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1
Summary

We present a novel DC motor driven soft robotic fish and optimization based on experimental,
numerical and theoretical investigation into oscillating propulsion for primarily speed and
secondarily efficiency. Our system outperforms the previously fastest soft robotic fish Zhong
et al. 2017[29] by a significant margin of 27%, with speeds upto 0.85m/s. A simple wire-
driven active body and soft compliant body were used to mimic highly efficient thunniform
swimming. The efficient DC motor to drive the system decreases internal losses compared to
other soft robotic oscillating propulsion systems which are driven by one or multiple servo
motors. The DC motor driven design allows for swimming at higher frequencies. The current
design has been tested up to 5.5 Hz but can potentially reach much higher frequencies.
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3
Introduction

The past three decades a large amount of research has been done on investigating oscillating
propulsion systems. Although high efficiencies of up to 87% [2] have been reported in exper-
iments with pitching and heaving foils, the complexity of the mechanisms has prevented the
implementation of oscillating propulsion in the market. The designs generally consist either
of multilink servos or multiple motors controlling the pitch and heave of a foil. Recently re-
search has shown a single servo driven oscillating propulsion system with a compliant and
active tail part[29]. This research could be the basis of a much simpler compliance based
oscillating propulsion system.

Figure 3.1: Overview of identified design variables for a compliancy based oscillating propulsion system

In this thesis we investigate the influence of different aspects of the motion, propulsor and
body of a compliance based oscillating propulsion system on locomotive speed. The identified
variables can be found in fig. 3.1. Although identified both caudal fin structure and skin
friction have not been taken into account in this thesis to limit the research scope.

The goal of this project is to showcase the possibilities of oscillating propulsion for (un-
der)water crafts by generating high speed with relatively low complexity.

5
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3.1. Background and related work
To understand the context of oscillating propulsion for a historical overview is created of
robotic fish. Showcasing their accomplishments but also their limitations. This overview
also leads to conclusions and design decisions for our robotic fish.

Table 3.1: Overview of previous robotic fish and their achievements on speed. Green highlighted are soft robots, orange high-
lighted are robots using rotary shaft systems.

Name University Year of pub. Max. speed BL/s Max. speed (m/s) Frequency (hz) Body Source

Barrett’s RoboTuna MIT 1999 0.65 0.7 1.1 8 links multilink, not free swimming Barret et al. 1999
Kumph’s robotic pike MIT 2000 0.1 0.09 1 Multilink (5 links),external motors Kumph et al. 2000
UPF-2001 NMRI Japan 2001 1 1 10 Multilink (3 link) Hirata & Kawai, 2001
Anderson’s VCUUV robotictuna Cambridge, massachusetts 2002 0.5 1.2 1 Hydraulic multilink Anders et al. 2002
y Alvarado’s compliant assembly MIT 2003 0.6 0.095 4 Compliant body, not free swimming y Alvarado et al. 2003
Yu’s carangiform swimmer Chinese Academy of Sciences 2004 0.8 0.32 2 multilink Yu et al. 2004
Compliant Robotic Tuna MIT 2008 0.37 0.1 2 Compliant body Mazumdar et al. 2008
Liu’s G9 carangiform swimmer University of Essex 2010 1.02 0.5 1.3 multilink Liu et al. 2010
Isplash 1 University of Essex 2014 2.8 0.7 6.6 Multilink rotary shaft Clapham et al. 2014
Isplash 2 University of Essex 2015 11.6 3.7 20 Multilink rotary shaft Clapham et al. 2015
Zhong activecompliant University of Hong Kong 2017 2.15 0.67 3 compliant/active body, soft robotic Zhong et al. 2017
SoFi MIT 2018 0.51 0.235 1.4 Hydraulic soft robotic system Katzschmann et al. 2018
Robofish S-tail TU Delft 2019 1.81 0.74 2.68 compliant/active body, soft robotic
Robofish L-tail TU Delft 2019 2.05 0.85 5.46 compliant/active body, soft robotic

3.1.1. RoboTuna and multilink propulsion
MIT’s RoboTuna is one of the first and therefore probably also one of the most well known
robotic fish. It was built to investigate oscillating propulsion as an alternative means for
propulsion for Autonomous Underwater Vehicles. The project started in 1993 and contin-
ued in multiple forms still at MIT but the main project moved to Franklin W. Olin College
of Engineering and continues to this day under the name GHOSTswimmer at Boston Engi-
neering. Early on the robot turned out to be more maneuverable and used less energy than
other AUV’s at the time, helping the research to acquire significant funding which allowed
the project to continue to this day.

RoboTuna originally propelled itself by series of pulleys pulled by external motors which
were connected outside the body through a mast on top to a carriage mount. It therefore
could not swim freely. Later versions kept the same system but with smaller motors placed
inside. After some more adaptations this allowed the versions at Franklin W. Olin College of
Engineering to swim freely.

(a) (b)

Figure 3.2: RoboTuna inside (a) and sideview of carriage mount (b). Reproduced from SW Tolkoff, 1999[21]
.

RoboTuna’s success was most likely to thank due to its complex pulley system allowing it
to very precisely mimic the motion described by previously executed research on live tuna and
heaving and pitching foils. Due to this success it was used as a reference for most robotic
fishes for the next 10 years. But this multilink system has also some large drawbacks.
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Although the movement can be made pretty efficient, the internal loses are huge due to the
amount of transmissions needed, it is very expensive due to the amount of motors needed
and due to the complexity, most of the body is filled with the propulsion system itself not
allowing any payload to be taken with it for any practical application. Although promising
no real life implementation occurred except significant military interest.

3.1.2. Compliant body
In 2003 y Alvarado[28] published a paper based on a compliant tail segment, meaning the tail
was meant to bend to create the desired motion. This significantly reduced the complexity
and therefore also the cost of such a robotic oscillating system. The initial positive results
can however be taken with a grain of salt. As based on the ratio between active and compliant
tail this robotic fish would never have swum if it was not held straight due to the connected
mast and carriage mount. However building further on this concept Mazumdar built a free
swimming fish in 2008 [19]. Due to only having a compliant body part it makes quite a sharp
angle between the activated segment and passive segment slowing it down.

Figure 3.3: Mazumdar compliant robotic tuna, showcasing the sharp angle it makes between the passive head and compliant
tail. Reproduced from Mazumdar et al. 2008[19]

.

3.1.3. Compliant & active tail
The compliant active tail design enables a smooth transition between the rigid head and
compliant tail. This enables a more streamlined body better allowing the creation of a reverse
von karman vortex (see chapter 4.1. How fish swim), similar to the compliant body design this
design only requires one motor enabling it to be hugely more efficient internally compared
to the earlier multilink design. Taking into account the results on speed, and reduction on
complexity this design is a big step towards a viable system.

3.1.4. Multilink rotary shaft
Multilink rotary shaft propulsion is a bit of an outlier. It has been applied in one of the
versions of the RoboTuna once and was implemented by Clapham in his Isplash concepts
[5][6]. The largest benefit of this design is that the motion of the robot stays the same for any
tail beat frequency. Allowing testing up to very high frequencies without large modifications.
This concept also proved what was already shown in fish, that when tail beat frequency
increases above a certain threshold (around 5 Hz) the speed increases in a power law relation.

However this design also has some major drawbacks, it is very prone to wear, needs high
precision fabrication to be created and does not allow for any easy steering mechanism. These
limitations make it not useful for any practical application
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3.1.5. Conclusion

Multilink Advantages Disadvantages

• Good control
incl. Steering

• Expensive
(multi servo)

• Low frequency

• Low internal effi-
ciency

(a) Top and sideview of a
multilink prototype.

Reproduced from Jia & Wang 2014 [12]

Multilink rotary shaft (single DC motor) Advantages Disadvantages

• Easily enables
high tail beat
frequency

• High speed

• Does not enable
steering

• Expensive
precision fabri-
cation needed

• Prone to wear

(b) Isplash optimize, example of a
multilink rotary shaft design.

Reproduced from Clapham 2016[7]

Compliant body Advantages Disadvantages

• Cheap

• Simple

• Low frequency

• Low efficiency

(c) Mazumdar compliant robotic
tuna. Reproduced from

Mazumdar et al. 2008[19]

Compliant & active body (single servo) Advantages Disadvantages

• Cheap

• Simple

• Good control
incl. Steering

• High efficiency
possible

• Only highly effi-
cient at one tail
beat frequency

(d) Zhong’s active/compliant
body robotic fish. Reproduced

from Zhong et al. 2017 [29]
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The compliant active tail design was selected to work further upon. This design shows the
most potential for the future. As we design for speed a design challenge will be to increase the
tail beat frequency above 3 Hz as servo’s (the motors used to control these robots) generally
do not go above 3 Hz. Requiring a new approach to enable increased frequencies yet to be
designed. A multilink rotary shaft system was not chosen as this system has very limited
practical application mostly due to being very prone to wear and the specialized precision
fabrication needed to fabricate the system.

3.2. Benefits and challenges

Figure 3.4: Overview of most important benefits of oscillating propulsion. Figure made by Tommie Perenboom.

Oscillating propulsion has a few major benefits. One of the main drivers for research is its
potential to be more efficient than traditional rotary propulsion. Specifically at relatively low
speeds oscillation can be very efficient. Wherein rotor blades are generally very inefficient
at low speeds. Small propellers used to drive underwater vehicles typically do not produce
efficiencies above 40% (Triantafyllou et al. 1995[23]). Where oscillating in lab experiments
have shown efficiencies of up to 87% (Anderson et al. 1998[2]). Thus oscillation showing a
potential increase of efficiency of more than 100%.

Oscillation also has better performance at high depth further increasing its efficiency
compared to conventional propellers. In a conventional propeller driven craft the propeller
shaft goes through a hole in the body, through this gap water could seep through. To combat
this in rotary propulsion large pressure is exerted on the rotary shaft at high depths, greatly
reducing its efficiency. An oscillating system lacks external rotating components enabling
complete encapsulation.

Due to the lower frequency of movement far fewer vibrations are emitted, making crafts
nearly undetectable and indistinguishable from fish. The soft tale, lack of sharp edges and
slower motion make the propulsion system also very safe. And ropes, debree and plants get
less easily entangled in an oscillating propulsion system.

There are of course also some drawbacks. The inherent swaying motion of oscillation can
be undesirable for many purposes. This could be countered by 2 opposite moving flapping
tails or a sail similar to sailfish (Stefano Marras et al. 2015[18]). 4 flapping tails would
also counter the inconsistent speed. The complexity and associated cost might not offset its
benefits such as higher efficiency in many commercial markets. Therefore the highest chance
of early acceptance might be in markets where a small benefit in the identified benefit areas
justifies a high increase in cost, such as stealth for military, high depth efficiency for deep
sea mining and pipeline inspection and silence and safety for aquatic research purposes.





4
Literature study

4.1. How fish swim

Figure 4.1: the most common body/caudal fin swimming mode categories. Shaded areas contribute to thrust generation. Re-
produced from Lindsey [17].

Fish motion can be separated into 5 main categories, which are mainly separated by
their ratio of active thrust producing body versus passive rigid head. For our robotic fish a
thunniform swimming motion is chosen to be mimicked as closely as possible. This decision
was based on the following benefits:

• Thunniform swimming is widely known to be very efficient and adopted by most pro-
longed fast swimmers.

• Thunniform swimming exhibits the least lateral movement of the head, creating a more
stable motion.

• In comparison with carangiform, subcarangiform and anguilliform swimming, thunni-
form swimming has proportionally a large passive body in relation to the undulatory
moving tail. This enables larger space for payloads such as sensors, actuators and
power supply.

The biggest drawback from thunniform swimming is limited maneuverability compared to
other modes of aquatic locomotion.

Most modes of aquatic locomotion and especially highly efficient ones like thunniform
oscillating locomotion work by creating inwards turning vortices on both sides which produce
a peak thrust in the middle behind an aquatic animal. This is called a reverse karman vortex.

Less efficient swimming modes like ostraciiform and carangiform motion use this reverse
von karman vortex creation to a lesser extent. Their thrust is created more based on simple
reaction forces making it easier to model, predict and reproduce. It is assumed that using
a combination of numerical and experimental research the swimming motion of our robotic
fish can be optimized to a highly efficient thunniform swimming motion.

11
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Figure 4.2: Illustration of inwards turning vortices creating thrust behind the fish. Reproduced from Eloy [8].

Figure 4.3: Fish schooling pattern. Reproduced from Ashraf et al. [3].

4.2. Schooling
The von karman vortex can be used for schools of (robotic) fish to swim evenmore efficient. As
can be seen at figure 4.2 at the side of the reverse von karman vortex street a forward thrust is
generated. This due to the rotating vortices. If two fish swim side by side this forward thrust
generation is even stronger. These are the forces that keep schooling fish together. Between
the fish there is a forward pushing stream and directly behind the fish there is a wall of a
backwards pushing stream. Because the vortices rotate towards the forward pushing stream
schools of fish are able to swim in tight schools with very high efficiency. The efficiency of
such a vortex street in a school can be so strong that it captures dead fish in a school [14].
Birds also use these vortices to fly more efficiently in a V or diamond formation.

4.3. Body kinematics for fast efficient swimming
In this chapter we investigate the theoretical optimum body kinematics for efficient and fast
swimming. From this theory we derive goals for parameters such as tail angle of attack and
a frame of reference for the performance of our robotic fish. The desired characteristics of
the tail are investigated in a separate subsection (Propulsor (Caudal fin)).

4.3.1. Efficiency
The strouhal number is a dimensionless number which describes the relation between the
sweeping frequency and amplitude in relation to the swimming speed.
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𝑆𝑡 = 𝑓𝐴/𝑈

where, for fish, f is tail beat frequency (Hz), A is peak-to-peak stroke amplitude of the tail
tip (m), and U is equal to swimming speed (m/s).

Large quantities of research have shown that all oscillating propulsive animals cruise at
the same narrow interval of 0.2 < St < 0.4, such as dolphins, sharks, bony fish but also birds,
bats and insects (Taylor et al. 2003[20]). Because natural selection is likely to tune animals
for high propulsive efficiency it is assumed that the highest propulsive efficiency is in this
range.

Figure 4.4: Diagram showcasing heave and pitch in a heaving and pitching foil system.

Experiments with pitching and heaving foils confirmed this suspicion. In an experiment
with a pitching and heaving 0012 NACA profile the highest propulsive efficiency was mea-
sured at a strouhal number of 0.25 (Triantafyllou et al. 1993[22]). Another researcher with
a similar set-up witnessed the highest recorded efficiency at 87% obtained at a St = 0.30
and tip to tip strouhal of StTE = 0.36 (Anderson et al. 1998[2]). St here defined as the heave
distance of the foil and StTE as the tip to tip excursion of the tip of the foil. Which is not per
definition the same if the foil is at an angle at its maximum heave distance.

Notably the highest efficiency in this experiment was obtained at the highest tested heave
amplitude to chord ratio of 0.75. Indicating a large amplitude with a small caudal fin chord
length is preferred. Maximizing the heave amplitude in the oscillating movement should
therefore be strived for. The maximum angle was 20.2° with the direction of movement during
the experiment with the highest efficiency. This is in line with previous research indicating
an ideal maximum angle of attack of between 15° and 25° (Triantafyllou and Triantafyllou
1995[23]).

In conclusion, for high efficiency a motion should be strived for that makes a maximum
angle and strouhal number of approximately 20° and 0.3 respectively.

4.3.2. Speed limitations
To obtain realistic insight in the top speed reachable by oscillating propulsion we looked into
both theoretical and experimental evidence of top speeds and cruising speeds of marine fish.
Due to cavitation problems, theoretical work suggests that the maximum speeds attainable
by marine fish and cetaceans (marine mammals) are limited to 10–15m/s at shallow depths
(Iosilevskii andWeihs 2007[11]). Using high speed video footage and accelerometry of sailfish,
(often assumed to be the fastest swimming fish) showed a mean cruising speed of 2.30 ±
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0.1m/s and 7.02 ± 0.48m/s mean speed at burst (Marras et al. 2015[18]), well within the
theoretical maximum.

4.4. Propulsor (Caudal fin)
The caudal fin is the main generator of propulsive force. Therefore the design of the caudal
fin is of high importance to the resulting swimming motion both in efficiency and thrust.

Most fish use the caudal fin not only as the main source for propulsive force but also
for steering. In different species it is optimized to create the characteristics which provide
the highest chance of survival for that species. For coral fish, fast swimming is for instance
not a necessity but fast acceleration and maneuverability is an important property to be
able to hide quickly from predators in the crevices of the coral reef. These fish need flexible
and highly adjustable tails (Videler 2012[25]). In this chapter we will focus on caudal fins
generating efficient high speed.

4.4.1. General shape
As the focus of this project is efficiency and speed we focus on the morphology of fast ocean
going species. Because there are little to no obstacles in the open ocean pelagic swimmers
have specialized speed over agility. These fast swimming fish have a much stiffer tail, the tail
is symmetric, lunate shaped with large spans and small chords (see section chord ratio for
more information).

The lunate shape is important for its performance. In experiments the backwards curving
leading edge reduced drag by 8.8% compared to a wing with the same chord ratio with a
straight leading edge (Westerhoff et al. 1987[27]).

Table 4.1: Illustration of different caudal fins retrieved from: https://www.koaw.org/caudal-fin-types

Tail shape Lunate Emarginate and forked Truncate and rounded

function High efficiency, high speed
cruising, low maneuverabil-
ity 

Good speed cruising,
medium maneuverability  

Very high acceleration 
and maneuvering (from
standstill) but high drag and
at highspeeds, tired fast.
Cruises at low speeds.

4.4.2. Chord ratio
The chord ratio or in aeronautics generally referred to as just the aspect ratio is the ratio
between the wing or in our case caudal fin length to its mean chord length. The lift/thrust-
to-drag ratio increases with chord ratio, meaning the higher the tail relative to its length
the more efficiently it swims (Kermode 1987[13]). This is general knowledge for fixed wing
aeroplanes.
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It works as follows: a pressure difference is generated between each side of the hydrofoil.
The pressure difference generates vortices at the tip of the tail. The energy put in creating
these vortices dissipates and produces drag as it is not used to generate thrust. The vortices
at high tails (and long wings in flight) are smaller compared to the total length over which
the pressure difference is maintained. Resulting in a higher efficiency. (Videler 2012[25])

Validation can also be found in nature. Long maintained fast swimming fish and birds
have high aspect ratio such as sailfish, albatrosses and eagles. By contrast highly maneu-
verable fish and birds have a low aspect ratio, examples are reef fish, hummingbirds and
the sparrowhawk. A very low aspect ratio is beneficial for high acceleration but limits it
total swimming speed and efficiency. This type of caudal fin can be witnessed in ambush
predatory fish like pike.

As mentioned in the chapter 4.1 How fish swim Anderson et al. 1998[2] shows this to be
true not only for static but also for heaving and pitching foils as the highest efficiency was
obtained when the heave amplitude-to-chord ratio was at its highest tested value.

4.5. Flexibility

Figure 4.5: Photograph showing the deformation of the caudal fin is higher in the middle of the fin due to lower stiffness. Repro-
duced from Jervis Bay Wild https://twitter.com/jervisbaywild.

Research on the effects and importance of flexibility has been limited, and knowledge in
this area is still largely based on assumptions and theories based on limited evidence and
thus this topic should be approached with some caution.

All fish have caudal fins consisting of fin rays, aquatic mammals like dolphins and whales
do not. These fin rays are connected to tendons which allows these fish to adjust the move-
ment and shape of the caudal fin to some degree. Highly maneuverable fish have better
control over these fin rays than pelagic swimmers like tuna and swordfish.

An electromyography of a tilapia, a highly maneuverable fish, shows that intrinsic caudal
fin muscles are active up to 65% of the time during swimming strokes (videler 1975[24]). The
intrinsic caudal fin muscles exert a force on the fin ray heads. This bends the caudal fin in
the opposite direction as the forces. Creating a scoop shape. The connection between the
vertebral column and fin ray head fulfills two incompatible functions. It needs to be highly
adjustable if maneuverability is required and fairly stiff to transfer large forces to provide
thrust. In tuna a clear preference is present for stiffness as the fin ray heads completely
overlap the ural plate connecting directly to the last vertebral body. The propulsive forces
are therefore transmitted directly in a bone to bone connection leaving no adjustability of the
fin rays. This is most probably the case in all lunate tail shaped pelagic swimmers. These
tails however still exhibit some deformation towards the direction of force suggestive there is
also a passive element of this caudal fin deformation (lauder 2006[15]). How this mechanism



16 4. Literature study

works in unknown, but it has been reproduced mechanically showing how it might work. An
example of such a system made of paper is exhibited in fig. 4.6.

Figure 4.6: Research by Bas Goris at O-foil shows a paper construction creating the shape modifying characteristics of passive
fin rays. Pressure bends the fin in the direction of pressure. The created camber increases the maximum thrust coefficient.
Reproduced from https://vimeo.com/22887842.

Aquatic mammals also exhibit some flexibility in their tales according to Frank Fish, a
marine biologist at West Chester University in Pennsylvania in an article by Jane J. Lee in
National Geographic (2014). According to Fish this flexibility is key to the enable dolphins
to maintain a highly efficient way of swimming. In the article he suggests these aquatic
mammals might be able to adjust the stiffness of their caudal fin enabling them to swim very
efficient at different speeds. Fish does however explicitly mentions he is not sure how and if
they adjust the stiffness.

4.6. Stability
The first prototype showed significant instability. Most notable significant yaw of the head
which dissipated energy creating a prototype which produced almost no thrust. This chapter
is a theoretical investigation into what causes instability. Based on this chapter new numeri-
cal experiments and prototypes are build to validate these insights and improve the prototype
design.

Figure 4.7: Stability illustration depicting the influence of placement of center of gravity on stability

4.6.1. Static stability
An object submerged or floating in a fluid will rotate to align the center of gravity below the
center of buoyancy. The center of gravity is the center of the weight of the object. The center
of buoyancy is the center of gravity of the fluid volume displaced. In our prototypes the
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center of gravity is adjusted with adhesive lead so the prototype is suspended in a horizontal
position.

When forces are applied to try to rotate the object the object it will rotate around the center
of buoyancy. The longer the distance (arm) between the center of buoyancy and center of
gravity the more force is needed for the body to roll or pitch making it more stable. E.g. mass
should be placed as low as possible in the object.

4.6.2. Yaw and roll stability

Figure 4.8: Definitions of robotic fish motions

When fish or robotic fish start to swim the oscillating tail motion can throw off its stability
and it can start to move or rotate in an undesirable direction, most commonly sway and roll
occur. Although the center of mass being below the center of buoyancy makes the fish less
prone to roll and pitch. When it does rotate the displacement of the center of mass from
below the center of rotation to a side during rotation is making it also sway a bit when it rolls
and surge a bit when it would pitch. All these undesirable motions dissipate energy creating
less forward thrust. To prevent these undesirable forces fish show adaptations we can learn
from.
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Figure 4.9: Frontal view of ideal hydrodynamic shape on the left and frontal view of a compressed elliptical body on the right

Compressed elliptical bodies Many fish species have developed vertically compressed ellip-
tical bodies. Creating higher than width body ratio. This is not intuitive from a hydrody-
namical point of view as minimizing drag around a given volume would result in a body of
revolution. The clear advantage of this adaptation is the damping of the larger side surface
area minimizing swaying motion during sideways oscillation of the tail (Lighthill, 1970[16]).
But this shape also reduces rolling, the shape creates a larger distance between the center of
rotation and dorsal and anal fins, preventing change in vertical angle (Weihs 2002[26]). This
adaptation is absent in fish which need high maneuverability in both vertical and horizontal
planes such as boxfish and dolphins.

Distribution of side surface area In fast swimming fish a large side surface area at a distance
as far as possible from the center line of yaw rotation (defined by the line between the center
of mass and buoyancy) is a common adaptation. You can witness this in body surface area
such as with mahimahi and dorsal and anal fin placement of which a good example is the
yellow fin tuna.

(a) A mahimahi, reproduced from Les Hata, Secretariat of
the Pacific Community, https://www.hawaii-seafood.org/wild-
hawaii-fish/mahimahi/.

(b) A yellow fin tuna, reproduced from Les Hata, Secretariat of
the Pacific Community, https://www.hawaii-seafood.org/wild-
hawaii-fish/yellowfin-tuna/.

Figure 4.10: Examples of distribution of side surface in the fast swimming pelagic swimmers tuna and mahihai showing thin tail
connections and large anterior area.

With a simplified 2D model we can visualize that increasing the distance of a large surface
area from the center of rotation can have a positive damping effect. Assuming a completely
static line between the center of buoyancy and gravity we can compare the damping forces
of the side surface area of the rigid head between prototype 1.0 and 2.0. These forces create
a counter swaying effect stabilizing the robotic fish.
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(a) (b)

Figure 4.11: (a) Yaw damping force distribution on the rigid head of prototype V1.0. (b) The distribution of yaw damping forces
on the rigid head in prototype v2.0. Below each figure a diagram shows the distance from the center of rotation (the black dot)
times the surface area. Allowing to compare yaw damping taking into account the moment of inertia.

.

As the moment from the center of rotation increases the damping force increases. For
maximum damping ideally you want as much side surface area to the front. However there
will be trade-off with hydrodynamic forces which could favour a more streamlined side shape.

Dorsal and anal fins Stabilizing fins are most effective at the largest distance from the center
of mass due to the increased moment. Therefore in general the largest fins are on top due to
the center of mass on a submerged object being per definition in the bottom half.





5
Explorative experiments

5.1. Experiment #1: Numerical reproduction of fish swimming by
an active/compliant robotic mechanism

5.1.1. Goal & method

To investigate if our compliant and active body system in a robotic fish could recreate thun-
niform swimming we take a look at reference footage of a swimming fish and try to recreate
this exact motion with a numerical model made in Simulink Simscape based on an active tail
segment and compliant tail segment. Parameters such as spring stiffness and damping of the
compliant body were manually adjusted to investigate if similar movement could be repro-
duced with a compliant/active body mechanism. Sadly we were unable to obtain thunniform
swimming reference footage, therefore mahimahi, another fast swimming pelagic swimmer
was used as a reference.

5.1.2. Results

Video analyses from the mahimahi swimming footage showed the body moves along a sine
wave pattern of ¾ wavelength and the tail is close to linear with the direction of travel, cor-
responding with the high efficiency results with pitching and heaving foils.

In the first panel in the figure below it can be seen that the angle at the highest heave
amplitude of the sweeping tail motion can be 0 degrees, creating no thrust in the opposite
direction of swimming motion. No problems were found in recreating the motion. The most
important factors for recreation turned out to be the ratio compliant/active tail and stiffness
of the compliant tail.

21
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Figure 5.1: Screenshots of a simulated swimming machine comprising of a rigid non moving head, active sweeping body and
spring damping body and tail.

Figure 5.2: Side by side simulation and stabilized segmented reference footage of a mahimahi. Full video:
https://youtu.be/LoBrGViYz6o

5.1.3. Conclusion & discussion
Based on analyzing the video footage of the mahimahi the swimming characteristics can
not be described as thunniform. Lateral bending occurs through a large portion of the fish.
This ratio between active tail and rigid head matches the characteristics of a carangiform
swimmer (y Alvarado et al. 2003[28]). As reference footage from a real tuna turned out to
be impossible to obtain (even though it is out there) our conclusions are based on a not
completely comparable example to the robotic fish that is envisioned. This model is however
easily adjustable to other reference footage if we would be able to receive such later on. Due
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to this footage not being thunniform it does not give insight in the ratio compliant, active tail
and passive head for our thunniform swimming robotic fish. This will require us to build a
more design iterations to find the right ratio for thunniform swimming. This model does show
the influence of ratios and has shown precise oscillating motion can be accurately mimicked
in a compliant/active segmented model.

5.2. Experiment #2: Swimming test mahimahi prototype
5.2.1. Goal
To create a starting point for the development of a robotic fish. This starting point is based
on reference footage of a mahimahi. As a mahimahi swims, the assumption is this basic
first prototype will swim as well as long as it mimics the motion reasonable. From that point
variables such as tail stiffness and body segment ratios are expected to be adjusted to make
it more efficient and fast.

5.2.2. Method
Based on video analysis of a mahimahi swimming in a laminar flow tank, first a numerical
model was created consisting of an active and compliant tail part. Based on the ratio of
tail, compliant body, active body and rigid head a prototype was designed with the same
characteristics enabling to mimic the motion of the mahimahi closely.

The prototype consists of a 3d-printed rigid head housing a single servo and in the future
possible other electronics. The active body consisting of a flexible polyester backbone and
3d-printed ribs creating the outer contour. The last rib near the tail is pulled by cables to
create an arc. The compliant body extends this curve into an sinuid motion. The caudal fin
sweeps. The body was water sealed using a latex laboratory glove and stretchable tape. This
method although not ideal enabled a quick prototyping and validation.

Figure 5.3: 3D-model design and prototype with the same body ratios as the mahimahi from the reference footage.
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5.2.3. Results
Barely any forward movement can be observed. There is a strong side to side swaying of the
head, some rolling as well.

Figure 5.4: Still frame from video showcasing the minimal forward movement of the first prototype. Video:
https://youtu.be/0RJSgPRmzJk.

5.2.4. Conclusion & discussion
The prototype is clearly producing very little thrust. Further literature research shows that
some fast swimming pelagic swimmers like sailfish and marlin, are inherently very unstable
due to their high flexibility (hebrank et al. 1990[9]). They therefore actively use their fins
and head to counter instability and to stay on course (S. marras et al. 2015[18]). This would
explain some of the behaviour we are seeing from the prototype. From this we can also
conclude that the mahimahi footage was inadequate as a reference. Further research into
the stability is executed in the chapter stability to better understand why this prototype was
unstable and how to resolve this.

5.3. Experiment #3: Numerical analyses of yaw stability
Increased yaw stability increases the tailsweep amplitude and therefore speed and efficiency.
We investigate 2 common body shapes in stable fast swimming fish on their influence on yaw
stability. We further isolate the identified characteristics of these body shapes in experiment
3.3 and 3.4. Producing better understanding which characteristics and to what extent they
can be attributed to positive yaw stability.

5.3.1. Experiment #3.1: Investigating yaw stability effects of increasing rigid
head length

Tuna show a very large rigid head to thrust inducing tail ratio. The ratio between this thrust
inducing tail and passive head has a very high influence on the yaw stability. When the
distance between undesired yaw force originating from the caudal fin, and the center of
rotation increases it will yaw less. The force to accelerate and decelerate the body rotationally
increases with distance (moment of inertia). This effect due to increased moment of inertia
also works positively on the damping effect of the anterior portion of the fish.

In this experiment we investigate the effects of moving the center of mass forward and
increasing mass by extending the rigid head. Increasing the length of the head, decreases
the mass ratio between the angular force inducing tail and passive head, the tendency to
resist angular acceleration should increase. Increasing the length also increases damping
due the interaction of the side surface area with the surrounding water. This will however
not be taken into account in this experiment.

Method We show the influence of the change of moment of inertia on head swaying ampli-
tude and tail amplitude with a model. Only the effects due to the change of position of the
center of rotation/mass and mass distribution along the body are taken into account. We
increase the length of the passive head placing the center of rotation at 2⁄5, ½ and ¾ and
compare the effects on yaw stability.
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Figure 5.5: The center of rotation is placed at the center of mass of the complete body the rigid head is 2⁄5, ½ and ¾ of mass of
the total body. Black on the right is the passive head, dark grey active tail, light grey passive tail, black on the left, the caudal fin.
Screenshot is taken at the maximum tail amplitude. Video: https://youtu.be/oxUJU0yoq6w

Conclusion Increasing head length in relation to the actuated tail when width and height
stay the same has a positive effect on yaw stability. This can be clearly concluded from figure
5.3.

5.3.2. Experiment #3.2: Investigating yaw stability effects of redistributing mass
to the anterior by increasing head height

A common adaptation in nature instead of increasing the rigid head length is changing the
volume/weight distribution such that the tail connection is slim and the front of the head is
high. This can for instance be witnessed in sailfish, mahimahi and marlin.

This has not only positive effects due to the surface area interacting with the surrounding
water as mentioned earlier, but also due to moving the center of rotation forward just like
increasing the rigid head length. In this experiment we investigate the influence of redis-
tributing mass further forward towards the head by increasing the height of the head.

Method We show the influence of sway by comparing 2 simulations. One with the center of
rotation at the attach point of the rigid head, and one with redistributed mass by increasing
the head height moving the center of rotation from the attach point of the rigid head to 1⁄3 of
the rigid head.

Figure 5.6: Overlay of 2 models, one having a weight distribution placing the center of rotation at the connection between the rigid
head and first rib. 2nd having the weight redistributed to move the center of rotation to ⅓ of the rigid head. Black on the right is the
passive head, dark grey active tail, light grey passive tail, black on the left, the caudal fin. Video: https://youtu.be/4-2Ꮇ፤፟፟ፃ፤

Conclusion & discussion The yaw stabilizing effect of redistributing mass to the anterior
portion is positive. Both adaptations in experiment 3.1 and 3.2 are clearly beneficial for
stability. To what extend and due to which properties can not be concluded without isola-
tion experiments. The effects of redistributing mass to the anterior can not be compared to
increasing the length of rigid head without controlling for mass.
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5.3.3. Experiment #3.3: Isolating the effects on yaw stability of the displacement
of the center of rotation

We investigate the effects of displacement of the center of rotation by controlling for mass.The
damping effect on the anterior portion of the head will increase as well due to the increased
moment arm when the head is extended.

Method We show the influence of displacing the center of rotation on yaw rotation by com-
paring 2 simulations. One simulation has double the rigid head length as the other. Both
have the center of rotation at 1⁄3 of the total head length. The total mass is the same. This is
controlled for by reducing the head height of the longer head.

Figure 5.7: Comparison of yaw stability by redistribution of mass by increasing head height and head length. Both simulations
have the same total mass. The center of rotation is with both the same fraction of ⅓ of the rigid head, increasing the distance
between the center or rotation and the actuated tail in the long head simulation.

Conclusion The displacement of the center of mass forward shows an increase in stability.
This can be attributed to the center of rotationmoving further forward, increasing themoment
arm between actuator and center of rotation. Also the extended moment arm between the
mass at the anterior of the head will induce more damping.

5.3.4. Experiment #3.4: Isolating the effects of mass
We isolate the effects of mass from the displacement of the center of rotation at the same
distance from the actuator by variating the head length.

Method 2 simulations are compared based on their influence on yaw stability. The center
of rotation is kept at the same distance of 1⁄3 of the short head. To keep the distance of the
actuator to the center of rotation the same, the total mass of the long rigid head is half of
the shorter head with mass ratios between the tail and short and long head of ¾ and 4⁄5
respectively.

Figure 5.8: Comparison of yaw stability with different head length and the center of rotation at the same distance from the
actuator.

Conclusion & discussion the increase of mass of the rigid head has a positive influence on
yaw stability. The damping due to the increased distance between the center of rotation and
the anterior portion can not compensate for this decrease of mass. Concluding that increased
volume/mass outweighs the dampening of the anterior portion when center of rotation is at
the same distance from the actuator. This does not take into account dampening due to
the surrounding water which may make the longer head configuration come ahead as the
difference is fairly small.

5.3.5. General conclusion
We have investigated 2 common adaptations in nature, a long rigid head such as common in
tuna and a high distribution of mass to the anterior of the fish. We isolated the characteristics
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of these adaptations to further investigate their influence. We identified 3 aspects which
positively influences yaw stability in these experiments: increased length between center
of rotation and actuator, increased anterior mass/volume ratio and increased moment arm
between the damping anterior and center of rotation.

When the center of rotation is within the rigid head, the distance between the center of
rotation and force inducing tail will be increased to a lesser extent by increasing the head
height than by increasing the length of the head. When length is of no concern, as shown
in experiment 3.4, it would therefore be most beneficial to increase head length increasing
the distance from the actuator to the center of rotation as much as possible. When length
is a limiting design parameter it can be beneficial to increase the mass ratio to the anterior
instead. Both can also be combined to generate more stability if needed.

5.3.6. General Discussion
These experiments do not taken into account the damping due to side surface area, and
negative speed influence of increasing frontal area by increasing the height. Frontal area will
not increase with length making increasing length even more beneficial.

There is a balance at play with an optimum dependent on the specific requirements of a
(robotic) fish. In an assumed completely straight forward moving rigid head the as large as
possible actuated tail creating a high tail sweep amplitude has shown to be most efficient
(chapter 4.3. Body kinematics for fast efficient swimming). This is due to the ideal angle
of the caudal fin is maintained over a longer distance. The vortices created at the tip of
the motion which create losses are also a smaller portion of the complete thrust inducing
moment.

However the rigid head will never move in a complete straight line. There will always
be some yawing, and that yaw is loss of energy. As can be seen in the above model the
yawing increased when the ratio between the tail and head increases. These two parameters
of efficiency work in complete opposite direction. Not taking into consideration other factors
there would be a single point optimum. However a lot more forces and desired characteristics
are at play such as maneuverability. As the sideways stability increases, maneuverability in
the same direction decreases. Resulting in a possible undesirable large turning cycle.
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5.4. Experiment #5: Experimental validation of stabilization
The theory and numerical models explain why the prototype v1.0 showed significant stability
issues and almost no forward thrust. One of the main reasons was that the first prototype
had its center of rotation to far backward even within the actuated tail part. The object
wants to move around its center of mass creating a motion of the head and tail yaw in the
same direction. There is also very minimal side surface area on the anterior part of the fish
countering the head swaying. We moved the centerline of rotation further forward into the
passive head by extending the passive head with an extension piece to counter both issues.

5.4.1. Results

Prototype v1.0 Prototype v1.1
Design Design
Based on the motion of a mahimahi in a laminar flow
tank.

An extension piece is placed between the head
and compliant body to move the center of buoy-
ancy (and center of mass) from the active tail
into the passive head. The extension piece also
somewhat increased the surface area to the an-
terior portion of the body. 

Observation Observation 
Barely any forward moving, significant swaying of
the head, minimal actuation of the compliant tail.

Clear improved forward motion and stability. Still
some significant head sway. 

Video prototype v1.0 Video prototype v1.1
https://photos.app.goo.gl/Mu74u32nSBRAmUbL7 https://photos.app.goo.gl/MXmbz8KZHmnK3zvH9

5.4.2. Conclusion
The experiment confirms in line with expectations based on the models and theory that in-
creasing the length of the rigid head placing the center of mass outside of the active body into
the passive head increases stability and forward thrust significantly. Therefore confirming
this was the origin for the poor performance of prototype v1.0.

5.4.3. Discussion
The increased anterior surface area reduced head swaying. There is still some roll. As ex-
plained in sub chapter 4.6.2 Yaw and roll stability, this can be countered by creating a more
elliptical body. This could also increase yaw stability further by improving anterior side sur-
face area while keeping the center of rotation at the same distance from the anterior.

5.5. Experiment #6: Experimental validation of stabilization fea-
tures

Based on the conclusions of experiment 2 till 5 a completely new prototype is built. The
following improvements have been implemented:

• Increasing side surface by increasing the anterior height

• redistributing mass to the anterior by increasing head height and reducing tail height.

• The caudal fin height is increased and chord length reduced, reducing loss in vortex
creation on the tip of the fin Increasing efficiency.

• Overall build quality of both body and 3d-printed ribs are improved.
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5.5.1. Method
We compared the swimming properties of both prototypes based on stability and forward
thrust. Both prototypes swam a short stretch in a water tank based on which observations
are made.

5.5.2. Results

Prototype v1.1 Prototype v2.1
Design Design
An extension piece is placed between the head and
compliant body to move the center of buoyancy
(and center of mass) from the active tail into the
passive head. The extension piece also somewhat
increased the surface area to the anterior portion of
the body.

A complete redesign showing a redistribution of
mass and volume to the anterior part of the
robotic fish. Increased caudal fin height and re-
duced chord length reducing loss in vortex cre-
ation on the tip of the fin Increasing efficiency. 

Observation Observation 
some head sway and roll instability. stable forward
motion.

Sufficiently stable in all directions for continuous
forward swimming. Clear increased speed. Still
some minor head sway and minimal roll is ob-
served.

Measured top speed
389.6 mm/s
1.2 body length/s  

Video prototype v1.1 Videos prototype v2.0
https://photos.app.goo.gl/MXmbz8KZHmnK3zvH9 video 1:

https://drive.google.com/file/d/19Do8ThaceUOSyeKsSUkj-
gE6n4kTOO71/view?usp=sharing
Video 2:
https://drive.google.com/file/d/1KH8v6JoqWDnpob82C6jTg-
OX-eHRSOfB/view?usp=sharing

5.5.3. Conclusion & discussion
In prototype v2.0. still some minor side swaying and some minimal roll was observed. This
could be countered by adding dorsal anal fins and pectoral fins respectively.

To save time multiple modifications (caudal fin design and body shape) have been imple-
mented in this model. Making it impossible to deduce if the increased performance is due to
one or the other modification and to what extend. Based on the theory and numerical sim-
ulations we were confident that all adaptations would increase performance and therefore
this experiment was less about quantifying improvement but rather making big steps as fast
as possible to eventually end up with a prototype which can be fine tuned based on more
quantitative results.
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5.6. Experiment #7: Comparison of rigid caudal fin with flexible
mackerel fin

5.6.1. Goal
A small experiment was set-up to verify the theory that a soft tail could potentially create
higher thrust and to what extend. The purpose of this experiment is to give a rough estimate
of the influence flexibility of the caudal fin on speed. This is used to determine whether or
not to pursue to include this design parameter in the final prototype.

5.6.2. Method
A fresh mackerel caudal fin was attached with superglue to our robotic fish prototype. If the
tail would not have been fresh the fin rays in the caudal fin would not have bend properly
into the direction of pressure. A mackerel tail was chosen as it is one of the few thunniform
swimming fish which is widely available and of similar size as the prototype. With this tail a
high tailbeat frequency straight swimming path was recorded and compared to a 3D-printed
reference tail.

5.6.3. Results
The mackerel tail creates a much more soft and fluent motion. This is most likely due to the
damping effect of a flexible caudal fin.

Caudal fin surface area 2430.93mm2 1304.743mm2

Top speed mm/s 389.6 305.0

Top speed bodylenght/s 1.2 1.0

Videos https://drive.google.com/file/d/19Do
8ThaceUOSyeKsSUkj-gE6n4kTO
O71/view?usp=sharing

https://drive.google.com/file/d/1Lxs
4d-9k4JzVuFHhፕ3𝐶6𝑛𝑝𝑙𝑧8𝑑8𝐿𝑎𝐼𝑌/
𝑣𝑖𝑒𝑤?𝑢𝑠𝑝 = 𝑠ℎ𝑎𝑟𝑖𝑛𝑔

5.6.4. Conclusion
It is difficult to deduce exact conclusions from these results. To quantify the effects of a
compliant tail we simplify the forces by assuming the increased displacement of water is
linear with the surface area of the caudal fin. Therefore the forward thrust force (Ft) increases
linearly with the surface area of the caudal fin. The hydrodynamic drag is the only force to
overcome. Hydrodynamic drag is commonly expressed as:

𝐹D = (1/2)𝜌𝑆𝑣2𝐶D
Where ρ is density of the fluid, v, speed, S, reference area and CD the respective drag

coefficient. Only the speed changes. The resistance of the surrounding water increases
quadratically with a linear increase of the speed. The thrust force (Ft) and drag forces are in
equilibrium when swimming at a constant speed. There is a power law relation between:

𝐹t = 𝐹D
Where with the same body and in the same fluid
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𝐹D = 𝑣2𝑥
Ft increases linearly with surface area of the caudal fin. X is a constant value which

replaces all non changing values. Filling in the values of the prototype with the lunate 3d-
printed tail leaves us with an x constant value of 0.016. Based on the quadratic increase
of drag, if only the tail surface area was decreased the smaller real tail should have gone
285.4mm/s. The measured 305.0mm/s is a 7% increase in speed.

5.6.5. Discussion
It is impossible for everything to stay exactly the same. Frontal area may have changed very
slightly due to the placement of stabilizing leads. The shape of the tail is different. The
center of both caudal fins may not be placed at a perfectly similar distance. If the caudal fin
is placed further to the back this would increase the amplitude of the tail sweep. The results
could also have been better with a perfectly tuned caudal fin flexibility for the tested speed.
The speed for which the flexibility of our tail is tuned was unknown.

Taken all unaccounted variables into account we can not conclude a 7% increase can be
attributed solely to the flexibility. However it is by far the biggest difference in both experiment
and the most likely cause of the increase.

Implementation of flexibility in line with theory and advice from experts could be beneficial
for speed performance. Due to the limited time and expected higher increase of speed due to
increased frequency this adaptation may not be implemented in the final prototype however.





6
Final high frequency prototype

Figure 6.1: Final prototype rendering and drawing with most important components indicated
.

A servo driven prototype is not able to maintain frequencies above 3 Hz. To increase the
frequency of tail sweeping we have to change the design to use a common rotary DC motor.
This chapter showcases the redesign of the robotic fish enabling to implement a rotary motor,
taking into account all we have learned from previous chapters.

6.1. gearbox
The basic design consists of a DC motor and 2 gears on opposite sides of the motor shaft
rotating in opposite directions, pulling on the left and right side in a half cycle delay from
each other. Such a DC motor driven active body does not only allow for higher frequency but
also allows for a cosine wave motion of the active body. This enables a more fluent cosine
wave motion for the caudal fin. With a servo driven design the rapid change of direction
creates a more sawtooth heave motion. The short stop before changing direction might even
create a trapezoid motion. At a maximum angle of attack of 20° and strouhal number of
0.3 Hover (F. S. Hover et al. 2004[10]) has shown that both a sawtooth and square angle
of attack profiles are approximately 20% less efficient than a cosine profile. Indicating a
more continuous motion, which the DC motor provides positively influences the efficiency
performance of the oscillating system.
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Figure 6.2: On the left a servo driven design, on the right the basic principle of the DC motor driven design. A graph of vertical
displacement of the wires over time is depicted underneath both illustrations.

Changes Changes Changes
Anchoring does not
put pressure on
the gears or shaft
anymore.

Size of the system
is increased to en-
able better anchoring.
Ball Bearings are in-
troduced to turn more
smoothly.

A right angle gearbox
is used to reduce the
height of the system
allowing very large
motors to be imple-
mented if needed.
An extra overhang
is used with ribs to
increase stiffness and
decrease movement
of the gearbox at high
rotations.

Results Results Results Results
Barely ran, too much
play when bolts are
not tightened enough.
Does not turn when
bolts are tightened.

Significant undesired
movement within the
gearbox. Needs more
anchoring.

Steering system
works successfully.
No undesired vibra-
tions. Stable and
fluent motion of the
gearbox. The four
anchoring point on the
outside of the gearbox
make it too large.

Gearbox runs very
smooth.

Test footage Test footage Remarks
https://photos.app.g
oo.gl/jMmETB7Pzo
9wvfwj7

https://photos.app.g
oo.gl/6wyxSd9m4
iJsKMDs8
https://photos.app.g
oo.gl/gbqEwaeQ
JhnH9RDm9

At the top there
is a space to add
the steering system
tested in previous
prototypes. It was de-
cided to remove this
out of this prototype
to reduce variables
for straight forward
testing.

Table 6.1: Progression of gearbox prototypes
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6.2. Shape

Figure 6.3: Comparison between shapes of previous servo driven prototype and DC motor driven prototype. There is a clear
increase in width due to gearbox.

The width of the body was increased to accommodate the gearbox and motor. To keep a
hydrodynamic shape the length increased as well. Due to the increased length of the rigid
head, which has a stabilizing effect and the increase of frontal area which increases hydro-
dynamic drag, a more pointy thunniform head shape was chosen. Which would create less
sway resistance but is more hydrodynamic.

6.3. Motor controller & wireless communication (discontinued)

Figure 6.4: Motor controller used during testing.

Amotor controller and wireless communication unit was designed for this prototype which
at the end was not implemented. The motor controller could not supply enough current at low
voltages for the motor to turn slowly. After discussions with powertrain engineers I decided
to use an external power supply to power the fish for better speed control during testing. It is
possible to design a motor controller able to create the required 1.5 ampere at low voltages,
however to save time and to keep our eyes focused on the goal of high efficient fast swimming
it was decided to opt-out on further improving the motor controller design.

When the motor controller was discontinued the wireless communication was discontin-
ued as well even though it worked quite well (tested only at low depths up till 20cm). Wireless
communication would only have a purpose if the design was completely wireless.

Some of the arduino code can be found in appendices A, B and C.





7
Validative experiments

7.1. Experiment #8: Influence of frequency on speed
7.1.1. Goal
From previous research in fish by Bainbridge[4] and the robotic validation by Clapham[5],
we can already conclude that increasing tail beat frequency will increase speed. This of
course assuming all variables remain the same. After creating a stable swimming prototype
a prototype enabling high tail beat frequency was built. In this experiment we tested this
prototype, tried to reach peak performance, and analyse what happens at peak performance
disallowing it to go faster/more efficient.

7.1.2. Hypotheses
• Speed should increase with frequency.

• A drop off should occur at a certain frequency. When the frequency is too high for the
compliant tail it will first start to overbend past the ideal angle of attack of 20.2 degrees.
Eventually it will bend to such an extent, the amplitude of the caudal fin will decrease
and come close to stalling.
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7.1.3. Method
The prototype is fitted with a stiff compliant tail to accommodate the desired bending of 20.2
degrees max. occurs at a high tail beat frequency. A camera is placed parallel above a bath
of water. Camera (GoPro7) is set to linear settings to minimize deformation due to the lens
and 1080p, 120 fps. Aligning the fish perfectly parallel to the water and camera is difficult
therefore calculations illustrated in fig. 7.1 are used to compensate for misalignment and
accurate determination of traveled distance speed.

Figure 7.1: The camera lens makes a horizontal angle of 87,6 degrees[1]. In this example a segment of the fish with a known
length 0.2481m is 133px at the beginning of the measurement and 200px at the end of the measurement. Taking into account
the projection the known segment of 0.2481m is 185.06px and has traveled a total of 2174,38px within the frame.

We measure the speed by using the average length of a known segment of the fish to
calculate the distance traveled divided by the time. We measure the speed from the lowest
voltage the motor starts turning, which is 5v. The voltage is increased by increments of
0.5v till failure of the prototype or the maximum specification of the motor are reached. At
each voltage the experiment is redone until we captured at least 3 good straight swimming
samples. To calculate the strouhal number the tail amplitude is measured when the robotic
fish is in the middle of the camera view to minimize any field of view deformation. The length
of the tail sweep amplitude is compared to the reference length onscreen of which the real
length is known.
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7.1.4. Results

(a) (b)

Figure 7.2: (a) Relation between tail beat frequency and speed. (b) Relation between tail beat frequency and strouhal number,
indicator of efficiency.

(a) (b)

Figure 7.3: (a) Large angle to the direction of swimming at the top of the heave amplitude at 2.3 Hz (9v). Showcasing little
deformation of the compliant tail. (b) at top heave amplitude.S shape deformation starts to occur. Image at 3.0 Hz (11.5v).

Due to problems with the backbone and motor we have not been able to increase frequen-
cies past 3 Hz. The deformation of the compliant tail start to lightly occur at around 2.7 Hz
(9.5V) at lower frequencies the minimal deformation of the compliant tail makes the tail pass
far above 0 degrees from the direction of swimming at the top of the heave amplitude actively
creating thrust in the opposite direction slowing it down. The strouhal numbers are between
0.39 and 0.59. This is on the high side for optimum efficiency, which occurs at a strouhal
number between 0.2 and 0.4. Exact values can be found in appendix D.

7.1.5. Conclusion
A clear trend can be seen between speed and frequency. From the high strouhal optimum
we can conclude that for the size of the stroke amplitude, speed, frequency relation a higher
frequency would be more efficient. By analyzing the footage closer we can see the compliant
tail does not make the desired S-shape, further adding that frequency should be increased
or stiffness of the compliant tail reduced for optimal performance.

7.1.6. Discussion
The testing has been done over many days due to parts failing including, communication
failure, cable breaking, waterproofing failing, motors blowing up,flexible backbone in the
active body shattering at high frequencies and sadly many many more issues. Due to these
issues there is some inconsistency between test days. Although consistency was thrived
for, a slightly tighter screwed backbone, a lead for adjusting the center of gravity at another
place can all have small influences on the performance. However a general trend can still be
deduced from these results.
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The measurement of speed is based on a reference body length. It turned out to be very
difficult to let the robotic fish go in a way that made it swim completely parallel to the water
surface. It often slightly dove or rose. This was compensated for in our method of deducing
speed however it can be assumed this aspect increased our error margin. In general we can
conclude that very precise speed data is very hard to record in a completely free swimming
robot without more complex measuring equipment.

7.1.7. Recommendations
Some recommendations are easy to incorporate, others are more hypothetical as for our
testing it would take too much time to incorporate. An easy to incorporate modification is to
change the material of the backbone in the active tail segment. When testing is done for an
extended time or at high frequencies the PETG backbone cracks. Most likely due to fatigue
and a too low flexural modulus.

If testing is done for such an extended time it is also advised to switch the material from
the 3D printed head from PLA to a more durable material such as ABS. The body has started
to crack around the screws which connects the two halves. This modification will most likely
not be incorporated in the next version due to time constraints. The 3D-printing in a more
durable material brings extra issues with it such as warping when cooling down. To get this
done well will take more time than reprinting parts in PLA.

Reducing head sway might further improve performance and ease of testing. Testing with
pectoral, dorsal and anal finds could result in a faster more efficient swimming fish. More
validation is needed for this conclusion.

7.2. Redesign: New backbone
Testing could not continue due to the repeated breaking of the flexible backbone used in the
active tail. The PETG material used was previously chosen based on its flexibility and avail-
ability. The PETG sheet brakes when high flexural strain is repeatedly applied and removed
at high frequencies. It could be concluded that the material was not tough enough. We want
to maintain the same or slightly lower flexural modulus as the backbone needs to be able to
bend easily but also be stiff enough to support the ribs and not collapse under the pulling
forces applied by the wires. The PETG sheet could bend repeatedly to the same angle at lower
frequencies without plastic deformation. Concluding yield strength was sufficient. Based on
these experiences with the PETG the following requirements where set-up.

Core requirements

• Toughness > 4 kJ/mኼ, for less brittleness, more ductile (like rubber) than PETG

• Flexural modulus range range of 1 to 2 GPa, (similar to young’s modulus) how easy
it bends, similar or slightly lower than PETG

• Yield strength >48 MPa, the elastic limit at which plastic deformation starts to occur

Extra

• Fatigue strength > 26 MPa, can withstand higher cyclic stress

Table 7.1: Backbone material comparison

Toughness
(kJ/mኼ)

Flexural modu-
lus (GPa)

Yield strength (MPa) Fatigue strength (MPa)

PETG 2.18-3.1 2.01-2.11 47.7-52.9 24-26
PA12
(rigid)

8.01-10.7 1.17-2.01 34.4-43 19-21

using CES EduPack 2018, PA12 was selected out of a total list of 70 materials meeting the
core requirements for toughness and where within the flexural modulus range. PA12 is the
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only material in the list easily obtainable in small quantities in the desired 1mm thickness.
The yield strength requirement was not met. However the minimum required yield strength
is unknown thus the lower yield strength might still suffice. Fatigue strength is an indication
of durability when cyclic stress is applied. Like in our experiment. Although a high fatigue
strength is desirable for long levity it is most likely not the cause of earlier failure. This a
slightly lower fatigue strength will impediment the material choice.

7.3. Experiment #9: Influence on stabilizing fins

Based on the literature study on stability adding pectoral and anal fins potentially increasing
speed and efficiency performance. To investigate the influence of anal, dorsal and pectoral
fins on speed and stability we executed the following test.

7.3.1. Hypotheses

It is expected that the dorsal and anal fin reduce yaw and the pectoral fins reduce pitch. This
increased stability should aid in swimming in a straight line. The increased stability in yaw
should increase the caudal fin sweep length, increasing speed. The increased frontal surface
area and possible vortex creation at the fin tips will induce extra drag. It is expected that the
increased caudal fin sweep length outweighs the small increase in surface area and possible
vortex creation, thus increasing speed.

7.3.2. Method

The improved prototype (new backbone) was fitted with glued on pectoral, anal and dorsal
fins. The anal and dorsal fins were placed as far to the back as possible. Still leaving space
for the silicon skin to be taped in. The pectoral fins are placed in the middle of the axes
of vertical rotation. The prototype was for a large part taped in to prevent leakage due to
cracking of the PLA body. The speed was measured with the same method as in experiment
#8. The results of the robotic fish with fins is compared to the results of the fish without fins
of experiment 8.

7.3.3. Results

Figure 7.4: Comparison of speed performance due to added anal, dorsal and pectoral and reduced tail sweep amplitude of 11%.
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(a) (b)

Figure 7.5: (a) Showcasing the small tail with fins had a significant increase of tail beat frequency for the same voltage input.
Indicating the tensioning wire is loser in the tail with fins experiment which reduced the resistance, increasing frequency. (b)
Graph showing the voltage input to speed relation.

There is a clear decrease in speed at the same frequencies with added stabilizing fins. Both
pitch and yaw instabilities are reduced. Sweep length decreased from an average of 0.1m to
0.09m. Exact values can be found in appendix D.

7.3.4. Conclusion & discussion
The reduction of sweep length and as a direct result reduction of speed is not in line with
expectations. This behaviour could be explained by a reduction of wire tension in the active
tail between the test of the small tail without fins and the small tail with stabilizing fins test.
The wire is a part of the prototype which is difficult to keep constant as even with tightening
of screws it tightens a little bit more. This hypothesis can be verified by comparing the voltage
used to control the speed of the robotic fish.

When supply voltage is constant, motor speed is inversely proportional to the load on
the motor. Thus when the load was decreased due to the loser wires making the tail beat
amplitude smaller the rotational frequency should increase proportionally (not taking into
account increased resistance of the surrounding water). From graph 7.5a we can indeed
conclude the frequency increased with the same voltage input. This proves the inconsistency
was due to the tensioning of the wire. Added fins could only have possible increased the load
due to added water resistance, decreasing tail beat frequency for the same voltage input.
But the results of this experiment are not completely inconclusive on the effects of stabilizing
fins. We can still conclude something based on this comparison. A longer tail beat amplitude
is more efficient because it maintains the ideal angle for a longer period. Thus less work
should need to be exerted for the same speed. Stabilizing fins should have a similar effect
on efficiency. In graph 7.5b we can see the speed compared to voltage input is similar.
Concluding that the increased efficiency due to increased tail beat amplitude of approximately
11% is about the same as of the added stabilizing fins. As there is not reference footage we
can’t quantify the amount it increases efficiency. It could possibly still be very low.

7.4. Experiment #10: Influence propulsor surface area
We increase the caudal fin surface area and compare these results with the smaller tail.
Increased surface area should increase speed with the same frequency. Depending on fre-
quency and compliant tail stiffness an optimum could be found where the caudal fin reaches
the most efficient angle of attack due to the compliant tail deforming creating a S-shape tail.
In previous experiments with a smaller caudal fin the compliant tail only started to minimally
deform at its highest frequencies. Due to the new backbone material the frequency can also
be increased further increasing the chance of high performance.
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7.4.1. Hypotheses
Due to the chord ratio of the tail being the same, the produced propulsive thrust due to the
shape is linear with increased surface area. However due to the higher resistance of the
surrounding water the large till is suspected to bend further creating a closer to ideal angle
of attack. Thus the hypothesis is that the large tail will perform better than calculations only
taking into account the increase of surface area.

7.4.2. Method
We estimate the speed of the fish of the large tail experiment without change of angle based
on the experimental data of the small tail experiments and than solving the input and output
force equation for the larger tail. Hydrodynamic drag is commonly expressed as:

𝐹D = (1/2)𝜌𝑆𝑣2𝐶D
Where ρ is density of the fluid, v, speed, S, reference area and CD the respective drag

coefficient. Only the speed changes. The resistance of the surrounding water increases
quadratically with a linear increase of the speed. The thrust force (Ft) and drag forces are in
equilibrium when swimming at a constant speed. There is a power law relation between:

𝐹t = 𝐹D
Where with the same body and in the same fluid

𝐹D = 𝑣2𝑥
Where Ft increases linearly with surface area of the caudal fin. X is a constant value

which replaces all non changing values. Filling in the speed from the experiment with the
small tail, and surface area as Ft will give us the value for x. By using this x value and
changing the Ft surface area for the large tail we can estimate the speed of the large tail not
taking into account change of angle of attack. These results are compared to the measured
data retrieved by the same method as described in experiment 8.

Table 7.2: comparison of caudal fin surface area

tail small tail large
Caudal fin surface area 2430.93mm2 4064.86mm2 

7.4.3. Results
A new top speed of 0.85 m/s was reached. Analyses of the footage shows the caudal fin
deforms in a nice S-shape not over bending at the top of the heave amplitude. The footage is
not of good enough quality to determine exact angle of attack. Exact values for both speed
and frequency be found in appendix D. Exact values for the predicted large tail performance
as depicted in graph 7.7b can be found in appendix E.

(a) (b)

Figure 7.6: Showing the S-shape bending of the tail at 4.7 Hz.
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(a) (b)

Figure 7.7: (a) Graph displaying the speed, voltage relation. Showcasing the big tail has a higher speed output for the same
voltage input. (b) Comparison of both small tail, large tail and predicted large which is calculated based on the increased surface
area from the small tail data.

7.4.4. Conclusion
The increase of caudal fin surface area has a clear positive impact on speed. The speed,
voltage graphs show a clear higher performance for the same voltage input indicating higher
efficiency is achieved. Comparing the performance with the predicted speed values for the
large tail it shows that it starts to exceed the predictions from around 2.5 Hz. In the footage
we can see the deformation slowly starts to occur at this speed. Concluding that the increase
of performance can be related to both increase in caudal fin surface area and deformation of
the compliant tail.

7.4.5. Discussion
In this comparison we are not able to properly compare the angle of attack due to the quality
of the footage. Increased footage quality and analyzing set-up for instance with a laminar
flow tank would allow for a better analyses enabling taking into account the exact angle of
attack. This would enable us to get to more precise conclusion than an adaptation makes
performance better or worse.



8
Conclusion & recommendations

8.1. Conclusion
In this thesis we investigated if a compliant active body can potentially mimic the efficient
oscillating movement of a real fish, we identified the main parameters with a strong influence
on speed and efficiency and used these parameters to design the fastest swimming soft robotic
fish, swimming up to 0.85 m/s. This is the first soft robotic fish which uses a simple dc-motor
to drive the system instead of a servo motors enabling it to reach high tail beat frequencies
and have lower internal loses.

8.2. Recommendations
The parameters to optimize are identified but are still far from completely optimized in our
final prototype, leaving room for further improvement. Some identified parameters with high
influence on speed were not implemented in the final design at all due to their complexity.
Especially caudal fin design has shown a high potential for further research. There is little
known on the subject, but it is clear that a more flexible caudal fin with fin rays would be
more efficient. Due to the focus on motion, shape and skin structure have barely been taken
into account. Of course the shape and skin friction has a high influence on the performance
of a robotic fish. Optimizing these parameters shows another opportunity for increased per-
formance.

In this thesis the numerical model is used to analyse if a compliant/active body can create
a similar movement as that of a real fish and is used to investigate the influence of differ-
ent factors of stability. The numerical model has however greater potential in analyzing,
predicting and optimizing the behaviour of the (robotic) fish. If a laminar flow tank would
be available this would allow for stable top view footage to be generated of the robotic fish.
This footage could then be used to create a numerical copy of the robotic fish. Enabling for
fast optimization by changing parameters such as frequency and compliant tail stiffness to
generate the right angle for efficient thrust.

During testing not all variables could be properly controlled, making it difficult to draw
conclusions based on the experimental data, most notable wire tightening. A system allowing
for precise wire tightening would be advised in future research. Other prototype related rec-
ommendation would be if the prototype is tested for an extended time to change the material
of the body from PLA to a more durable material such as ABS or Nylon.
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9
Glossary

Term Definition
Chord-ratio Ratio between the height of the caudal fin (or other wing) to the length

of the chord.
AUV Autonomous underwater vehicle
Caudal fin Fin add the end of the tail, responsible for the propulsive force
Anal fin Stabilizing fin on the bottom of a fish
Dorsal fin Stabilizing fin on the top of a fish
Pectoral fins Stabilizing fins on the side of a fish. In some fish they also aid in

thrust production and steering.
Multilink A segmented/linked system of multiple systems, in this case often

servo’s.
Thunniform swimming A highly efficient swimming motion created by tuna and fast swim-

ming fish.
Carangiform swimming A slightly less efficient swimming motion actuating a larger part of the

fish.
Von karman vortex A repeating pattern of swirling vortices, caused by a process known

as vortex shedding.
Reverse von karman vortex Similar as a von karman vortex only the vortices turn inwards creating

a high pressure area behind the object.
Strouhal number A dimensionless number describing the relation between heave am-

plitude, tail beat frequency and speed in oscillating flow mechanisms.
Cavitation The creation of small vapor-filled cavities created in low pressure

zones in liquids. Collapsing of these cavities creates shock waves
which can damage an object.

Pelagic Pelagic fish live in the pelagic zone of ocean, being neither close to
the bottom nor near the shore. Pelagic fish in general travel very
large distances.
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#include <Servo.h> 
//middle of the servo seems to be around 75 
Servo myservo;  // create servo object to control a servo 
 
int pos = 0; 
int joyX;  // analog pin used to connect the potentiometer 
int servo1 = 9;    // variable to read the value from the analog pin 
int potS;       //value of the potmeter to determine the Speed of the tail going left to recht 
 
 
void setup() { 
  myservo.attach(servo1);  // attaches the servo on pin 9 to the servo object 
} 
 
void loop() { 
 
  potS = analogRead(0);            // reads the value of the potentiometer from A1 (value between 0 and 
1023)  
    potS = map(potS, 0, 1023, 20, 2);     // converts reading from potentiometer to an output value in 
degrees of rotation that the servo can understand  
//    Serial.print("snelheid "); 
 // Serial.println(potS); 
   
  joyX = analogRead(3);            // reads the value of the potentiometer (value between 0 and 1023) 
  joyX = map(joyX, 0, 1023, -2, 20);     // scale it to use it with the servo (value between 0 and 180) 
  
  for (pos = 40+joyX; pos <= 120+joyX; pos += 1) { // goes from 0 degrees to 180 degrees 
    // in steps of 1 degree 
    myservo.write(pos);              // tell servo to go to position in variable 'pos' 
    delay(potS);                       // waits 15ms for the servo to reach the position 
  } 
  for (pos = 120+joyX; pos >= 40+joyX; pos -= 1) { // goes from 180 degrees to 0 degrees 
    myservo.write(pos);              // tell servo to go to position in variable 'pos' 
    delay(potS);                       // waits 15ms for the servo to reach the position 
  } 
} 
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10.0.1. Appendix A: Arduino code for servo steering with joystick & potmeter
speed control



[code] 
 
// works without jitter only with external powersupply 
#include <Servo.h>    //the library which helps us to control the servo motor 
#include <SPI.h>      //the communication interface with the modem 
#include "RF24.h"     //the library which helps us to control the radio modem 
 
Servo myServo;        //define the servo name 
Servo myServoTwo;     //define the servo name 
int motorPin = 9;          //define motorname 
 
RF24 radio(5, 10);     /*This object represents a modem connected to the Arduino. 
                      Arguments 5 and 10 are a digital pin numbers to which signals 
                      CE and CSN are connected.*/ 
 
const uint64_t pipe = 0xE8E8F0F0E1LL; //the address of the modem,that will receive data from the 
Arduino. 
 
int msg[3]; 
 
 
 
void setup() { 
  myServo.attach(3);                //3 is a digital pin to which servo signal connected 
  myServoTwo.attach(6);             //6 is a digital pin to which servo signal connected 
  pinMode(motorPin, OUTPUT); 
 
  radio.begin();                    //it activates the modem. 
  radio.openReadingPipe(1, pipe);   //determines the address of our modem which receive data. 
  radio.startListening();           //enable receiving data via modem 
} 
 
void loop(){ 
  if(radio.available()){            //checks whether any data have arrived at the address of the modem 
      radio.read(&msg, sizeof(msg)); 
      analogWrite(motorPin, msg[2]); 
      myServo.write(msg[1]); 
    myServoTwo.write(msg[0]); 
    } 
  } 
//} 
[/code] 
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[code] 
 
#include <SPI.h>                      //the communication interface with the modem 
#include "RF24.h"                     //the library which helps us to control the radio modem 
 
int msg_Pin = A0;                    // connects to analoge pin A0 
int msgTwo_Pin = A1;                // connects to analoge pin A1 
int msgThree_Pin = A2;              // connects to analoge pin A2, dc-motor 
int sensorValue = 0;                // sets initial value 
 
int msg[3];                           // creates an array of 2, holding data of both potmeters 
 
 
RF24 radio(5,10);                     //5 and 10 are a digital pin numbers to which signals CE and CSN are 
connected. 
                                       
const uint64_t pipe = 0xE8E8F0F0E1LL; //the address of the modem, that will receive data from 
Arduino. 
 
 
void setup(void){ 
  radio.begin();                      //it activates the modem. 
  radio.openWritingPipe(pipe);        //sets the address of the receiver to which the program will send 
data. 
} 
 
void loop(void){ 
  // writes data in the array &maps input over 180 degrees 
  msg[0] =  map (analogRead(msg_Pin), 0, 1023, 0, 180);  
  msg[1] =  map (analogRead(msgTwo_Pin), 0, 1023, 0, 180);  
   
  sensorValue = analogRead(msgThree_Pin)/4; 
 msg[2] =  map (analogRead(sensorValue), 0, 1023, 0, 255);  
 
   
  radio.write(&msg, sizeof(msg)); 
} 
[/code] 
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