively studied in nature [24, 11, 28]. While there
are some angulliform approaches [13, 25] a flapping tail motion is most
common in robotic fish. It can be implemented in a significantly simpler
way and provides faster and more efficient propulsion [27, 28].

2.4.2 Theoretical analysis of Thunniform swimming

In figure 2.6 the optimal mechanics of an oscillating fin are described. The
body in the water tilted at an angle j is considered. For the left graphic the
fin is moving in the direction of propulsion with a speed of vy and down due
to the flapping motion with a speed of w. This results in a velocity vector
U of the water ’hitting” the caudal fin. The interaction results in a Force F|
that can be devided in a Forward thrust force Fr and a Force F| parallel to
the velocity vector U. The angle a between the direction of the waterflow
and the orientation of the fin determines if there is forward thrust. If « = 0
then Fr = 0. The figure on the right the illustrates an upward motion.

To generate more thrust, one can increase the vertical flow speed w. This
results in a larger magnitude of U and a larger angle a. To increase w one
can oscillate the tail with a larger magnitude H or higher frequency f. If
w becomes too large however the relation between Fr and Fj is becomes
unfavourable. This results in a significantly higher power required with

15



2. AcCTUATION METHOD

16

Figure 2.6: Mechanics of Thunniform swimming riding along with the fin as it moves down (left)
and up (right). vg is the water flow in swimming direction and w the flow from the oscillating
movement. Graphics from [1]

negligible thrust increase and therefor leads to lower propulsive efficiency.
A benchmark for optimal efficiency that has been determined from robotic
fins is:

fH _
Vo =030 (2.5)

f and H are the frequency and Amplitude of the oscillating fin respectively.
Fish have optimised the thunniform swimming to achieve a propulsion effi-
ciency of 80-90% when swimming at optimal conditions.

Graphics and text adapted from [1].

2.4.3 Fin shape and material design

The fin is designed with mindset of replicating predominantly thunniform
swimming. A custom cut out plastic sheet is used as the fin. It is attached
to the soft caudal tail by sliding in a specificially designed notch. There is
no glueing required making it quick to interchange different fins.

The fin design is inspired by similar approaches found in literature. Jusufi et
al. [16] implemented a pneumatically actuated robotic fish fin using a sheet
plastic as the fin. Key features like the frequency, phase, overlap and dead
time were investigated and related to the locomotor forces. Additionaly
to the general trend of increased thrust from higher frequencies there was
also a local maximum observed. The impact of the tail shape and stiffness
on swimming speed was tested by Feilich et al. [9]. Here no optimal foil
could be found exhibiting highest performance in all metrics. The tail with
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an aspect ratio calculated according to 2.6 and a deep peduncle achieved a
highest self propelling swimming speed.

12

AspectRatio = 1 (2.6)

1 describes the length of the fin and A the area.

2.5 Tail control

The fin position and motion is determined by the electromagnetic force,
which can be controlled by altering the current through the electromagnet.
The frequency, amplitude, bias and efficiency are determined by applying
the correct forces over time. There is no feedback implemented making this
and open loop controller.

Ideally the frequency and amplitude of the osciallting tail movement should
be high to increase thrust (compare [16]). The higher the actuating force
the larger the amplitude and faster the movement in the desired direction
enabling faster frequencies. Therefore maximum currents in opposite direc-
tions on the magnets should be used. This makes them synergistically move
the tail to one side. One magnet pulling and the other one pushing. A bias
can be introduced by introducing a time difference between the two sides
during one period. By resting the tail on either side for slightly longer the
underwater robot steers in that direction.

The two electromagnets are controlled using the Raspberry Py. Here a
Python code is implemented determining the stimulating pattern. It consists
of a period T in which the pattern is applied and then repeated. Therefore
T determines the frequency f = 1/T. One can then determine the current
direction and amplitude in 100 sub steps during one phase by setting an
array. This allows forward movement by applying opposite currents to both
magnets for 50 sub steps and switch for the second half of the period. Bi-
ases can be introduced by switching not at 50% but a higher or lower value.
The efficiency of the tail however can be greatly improved by only applying
maximum currents during moments, where the maximum force is required.
This was not tested further, however the software framework is set up to
apply arbitrary cyclic inputs.
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Chapter 3

Overall Body Design

3.1 The Layout

The soft caudal tail is attached to the main body using a sleeve, which is
part of the silicon cast tail. The main body is a waterproof shell housing
the electronics including the electromagnets in the very back. These then
interact with the soft tail as described in chapter 2. On the Main body mod-
ular arms and a head can be attached. These currently passive components
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\ f norE SPACE  INTERNAUL

Figure 3.1: Implementation concept. (Orange) Main Body; (Red) Electronics; (Yellow) Extra
components; (Blue) Soft silicon cast tail (Sketch by Derek Cascio)
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Figure 3.2: The body after removing the top shell. The battery, control boards and electromag-
nets (top to bottom) are revealed.

contribute to the weight distribution and fluid dynamics.

3.2 Shell Design

The overall body is inspired by a comic style superhero character. Based on
initial sketches of a general look a 3d model was elaborated. Additionally
to the look constraints, fluid dynamics, fitting the components and weight
distribution/ buoyancy has to be considered. The electromagnets are placed
in the lowest part of the body touching the wall. This ensures a minimum
distance between electromagnets and permanent magnets. The rest of the
components are fit in the long main body. Arms and the Hair are designed
in a shape, such that their finlike features enhance the fluid dynamics while
swimming. This reduces twisting of the main body caused by the flapping
fin.

The two part hull is held together with six screws. Square nuts are inserted
into the 3d printed design to enable a proper fastening of the M3 screws.
A channel around the inner side of the hull is filled with a gasket. Upon
fastening the screws the notch from top part of the hull fits directly into the
gasket filled channel creating a waterproof seal.

To fit the inside components extra features were implemented. Four screw
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Figure 3.3: The CAD model of the underwater robot

sockets for the custom PCB and Raspberry Pi and crescent shaped mounts
to place the electromagnets.

The parts were designed in Solidworks Fusion 360 program (CAD model
illustrated in figure 3.3). All rigid pieces are 3D printed. Polyjet printers by
'stratasys” with vero blue and white material were predominantly used.

3.3 Weight distribution and buoyancy

The goal is to achieve neutral buoyancy to float steadily at every depth. As
there is currently no active buoyancy control implemented the fish is slightly
positively buoyant such that the hair of the mermaid slightly sticks out at
the surface. This way the rest of the mermaid stays at a constant level under
water.

Additionally to the overall buyancy - the difference between weight of the
object and weight of the volume of displaced water, the center of these
weights are also important. Placing the center of mass significantly below
the center of buoyancy ensures the underwater robot is inherently stable
in the water. The center of gravity and buoyancy as well as their respec-
tive values were compared and the design adjusted. Additionally multiple
mounting places for weights are distributed to fine tune the weight distri-
bution. This includes the tip of the hands to ensure a lower center mass.

3.4 Electronics

The overall layout of the electronics is shown in figure 3.4. A Raspberry Pi
Zero W was chosen as a digital processor. While being compact in size it
offers wireless communication, a camera interface and GPIO (General input
output pins) pin control making it a clear choice. To enable the Raspberry
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Pressure IMU Electromagnets,
sensor  sensor actuating back fin

Batteries

Figure 3.4: (left) Overview of the electronic components and their connection; (right) The
custom designed PCB board mounted on the Raspberry pi Zero W

pi to interface with sensors and actuators and receive power a custom board
was designed, that is mounted on the Raspberry Pi.

The motor driver chip L298N is the main component of the PCB. It drives the
electromagnets using the logic input from the GPIO pins of the Raspberry
Pi and the direct power of the battery. It supports currents up to 2A for each
electromagnet and Voltages up to 46V, which is notably more that the 1A,
7.4V currently used. To power the logic of the L298N chip and the raspberry
pi the voltage regulator L7805 is used. It provides a 5V output current of
maximum 1.5A.

Two 3.7V LiPo batteries are connected in series, resulting in a total voltage
of 7.4V. Each of them having a capacity of 850mAh. The two batteries can
power the electromagnet drawing 1A at 7.4V for 0.85 hours or 51 minutes.

A 9DoF IMU Breakout board and a pressure sensor (TE Connectivity MS5803-
02BA) can be added to receive feedback during autonomous swimming.
They communicate via I2C with the Raspberry Pi and are mounted on the
custom PCB.

3.5 Experimental Methods

3.5.1 Magnetic force measurement

A low force testing system by Instron ( 6800 Single Column Series) was used
to measure the force between the electromagnet and permanent magnet at
different distances. To attach the components to the machine at a distance,
such that there is no significant magnetic interference from the metal parts of
the machine custom 3d printed holders were designed. During the test the
distance between the two magnetic components was altered at 5mm/s and
the force, time and extension recorded. The data was then processed using
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python to determine the magnetic force at the respective distance between
the electromagnet and permanent magnet. Three tests with no current, 1A
and —1A through the electromagnet were taken.

3.56.2 Swimming Test

A prerequisite for successful testing of swimming is to ensure the body can
freely float in the water. By using weights to calibrate the body and making
it slightly positively buoyant it stays right under the water line.

Multiple tail shapes were cut out and labeled. The robot was tested in calm
water. It is placed at one side of the water basin and propels itself forward
to achieve a certain swimming speed. The process is video recorded from a
top down view (compare figure 4.6). To determine its speed the body length
in the video was measured and the time required to surpass this length
recorded. By dividing the distance traveled over the time, the velocity is
obtained.
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Chapter 4

Results and Discussion

4.1 Magnetic interaction

The force on the permanent magnet corresponding to the distance to the
electromagnet is measured and compared to the simulated one (figure 4.1).
The maximum force is at a maximum if the center of the permanent magnet
is at the end of the coil (see Simulated force). It then decreases exponentially
as the distance between the EM and PM increases. This is replicated in the
experimental tests.

Magnetic Field and resulting force along symmetry axis

| Simulated force with mu_eff = 3
27— TL:EMcurrent = 0 A
—— T2: EM current = 1 A
T3:EMcurrent =-1A
—— D1: difference between 1 Aand 0 A
—— D2: difference between -1 Aand 0 A
04

Force in N
|
~
—

|
&

-5 0 5 10 15 20 25 30
Position in mm

Figure 4.1: The force applied to the permanent magnet depending on its distance to the
electromagnet. The response was recorded for 0, 1 and 2 A. The area in blue highlights the total
force that can be applied when canceling out the attractive force of the EM and PM with no
current applied.
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As no current is applied to the electromagnet (T1) one detects an attractive
force between the iron core of the electromagnet and the permanent magnet.
This force is significantly increased when applying a positive current of 1A.
For the inverted current of -1 A the solenoid creates an inverted magnetic
field resulting in a repelling force. However a positive repelling force is
only observed for distances of 8.5mm and more. As one moves the two
components closer, the attractive force between the permanent magnet and
iron core outweighs the repulsive force.

For D1 and D2 only the additional force inferred by the current is consid-
ered. The attractive force between the permanent magnet and the iron core
of the electromagnet is subtracted. The blue area, which spans between D1
and D2 shows the relative force change that can be applied to the permanent
magnet depending on its distance to the electromagnet.

From these results we can conclude that the ideal distance to achieve max-
imum forces is as close as possible. The strong attractive force of the iron
core of the electromagnet and permanent magnet at low distances poses
challenges though. It exceeds the repulsive forces at -1A below 8.5mm caus-
ing the PM and EM to be attracted constantly. This force should ideally
be compensated by a compliant mechanical design. One could then apply
any absolute force in the blue area to the permanent magnet, enabling both
attractive and repulsive forces even at close proximities.

To conclude, the main parameters that can be altered include the position of
the permanent magnet while traveling and the compliance of the soft silicon
tail. The position has significant impact on the amount of magnetic forces
that can be applied. At close distances the compliance of the soft structure
needs to compensate for inherent magnetic forces as otherwise no repulsive
force can be achieved leaving the tail stuck in one position.

4.2 Tail theoretical evaluation

While the simulation of the tail using a spring network is only a very ap-
proximate model it gives an insight into how the structure is going to behave
as forces are applied. There were two main use cases of the spring network.

First, established concepts, in particular the ladder shaped triangle inspired
by passive grippers [8] is investigated. These already implemented struc-
tures are replicated in a pixel drawing and only one parameter changes
slightly. In this case the thickness of parts, position of mounting points/
magnets or amount of horizontal connections was varied. Qualitative anal-
ysis of the changed response can significantly support the approach of op-
timising the soft fin tail for e.g. larger deflection. In the first two rows of
figure 4.3 the thickness of the “legs” is increased. As one would expect in-
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Figure 4.2: Simulating the response of various tail designs to opposite forces applied to the
electromagnets. The left column shows the initial state, middle column half force applied and 27
the right one the full force.
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tuitively while applying the same force the tail deflects less and the magnet
travels further down and towards the middle.

Secondly, a completely new or strongly altered design can be analysed. The
qualitative data gives a good indication how the overall body is going to
behave. While expecting a certain movement while designing it provides
certainty or corrects assumptions significantly faster than the process of
manufacturing the soft silicon cast tail.

In row 3 (figure 4.3) a minimalistic structure is analysed. The top triangle
stays rigid in itself. The movement of the magnets causes simply the hori-
zontal connection to twist, tilting mentioned triangle. As a fish like bending
motion is desired this approach was disregarded.

In row 4 a connection between both magnets is introduced. This restricts
the movement of the magnets causing them to stay more horizontal. This
improves the force that is applied to the magnets, however the limited move-
ment only results in a slight tilt of the tail.

In the last row the lower mechanism around the magnets is significantly
different. Instead of the common in and outward bend of either side caused
by the magnets, a vertical translation is observed. This causes an ideal bend
of the tip of the tail. However, under close observation the extension of
the tail can only be caused under significant movement of the magnets. As
the force of the magnets decreases significantly with distance the design
requires further refinement.

Overall using such tools is very useful to establish an intuition on how to
further improve the design. It can not however be compared to a realistic
qualitative simulation nor fabrication of the actual component and testing
it.

4.3 Tail actuation

During the process of designing, simulating and implementing various mag-
netic actuated tails numerous observations and improvements were made.
The crucial points that need to be kept in mind when making design choices
are summarised below.

o The first and most important step is to determine the initial position
and travel of the permanent magnets during motion. Here predomi-
nantly the magnetic interactions need to be kept in mind.

The permanent magnets have to stay within close proximity of the elec-
tromagnets to transmit sufficient force (see chapter 4.1). Additionally
they should have the same symmetry axis, meaning they are parallel
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and have no offset to either side. This ensures that a maximum force
from the electromagnets can be applied at given distances.

As both permanent magnets are placed in the same orientation they
repel each other. This force can become significant if the magnets are
too close. As the magnets pass each other during a tail stroke this
force is increasing significantly. This creates a two state system, where
the tail is tilted to either side in a low energy state and at a maximum
in the middle. This can hinder the actuation of the tail significantly,
however could also be exploited. Upon passing the threshold where
the two permanent magnets are closest no additional force is required
to tilt the tail all the way as the permanent magnets exert that force
themselves.

e The soft silicon tail needs to constrain the determined movement of
the permanent magnet. Additionally it is ideal to compensate for the
intrinsic magnetic forces with the compliant design. For example the
magnet magnet interaction can be compensated for by initially placing
the magnets close to each other in a relatively stiff design. While the
magnets repel each other the soft structure exerts a pushback. If the
two forces would ideally compensate each other almost no force would
be required to exhibit a tail stroke in vacuum.

Therefore, the stiffness of the tail needs to be carefully calibrated. Is the
structure too hard, barely any movement is recognised. Is the structure
too soft the tail experiences uncontrolled movements. Just the right
amount of stiffness enables a controlled tail movement. Meaning it
constraints the magnets paths and compensates for intrinsic forces.

e Finally, the tail needs to exhibit a significant stroke. Therefore the
movement of the magnets needs to be translated into a tail undulating
motion. The extension, force and type of deflection are important.
Experiencing a bending motion replicates the natural fish movement
and can be well translated into significant thrust by attaching a fin.

Overall a tradeoff between range of motion and force needs to be made. As
the permanent magnets travel further their force becomes weaker. Translat-
ing their movement into a large tail movement also decreases the force of
the fin on the water. However, when using a stiff design the tail movement
becomes very precise and strong. This tradeoff needs to be well balanced to
be able to achieve sufficient frequencies while having a significant amplitude
of the tail.

To address these design goals two things can be adjusted: The shape and the
material. The shape gives most flexibility and has been investigated using
the simulation. Orienting on the Triangle shaped ladder design [8] features
like the thickness of the beams and sides were adjusted.
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Figure 4.3: Multiple iterations of the tail with increasing hardness from left to right. (left) Body
Double Silk; (middle) Dragon Skin 20; (right) Smooth Sil 945

Additionally to the design features of the tail the material choice plays an
important role. Multiple materials with various stiffnesses from hardness of
approximately a rubber band (20A) to a pencil eraser were used (compare
4.3). Stiffer materials allow for significantly thinner features while retaining
rigidity and give therefore more freedom regarding design choices. Ad-
ditionally the maximum force that can be transfered is higher with stiffer
materials. As the material becomes too stiff the force needed to move the
tail becomes too high. Therefore a tradeoff has to be found and combined
with a corresponding design, that adjusts the thickness of features to have
the proper stiffness.

The implemented tail (figure 4.4) features the original Fin Ray inspired de-
sign with three horizontal connections. The permanent magnets are placed
on the symmetry axis and in close (7.7mm) to the electromagnets. Some
niche improvements and features of the implemented tail are highlighted
below:

e The two sides are tapered towards the top ensuring a smooth bending
motion.
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Figure 4.4: The top view of the CAD tail model and real world fabricated tail. Dimensions in
mm.

e The horizontal shafts are implemented in a thick way, but use thin
connection joints at either end. This reduces friction while retaining
their functionality of keeping the right distance to create the bending
motion.

e The magnets are embedded with a very thin silicon layer around them.
This is enabled by a wire mesh which is embedded in the silicone
around the magnets. The chance of the silicon tearing at these high
force points becomes significantly less.

o The tail fits perfectly on the mounting ring at the end of the body. This
is crucial as even a little bit of play or tolerance of a couple millimetres
can have a significant impact on the tails performance.

4.4 Overall Body

Integrating an autonomous underwater robot in a humanoid shape poses
significant challenges. Instead using common fish as a template and de-
signing one round main body, the human body is significantly thinner and
elongated. Additionally, extremities like the head and arms need to be ac-
counted for. The final design integrates all components in a mermaid char-
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Figure 4.5: The final design with (1) adjustable weights, (2) a front camera, (3) batteries, (4)
processing unit, (5) electromagnets, (6) top hull.

acter as seen in figure 4.5. The head is combined with the main body to
house the camera in the very front. Having no connections from inside
to outside of the main hull enables a simple and effective waterproofing.
Additionally it makes the whole setup very flexible and easy to assemble
as all parts are screwed together using predesigned mounting points. The
modular arms can be detached when opening the enclosure. They include
mounts for counterweights to be able to precisely balance the weight distri-
bution and buoyancy. Thanks to the orientation of the arms, the centre of
gravity is significantly lower than the centre of buoyancy ensuring a stable
position in the water. The detachable hair is shaped to act as a dorsal fin
stabilising the fish further while swimming. Overall it is a practical design,
enabling autonomous swimming of the robotic mermaid.

The length of the main body from head to the thighs is 230mm. It has a total
volume of 7.8 - 10° mm? including arms and hair. The total weight is around
680g depending on the components.

Waterproofing was tested for 10 hours at 0.5m under water. There was no
sign of leakage detected. Additionally all swimming tests were carried out
without any leakage. This shows, that at least for low depth the gasket
screw combination ensures a waterproof seal.

4.5 Swimming performance

When actuating the tail a steady and controlled swimming is observed. The
body does not wiggle at all, which is mainly due to the significant disparity
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of body mass to fin. This is also the main reason, why swimming seems
inert. The large body mainly stems from the design constraints, requiring a
larger housing to fit the necessary components and achieve a good weight
distribution.

Multiple tail designs and actuation frequencies are tested and shown in fig-
ure ??. In a dry environment with no water a steady oscillation with a
frequency of 9.1 Hz was achieved. Upon placing the robot in the water
the thrust generated by the flapping tail moves the robot forward (figure
4.6) . The observed extension and frequency of the tail remains the same.
The exception is when the maximum frequency of 9.1 Hz is combined with
larger tails (T2, T3, T4). Here one detects a decrease in swimming velocity
(see figure 4.7) as the frequency and extension can not be maintained due to
increased drag. This results in the tail showing uncontrolled twitching.

When taking these exceptions out of consideration the velocity generally
increases as the actuation frequency is increased. This behaviour is expected
as due to the higher vertical flow speed of the fin more thrust is generated
(see chapter 2.4.2).

The maximum swimming speed does not significantly depend on the Tail
shape. All tails achieved a maximum velocity of 10 or almost 10 cm/s. The
frequency at which this maximum velocity is reached does change. While
for the smallest fin (T5) the maximum frequency achieves the fastest move-
ment the other tails have a maximum velocity at 5 Hz. This is most likely
due to skipped beats as the drag becomes too high.

Overall this highlights a maximum speed of 10.8 cm/s with steady swim-
ming. Thanks to the simplicity of exchanging fins and tails it can serve
as a platform to perform further in depth tests of shapes, frequencies and
undulation movement.
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Figure 4.6: (left) Top down view of the mermaid body swimming. (right) Oscillatory behaviour
of the fin
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Figure 4.7: Comparison of swimming speeds of multiple fin cutouts actuated at various frequen-
cies
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Chapter 5

Conclusion

A fundamentally novel actuation method was invented, verified and imple-
mented in an autonomous underwater robot. Starting with requirements
and goals a concept was created. It determined the separated two part de-
sign of body and tail. One soft and the other one a rigid shell. Next a
suitable actuation method was determined, and as no current method ful-
filled all requirements a novel actuation method tested. After successfully
verifying the basic functionality of the actuation method and fish tail, it was
implemented. The overall body and electronics were designed and built and
combined with the tail. The whole system was tested of its functionality, its
theory investigated and the magnetic force and compliant tail response sim-
ulated. Based on the gained knowledge a new iteration was designed and
this process repeated.

The final robotic fish combines functionality with a very different human
shaped desgin. Rethinking individual components, like creating dorsal fins
out of the mermaids hair has enabled such a design. The design is simple,
robust and most importantly modular. This is largely thanks to the novel ac-
tuation method which enables a straight forward waterproofing and opens
up a new possibilities of actuation. Thanks to thoroughly investigating the
three main aspects required for a successful actuation autonomous swim-
ming was achieved.

Soft underwater robots have a huge potential that deserves further research.
By replicating natural locomotion they can not only be developed to swim
fast and efficient but in agreement with nature. This enables applications
like scientific marine observation or interaction. A new application scenario
considered for this robot is to detect and in the future remove plastic from
water. Using image processing and its front facing camera, plastic parts
can be detected and traced. These and more applications encourage further
research in this fascinating area.
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Figure 5.1: The mermaid body, featuring multiple applications for education. (1) Magnetic
actuation (2) Soft silicon cast tail fabrication (3) Fin design (4) Software: Controlling the
electromagnets and combining with image processing of camera in the future (5) Buoyancy
control and weight distribution to achieve stable swimming.

5.1 Applying the underwater robot in education

Thanks to the simple design students are able to assemble the robot them-
selves in a very modular way. This serves as an excellent platform to learn
new skills in soft robotics, electronics, programming and biology. The core
learning opportunities are listed below:

¢ Utilising the novel actuation method of the robot magnetics and its
applications can be explained. One could explain the fundamental
principles of magnets and then highlight electromagnets. One can then
fabricate such an electromagnet and apply it directly in the underwater
robot.

e Advanced fabrication of molds can be taught. In industry injection
molding is the current standard and it is therefore useful to understand
the concept. Additionally students can come up with their own tail
designs, which could also be made out of sheet plastic at first. This
allows for creative freedom to design an ideal force translation of the
magnets.

e Teaching natural fish locomotion and their different fin shapes can find
application here too. Inspired by biology [18] one can cut out various
fins from sheet plastic and attach them to the tail. This allows one to
then test the performance depending on the design of the tail.

36



5.2. Outlook

e An alternative would be to enable the students to program the under-
water robot in a specific way, exploring different behaviours.

5.2 Qutlook

The phases of implementation and testing are an iterative process. The next
steps that could be taken to further improve the underwater robot are listed
below.

e This new actuation method provides various opportunities for further
improvements and extensions:

- To optimise the magnetic force a complete FEM model of the elec-
tromagnet and permanent magnet interaction can be developed.
This would allow one to add high permeability materials in cus-
tom specifically designed places.

— On top of the current 2d spring network a 3d Finite Element
Model of the soft silicone structure can be developed. This would
additionally allow for quantitative predictions and optimize the
shape for efficient and maximum force translation. Research has
shown however, that these predictions tend to be inprecise. A
FEM model basted on the SOFA Soft Robotics framework has
been attemped.

- The manufacturing of the silicon cast tail can be adapted such
that it becomes possible to build it in a teaching environment.
One option would be to provide the finished molds and use a
syringe to do the injection molding. Other options would be to
go back to a two part mold or enable students to modify the mold
as a CAD file or in the real world by adding or removing lego like
blocks.

- A great test for both research and education is to design various
fin shapes, cut out of the sheet plastic and compare their effect on
speed, efficiency, stability and other parameters.

— The control of the currents of the electromagnets using software
can be refined. While the current method of applying maxi-
mum currents achieves maximum amplitude and frequencies al-
ternative approaches could increase efficiency and movement be-
haviour (eg. have a more slow/ steady/ consistent movement).

e The overall body can be further optimised to improve weight distribu-
tion and buoyancy. Additionally an active buoyancy control could be

37



5. CONCLUSION

38

Figure 5.2: An alternative implementation of a soft tail using the same fundamental actuation
method. Coils are illustrated in red, permanent magnets in blue and the soft silicon structure in
black.

implemented to control the depth of the robotic fish in the water. The
following options are proposed:

— Place a motorised syringe inside the hollow shell with its tip pro-
truding to the outside. The sucked in water from the outside
adds additional weight to the body without increasing its volume
making the fish decent.

— Add an actuated dorsal fin (faces up). By designing the body
slightly positively buoyant actuating the fin would counteract the
positive buoyancy.

— Actuate the Hair or head of the mermaid to tilt up or down. As
the underwater robot swims forward this movement makes it as-
cent or decent respectively.

e Finally, the addition of a camera, which is implemented in the final
prototype enables new possibilties. One option is to combine the con-
trol of the permanent magnets with object detection. This allows one
to trace an object in the water. Other sensors and actuators could be
used in the future to implement additional features. The long term
goal of collecting plastic could thus be implemented.

5.2.1 The potential of the novel magnetic actuation principle

The principle of the novel actuation method, utilising attractive and repul-
sive forces between coils and magnets in a soft environment, has huge po-
tential for other applications. The interaction between coils and magnets has
traditionally mostly been limited to cyclic motions and rigid environments
e.g. an electro motor. The attractive and repulsive forces were usually not
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directly applied due to its strong non linearity and low work range. How-
ever, using specifically designed compliant materials like silicone allows for
new possibilities. Intrinsic forces can be compensated by the stiffness of the
materials, magnetic particles like iron could be implemented inside the soft
silicone to guide magnetic fields and advanced structures with e.g. auxetic
behaviours designed. A precise simulation of the magnetic forces and inter-
action with compliant structures is crucial for a successful design. If such a
model is developed computational design and fabrication could be applied
to build smart structures based on simple inputs.

One idea would be to use multiple small actuators which synergistically
actuate complex movements of soft structures. While similar approaches
have been tried with pneumatic or string actuated soft robotics [21] they
are limited by the complexity of the single actuator, requiring e.g. multiple
pneumatic pumps, tubes and cavities. Electromagnets on the other hand
transmit their forces via Magnetic fields requiring no physical interaction
with the permanent magnet. Additionally it is easy to control and connect
many electromagnets using simple circuits as they only need two electrical
connections and act like a basic resistors when applying a current for low
frequencies.

As an example this could be applied to the discussed fish tail problem as
seen in figure 5.2. Multiple small coils and permanent magnets each contract
and expand depending on the current applied. This interaction would lead
to a strong overall tail bend. Each magnet is only required to excerpt a
low force, but due to them working synergistically the overall force and
movement is expected to be high.

The overall principle can be compared to the natural bone and skin structure
of most mammals. Placing magnetic actuation at the core of soft structures
can make them come alive.
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Appendix A

Magnetic Theory

A basic overview of magnetic theory fundamentals was established to in-
vestigate the interaction between the permanent magnet and electromagnet
of the soft underwater robot.

A.1 Fundamental Theory

A.1.1 Constants and Units

Name

Ho

A.1.2 Operators

Value

4711077

Description

Permeability (degree of magnetisa-
tion in response to a magnetic field

Magnetic induction/ flux density
Magnetic field

magnetic moment

Magnetisation

Nabla Operator/ Gradient: Assume f is a scalar function. Applying the
nabla operator to f results in the derivative in all three dimensions on the
respective axis. Magnitude of the gradient is the value of its steepest slope.

41




A. MAGNETIC THEORY

42

Figure A.1: The divergence at a point x is the limit of the ratio of the flux & through the surface
Si (red arrows) to the volume |V;| for any sequence of closed regions V1, V2, V3... enclosing x

that approaches zero volume: divF = limy; g %

grad f =V f = (A1)

Sl &l Zl>
~

Divergence: Scalar product between the nabla operator and and a vector
function V. Describes the quantity of the vector field’s source at each point.
More technically, the divergence represents the volume density of the out-
ward flux of a vector field from a volume around a given point.

Measure of the net flow in and out of a bounded surface; Caused by sinks
and sources within the volume bounded by the surface; Calculated by inte-
grating the vector field over the surface.

o 0 0

Curl of a vector field: Vector product (Kreuzprodukt) between the nabla
operator and a vector function V. Describes the rotation of a vector field at a
certain location. Calculated by integrating the field along a closed line

) 0
5 Vi Ve 52V
rotV=VxV=[2|x|V|=|zVe— 5V (A3)
) )
g v, 5 Vy— &V

Combination: Combining multiple operators results in:

laplace operator : Af = V*f =V -Vf (A.4)
div(rot V) =V - (VxV)=0 (A.5)
rot(grad f) =V x (Vf) =0 (A.6)



A.l. Fundamental Theory

A0

Figure A.2: The components of F at position r, normal and tangent to a closed curve C in a

plane, enclosing a planar vector area (V x F)(p) - A & hm <|A| f F- dr)

A.1.3 The Maxwell Equations

The four Maxwell Equations in differential form:

v E=F (A7)
€0
V-H=0 (A.8)
5B
VxE=S (A.9)
VXH—%)—F] (A.10)

The four Maxwell Equations in integral form:

/ Eda = % (A11)
Hda =0 (A12)

// Edl = / %8,
_ [%B4, (A.13)

/Hdl /—+]) (A.14)

A.1.4 Models of B and H relation

B is a measure of how a material reacts to a magnetic field H. (H does not
depend on a medium, where as B does). B is the magnetic induction or flux
density (in T) in a medium with permeability u(inN/ A2orhenry /morTm/A)
or magnetisation M.
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.\hgne‘cizatiun Magnetic induction (.a
M

B=u(H+M)
4

H
~Hei Applied
field

Figure A.3: M-H and B-H hysteresis curves

B = uH (A.15)
= po(H+M) (A.16)
(A.17)

The permeability y describes the degree of magnetisation that a material
obtains in response to an applied magnetic field. In the general case it is a 3
Dimensional tensor. M is the Magnetisation (vector field like B and H). The
magnetisation is defined using the magnetic susceptibility .

M = yH (A.18)

B = jio(H + M) (A.19)

— oH + poxH (A.20)

~ wo(1+ 0 H (A21)

— uH (A.22)

=21 (A.23)
Ho

In hard magnetic materials Once saturation magnetisation is reached M
is independent of H and stays at Mg! The remanence is B, = poM and
describes the Magnetisation under no external field (high for permanent
magnets).

For linear and isotropic materials. In soft magnetic materials usually ap-
proximately for a certain range (until Msa¢ / Hgat is reached). We can then
approximate eq. A.23 by using y,.



A.2. From a source to a Magnetic field

xX=wu—1 (A.24)
1= opy =4m7-107"Tm/A -y, (A.25)

iy is the relative permeability: For ferromagnetic y, > 10; Vacuum/ air
ur = 1; Diamagnetic y, < 1; paramagnetic y, = 1..10;

For example, inside iron we have B = pou,H ,with p, = 1000. This means
for a for a given H, iron concentrates the flux lines by a factor of 1000 better
than vacuum/ air. Only valid for sufficiently low H < H,at. Otherwise
material is saturated.

A.2 From a source to a Magnetic field

A.2.1 Magnetic Vector Potential

The magnetic field can also be described by the vector potential A.

A.2.2 A current through a wire

Assuming constant current, therefore no time dependencies, we can leave
out derivations towards time. This gives us the simplified Maxwell formular
from eq. A.10:

VxH=] (A.26)

From this we can look at the Biot- Sarvart Law, determining the magnetic
field H generated by an electrical current. First formula determining the
contribution JH of a part of a wire 1 with a current i. The second formula
integrates over the volume of the wire/ object current.

1 iXr
_@?AFFﬂI (A.28)

A.2.3 A solenoid

Applying the Biot Sarvart Law for a single loop results in the following field
along the symmetry axis:
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I

Figure A.4: lllustrations of a dipole

2 2

ia 1 X

_ _ X \-15

M= 3y = (20 ) (A.29)
y is the radius of the coil and x is the distance along the symmetry axis from
the coil. Multiply formula by N to take multiple coils into account. When
looking at the field along longer solenoid one receives the following fomula
for solenoids of length L and Diameter D.

m = (Vi) L+ 2x N L—2x
~ VL 2D+ (L+ 202172 T 2(D2 + (L — 2x)2)172

) (A.30)

Adding a Magnetic core. The H field of the solenoid causes the domains
inside the core to align in parallel. The magnetic fields add to the wires field
creating a large magnetic field. Finally if all domains align, one has reached
saturation, where no stronger magnetisation can be reached.

A.2.4 A magnetic dipole

There are two main descriptions for a dipole: A current loop and a linear/
point dipole. Determining the dipole magnitude from a current loop with
current i, radius a and Surface area S is described in the first formula. Al-
ternatively one can say a permanent magnet is made by elementary atomic
magnetic dipoles. The superposition method supposes that in the elemen-
tary volume V), given by position vector ry, there is a dipole with an ele-
mentary moment.

lm| =i-S=i-ma® (A.31)
m = M(rg)dV (A.32)



A.3. Forces and torques

The field around it can then be described based on this magnetic moment
m.

1 3(m-P)P
H= e () (A3

A.2.5 Magnetic Fields of permanent Magnets

For A cylinder of Length L, radius r the field in axis of distance x from the
surface is:

B, x+ L X
Bx = — — A34
) <\/r2—|—(x—|—L)2 \/r2+x+2> (-39

A.3 Forces and torques

In general a force can be calculated by taking the derivative of the energy
with respect to its spacial coordinates.

oW.m
— A.
E= oy (A.35)
The fundamental formulas of force applied to an object is:
F = o / (M - V)Hdo (A.36)
T = 1o / (M x H)do (A.37)
v
Applying this formula in a stepwise way:
OF = yoo(M - V)H (A.38)
0T = ppdv(M x H) (A.39)

Assuming there is no current flowing in the body (J=0), and using V x H =
0 we get:

JH
M- 5-

OF = ppdv | M- 2 (A.40)

JH
M- 5
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Notable is that the force depends only on the spacial derivative of H and
not its magnitude and a maximum is achieved when M and the derivative
of H are aligned.

A.4 Specific appliation

A.4.1 Permanent magnet grades

Permanent magnets are described using a grade N. Here follows an overview
of their properties. The Magentisation is calculated from the remenance flux
density M = B,/ uo.

Official Strength Residual Flux Density Br [T] Magnetisation [%]

N42 1.32 1050 - 103
N48 1.42 1130 - 103
N50 1.45 1153 - 10°
N52 1.48 1177 - 10°

A.4.2 Magnetisation of lron core by the Solenoid

Using a simple two step approach to calculating the Magnetisation/ Mag-
netic field in the iron core of the solenoid. Using eq. A.30 that defines the
field in the solenoid and then determining its Magnetic Flux Density by tak-
ing the core Material into account. As iron can be approximated as a linear
isotropic material for H fields below Hs;; we can make use of eq. A.24.
Here the magnetic susceptibility or relative permeability of the material is
required.

Ni L+2x L —2x

H| = (T)(z(m T L2 2 2Dt (L 2x)2)1/2) (A41)
B = piopters|H (A42)
(A.43)

Take effective permeability into account: https://en.wikipedia.org/wiki/Solenoid

Material Description Relative permeability]
Iron (0.2 impurity) 5000
Iron (rough description of Core bought) 50 000
Purified iron 200 000

Utilising the data from this we can determine the Flux Density (B- Field) for
different coils and materials.
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