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1 Preface

The field of engineering of this project lies within Computational Fluid Dynamics, Finite Element Analysis and
mechanisms. As my field of engineering lies in the Solid Mechanics, this project is outside my ”comfort zone”.
Instead of using my existing knowledge in this project, I will explore new fields of engineering. My personal goal
for this project is to become familiar with the designing, CFD and FEA in SolidWorks, as this will help me in
my future career in the industry.
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2 Introduction

Humans are inefficient when it comes to swimming. An average human is able to convert about 3% of its energy
in propulsion; this can be enhanced by the use of flippers which increases the efficiency up to 10%. When however
a closer look is taken at sea turtles, it is to be observed that they are able to convert up to 48% of their energy
into propulsion. [1][2][3][4]

The scope of this project is to make use of biomimicry of the swimming behavior of sea turtles in order to design a
mechanical device which allows humans to increase their locomotion efficiency in water. To do so several concepts
are proposed which then will be analyzed both statically and dynamically using Finite Element Analysis and
Computational Fluid Dynamics in Solid Works. In the end a final design of the most feasible concept will be
proposed as a possible solution to increase locomotion efficiency in humans.
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3 Problem Specification

3.1 Swimming Behavior

When swimming most of the different species of sea turtles use two different types of motion with their front
flippers: flapping (vertical up-and-down movement) and rowing (horizontal back-and-forth movement). Flap-
ping motion occurs during routine swimming (see figure 1(a)), whereas a combination of flapping and rowing
occurs during vigorous swimming, resulting in a lemniscate-shaped motion (see figure 1(b)). During the routine
swimming the sea turtle relies on lift-based locomotion while during vigorous swimming the sea turtle relies on
thrust-based locomotion. [5][6][7][8][9][10]

(a) Flapping motion of a sea-turtle during routine swimming [5] (b) Lemniscate-shaped mo-
tion of a sea-turtle during
vigorous swimming [6]

Figure 1: Two different types of kinetics in the swimming behavior of sea turtles

Even though flapping motion requires less energy than lemniscate-shaped motion, the energy efficiency increases
when swimming speed increases, reaching a maximum efficiency at 75% of the maximum swimming speed. Hence
lemniscate-motion is applied by the sea turtle at higher swimming speeds. [11] Furthermore the flipper shows a
feathered motion at the end of the power stroke; this is to reduce the drag and control rearward tilt when the
power stroke movement comes to a halt, as well as positioning the flipper such that the drag is as low as possible
during the return stroke. [12][13]

During the power stroke the flipper is tilted such that the angle of attack creates a thrust coefficient CT which is
as high as possible, whereas during the return stroke the flipper is tilted in such a way that the angle of attack
is 0◦ with respect to the flow direction to decrease the drag coefficient CD as much possible. [14] Between the
power stroke and return stroke the flipper shows supination to adjust the angle of attack such that the drag
coefficient is minimized; between the return stroke and the down stroke the flipper shows pronation in order to
adjust the angle of attack to maximize the thrust coefficient.

3.2 Translation to Mechanical Model

In this report a distinction is made between the lemniscate motion and the flapping motion and hence the
mechanical models to be created. Reasoning behind this is that sea turtles show both types of motion during
swimming, each with its own advantages and disadvantages.

Furthermore the flippers are able to pronate and supinate to adjust the angle of attack during power- and return
stroke; this motion is to be included in the designs as well and in such a way that this motion is passively
achieved.
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3.3 Requirements

To create a mechancial device able of enhancing efficiency a set of requirements to be met are thought of:

• The mechanical model must increase locomotion efficiency in water for low-frequency motion

• The artificial flippers must mimic the sea turtles’ flippers morphology as close as possible

• The artificial flippers must mimic the sea turtles’ flippers physical properties as close as possible

• The motion of the mechanical model must resemble either of the swimming motions of the sea turtle

• The flipper must be able to pronate and supinate

– This action must be passive

• The flippers’ angle of attack during the power stroke must be such that maximum thrust or lift is generated

• The flippers’ angle of attack during the return stroke must be such that minimal drag is generated

• It must be possible to produce the mechanical device on Fiji without use of exotic or expensive materials

• The mechanical device must be as light-weight as possible

– The mechanical device must be able to resist the internal stresses as a result of the forces acting upon
it

– The mechanical device must be as stiff as possible to prevent energy loss due to deformation

∗ The maximum deflection is set to be 10 mm

• The material must be seawater resistant

• The mechanical device must be safe to use (i.e. prevent injuries due to sharp edges, clamping)
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4 Concept Development

Before creating the concepts, a distinction has been made between the flapping motion and lemniscate motion
of the sea turtle. This distinction is to be found between concept 1 and concept 2 and 3. Note that flapping
motion relies on lift-based propulsion whereas lemniscate motion relies on thrust-based propulsion. [8]

4.1 Concept 1

Concept 1 consists of a lift-based propulsion which can be achieved as shown in figure 2.

Motion Resemblance The concept in figure 2(a) is to be attached to the lower legs of the swimmer; during
swimming the lift force generated comes mostly from the muscles around the hip joint and just a little from the
knee joint, as the legs remain flexed during swimming motion. The deflection during swimming motion is small
and the radius of the motion is large, hence this motion can be considered as a parallel motion, see figure 2(b).
Whereas turtles make use of symmetric flipper motion, this concept makes use of asymmetric flipper motion.
[8][15]

(a) Concept 1 - Swimming enhancement device to be
attached to the lower legs

(b) Swimming motion of the legs during swimming
[16]

Figure 2: Concept 1 and the swimming motion of a human

Translation to Mechanical Model The concept can be attached to the lower legs to enhance swimming
efficiency. It is to be expected that this concept generates a torque upon the legs of the swimmer; the amount
of torque shall be calculated in section 5.1.2.1. The length of the flipper is empirically chosen to be similar to
the length of the commonly used scuba swimfins to provide enough thrust without becoming too big to handle.

An additional requirement following from this concept is as follows:

• The mechanical device shouldn’t generate an uncomfortable amount of torquue upon the legs of the swim-
mer

4.2 Concept 2

Concept 2 consists of a thrust-based propulsion which can be achieved as shown in figure 3.

Motion Resemblance The concept is based on lateral motion and makes use of a set of leverages and hinges
to provide an oscillating rotational motion at the endpoint. The concept can be thought of to be attached to
a body board in which the user pushes and pulls the levers (1) back and forth, which rotates about point (2).
Energy during the return stroke can be stored in a spring (3) to provide for a larger powerstroke. Note that in
figure 3 point (4) is where the cylinder is to be attached and that the part of the bar between points (4) and (5)
resembles the flipper. The model was validated using Blocks in SolidWorks.
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Figure 3: Concept 2 - Top view of the mechanism which translates a lateral motion into a rotational motion

Translation to Mechanical Model The motion can be provided by pushing and pulling the lever (1) down-
wards as shown in figure 3. The hinge point of the lever is located at (2). The vertical bar then transfers the
vertical motion to the bar with point of rotation (4), to which a cylinder is to be attached with a flipper, here
displayed as the part between point (4) and (5). Note that during the pulling part the power stroke is simulated
and hence more energy is needed than during the pushing part. However, humans are capable of delivering
force in both directions; (3) is an added spring to store energy during the pushing part and release it during the
pulling part to increase the torque available at (4).

4.3 Concept 3

Concept 3 consists of a thrust-based propulsion which can be achieved as shown in figure 4.

Motion Resemblance This concept is called a Whitworth mechanism and is based on a rotational movement.
The mechanism makes use of a set of different leverages and hinges to provide an oscillating motion at the point
of rotation. The model is thought to be implemented in a pedalo-like manner. The model was validated using
Blocks in SolidWorks; figure 4 shows the mechanism. The motion is slow during the power stroke, but has a
quick retracting motion during the return stroke.

Translation to Mechanical Model The motion can be provided by rotating wheel (1) around axis (2). A pin
attached to the wheel is able to slide through the slit (3). The crank then rotates in an oscillating motion about
axis (4). Note that this motion is highly nonlinear and can be influenced by adjusting the distance between the
path (3) follows and point of rotation (4). The nonlinear behavior can be advantageous since the force needed
during the power stroke of the flipper is much bigger than the force needed during the return stroke.
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Figure 4: Concept 3 - Mechanism which uses rotational motion to provide a rotational oscillating motion at the
point of rotation (4)

An additional requirement following from this concept is as follows:

• The force distribution during rotational movement must be smooth such that it is comfortable for the user

4.4 Feathering motion

4.4.1 Concept 1

During the power stroke the angle of attack of the flipper must be such that the lift is maximal while retaining a
low drag coefficient. During the upstroke the angle of attack must be such that the drag is as low as possible and
preferably no lift is generated either. The magnitude of the angular deflection of the flipper shall be calculated
and discussed in section 5. The feathering motion can be provided with a mechanism as shown in figure 6.

4.4.2 Concept 2 and 3

Power Stroke Both thrust-based concepts consist of an oscillating point of rotation. This point then can be
used to attach to a mechanism which resembles the feathered swimming motion of a sea turtle. Figure 5 shows
a cylinder with two discs (1) which rotate around axis (3). An axis (2) is mounted between the two discs and
provides a point of attachment for the flipper. It is chosen to have a vertical axis of rotation in order to provide
a full thrust-based motion.

Return stroke During the return stroke the angle of attack of the flipper must be such that the drag is as
low as possible. It is chosen to have a passive mechanism in which the fin is able to find its own way of the least
resistance. A mechanism as such is proposed in figure 6.

The mechanism consists of an axis of rotation (1) to which the flipper is to be attached. Then two slits (2) can
provide room for two pins to slide through. Those pins have to be attached to the fins as well. The inclination
of the slits depends on the angle of attack during power stroke and return stroke and are yet to be determined
in section 5.
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Figure 5: Mechanical configuration to translate the oscillating rotational motion into flapping motion.

Figure 6: Mechanism enabling a passive rotational motion during return stroke, while returning to its original
position during power stroke

8



5 Preliminary Design

All three concepts are considered achievable; this section covers some analytical calculations to give an estimation
of the dimensions of the mechanisms and the forces involved.

5.1 Analytical Calculations

In order to provide a decent detailed design, some analytical calculations have to be made to give an estimation
about the forces needed to propel the mechanical devices. These calculations consist of the generated lift in
flapping motion and generated thrust in paddling motion, as well as the torque generated on the legs by concept
1.

5.1.1 Lift Coefficient, Drag Coefficient and Thrust Coefficient

Lift Coefficient The lift coefficient of the sea turtle’s flipper can be found either by using the Kutta-Joukowski
Theorem or by experimental measurements. Kutta-Joukowski states that the lift per unit width (denoted L′)
can be calculated as follows: [17]

L′ = −ρ∞V∞Γ (5.1)

Γ =

∮
C

V cos θ ds (5.2)

Variable Symbol Unit

Lift per unit length L′ N/m

Fluid Density at ∞ ρ∞ kg/m3

Fluid Velocity at ∞ V∞ m/s

Circulation Γ m/s

Fluid Velocity at C V m/s

Tangent contour θ ◦

Infinitesimal length on curve C ds m

Combining and working out the contour integral gives the lift coefficient CL: [18]

CL =
2L

ρV 2Ā
(5.3)

Variable Symbol Unit

Lift coefficient CL -

Lift L N

Fluid Density ρ kg/m3

Fluid Velocity V m/s

Projected Area A m2

Since for the flipper both Γ and V are a function of x, y and z and are not prescribed, finding an analytical
solution for the lift coefficient CL is difficult and considered outside the scope of this project.

Drag Coefficient Similar to the lift coefficient, the drag coefficient can be calculated using: [19]

CD =
2D

ρV 2Ā
(5.4)

Variable Symbol Unit

Drag coefficient CD -

Drag D N

Fluid Density ρ kg/m3

Fluid Velocity V m/s

Projected Area A m2

Similar to the lift coefficient CL, the drag coefficient CD and thus the drag D are a function of x, y and z and
are not prescribed. However, Sun, X. et al. have used figure 7 for their design of a prosthetic front flipper for a
sea turtle; their results shall be used in further calculations. [20]

9



Figure 7: CL and CD for different angles of attack [20]

As is to be observed both the lift coefficient and drag coefficient are 0 at a 0 angle of attack, indicating no
washdown, vortex shedding or other energy losses are assumed by Sun, X. et al. [20] Both the lift- and drag
coefficient show a symmetric graph, indicating a symmetrical foil was used. The lift coefficient has a maximum
value of ∼ 0.8 at an angle of attack of ∼ 40◦ and a slightly lower lift coefficient of ∼ 0.7 at an angle of attack of
∼ 10◦. However the drag coefficient is significantly lower at 10◦ than at 40◦, having values of ∼ 0.1 and ∼ 0.8
respectively. Therefore an angle of attack of 10◦ is more desirable due to the lower drag coefficient. This value
thus shall be used in the designing process.

Thrust Coefficient When the flipper is moving with respect to the water, the drag coefficient CD can be
considered as the thrust coefficient CT . This means that during vigorous swimming, the flipper has a thrust
coefficient of CD = 1 when the flipper is is inclined at an angle of −50◦. The drag coefficient as given in figure
7 therefore shall be used as the thrust coefficient in further calculations.

5.1.2 Concept 1

This section covers both the amount of torque generated as the amount of forward propulsion gained as a result
of the lift and drag acting upon the flipper.

5.1.2.1 Torque The amount of torque generated depends on the force the hydrofoil experiences in the vertical
direction. Since only an indication of the amount of torque is needed, the calculations shall be simplified by
assuming a flipper with a uniform cross section. To calculate the amount of torque exerted on the lower legs the
following formula can be used:

τ = rF (5.5)

=
1

2
ωr2

Here τ is the torque, r is the length of the arm, F is the force exerted on the tip of the arm and ω the distributed
load per unit width on the arm. To be able to determine ω the flippers dimension has to be determined. As
stated in section , it is chosen to have a flipper with a length approximating the length of a scuba swimfin, which
is roughly about 0.5 m. To simplify the calculations, a uniform hydrofoil is assumed with a chord length c equal
to the average chord length c̄ of a real sea turtle’s front flipper, which is 1/4th of the flipper’s length. [20] The
area of the flipper now becomes:

Aflipper = l · c̄ (5.6)

= 0.5 · 0.125 (5.7)

= 6.25 · 10−2 m2

The upward force is based upon the lift generated trough paddling, which can be calculated using equation A.3.
The velocity at which average scuba divers swim is up to 0.8 m/s. [21][22] Furthermore the legs move with a
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frequency of approximately 30 strokes per minute with an amplitude of approximately 0.5 m. [23] This leads to
an average leg velocity in vertical direction of:

V̄ = 0.5 m/s (5.8)

Since the directions of the swimming- and paddling velocities are orthogonal, Pythagoras’ law can be used to
find the resulting velocity:

Vres =

√
0.52

0.82
= 0.94 m/s (5.9)

Using trigonometric identities, it can be calculated that the vector Vres of the water approaches the hydrofoil at
an angle of γ = 32◦ with respect to the horizontal. Figure 8(a) shows the resultant velocity vector together with
the resultant force acting upon the hydrofoil when under an angle of attack of α = 10◦, as the lift coefficient is
optimal at this angle of attack. The vectors are scaled; the lift and drag are a function of the projected area A
and are computed using equations A.3 and 5.4. The lift and the drag vector act upon 1/4 cord length, as this
is the center of pressure and hydrodynamic center. [24]

(a) Resultant force on the hydrofoil as a result of the flow direction,
lift and drag. F L is the lift force vector, F D is the drag force
vector and F R is the resultant force vector.

(b) Resultant forces on the hydrofoil with F U the
vertical force vector and F F the horizontal force vec-
tor

Figure 8: Force vectors acting upon the hydrofoil

As is to be observed in figure 8(b) the resultant force has a large vertical component and a small horizontal
component. Considering the lift- and drag vectors, both vectors consist of a horizontal and vertical component.
By taking the vertical component of each vector the upward force can be calculated and by taking the horizontal
component of each vector the forward force can be calculated:

F U = F L · cos γ + F D · sin γ (5.10)

F F = F L · sin γ − F D · cos γ (5.11)

Here γ is the angle at which the free stream velocity approaches the foil, in this case γ = 32◦. The value of each
vector is to be found in table 1. Note that the values yet have to be multiplied with the projected area Ā.
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Vector Force [N]

F L 308.6 ·Ā
F D 88.0 ·Ā
F R 316.8 ·Ā
F U 269.2 ·Ā
F F 168.3 ·Ā

Table 1: Force vectors acting upon the hydrofoil

The projected area for thin airfoils can be written as the chord length c times the sine of the angle of attack
α = 10◦ times the foil width l, see figure 9.

Figure 9: Projected height h of chord length c under an angle of attack of α = 10◦

To calculate the torque acting upon the leg, the upward force vector F U is used. The torque becomes: [25]

τ =
1

2
ωl2 (5.12)

=
1

2
· 269.2 · Ā · 0.52

=
1

2
· 269.2 ·A sinα · 0.52

= 0.37 Nm

The amount of torque acting upon the leg appears to be small; the exact amount of torque shall be determined
using SolidWorks in section 6. Since no adequate numbers are to be found either in papers or by the Biomedical
Engineering dpt. of the University of Twente about the maximum allowable torque on a human leg, no conclusions
can be made whether the found torque is tolerable.

5.1.2.2 Forward Propulsion

Power Stroke The forward propulsion is achieved during the power stroke. The results of table 1 in section
5.1.2.1 can be used to give the amount of forward propulsion gained during the power stroke of one leg:

Fprop = F F · Ā (5.13)

= 168.3 ·A sinα

= 29.22 N
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The force needed for the power stroke of one leg can be calculated as follows:

Ftot = F R · Ā (5.14)

= 320.6 ·A sinα

= 55.01 N

Both the force needed for the power stroke as the forward propulsion seems to be small; as a comparison, the
thrust produced by swimfins during a 20 second power stroke can be up to 192 N . [26] Determination of the
exact amount of forward propulsion and optimization shall be done using SolidWorks in section 6.

Return Stroke During the return stroke the resultant velocity vector is the same size but inclined at −32◦

with respect to the horizontal. The hydrofoil will have an angle of attack of 0◦ with respect to the velocity vector
to have a lift- and drag coefficient equal to zero, leading to zero drag force. This however is an ideal situation;
in section 6 the calculations shall be done for a real fin.

Feathering Motion The angle of the fin during the power stroke has been determined to be 32 − 10 = 22◦

with respect to the horizontal. The angle during the return stroke has been determined to be −32◦. Therefore
the fin is estimated to rotate over a range of 54◦. The mechanism ensuring this movement must be designed
such that this motion is possible; this shall be done in section 6.

5.1.3 Concept 2

This section covers the optimization for the dimensions of the flipper based upon the hydrofoil’s lift- and drag
coefficient as found in section 5.1.

5.1.3.1 Leverage, Displacement and Dimensions
The output force of the device Foutput compared to the input force Finput is based on leverage, which simply
states that Fleft ·Aleft = Fright ·Aright. Since the leverage is based upon rotation, the small angle approximation
is to be used, stating that sin θ ≈ θ for small θ. [27] Angles up to 32◦ are allowable to retain a relative error of
less than 5%. Using this approximation considerably decreases the complexity of the formulas while retaining
sufficient accuracy. The ratio between the output torque τ and the input force Finput is as follows:

τ =
(a · Finput + b · k∆x) c

b
(5.15)

Using goniometric relations, the displacements and angles are as follows:

β = sin−1
(

∆2
c

)
∆2 = sin (α) · b
α = sin−1

(
∆1
a

)
β = sin−1

(
sin
(
sin−1

(
∆1
a

))
· b

c

)
(5.16)

The symbols are to be found in figure 10. Note that length d represents the flipper and yet has to be determined.
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Figure 10: Mechanical linkage of Concept 2. The dashed line shows the displaced linkage. The arm lengths are
defined for each lever: a and b are the lengths of the bar on which the applied force acts, with point of rotation
A; c is the length of the bar providing the rotation at point B ; ∆ 1-3 are the vertical displacements of the end
points of both horizontal bars; α is the angle as a result of the stroke exerted by the user and β is the angle of
the flipper.

Since the average human arm length is about 57.4 cm, length ∆1 can be determined to be 1
2 · 57.4 = 28.7 cm.

[28] Furthermore the force the flipper exerts on the water during power stroke is always normal to the flippers
surface, meaning that the force vector of the forward propulsion decreases as β increases, as shown in figure 11.

Figure 11: Graphical representation of the thrust vector (red) as a result of the force vector (blue) at big angle
(left) and small angle (right). The green vector shows the sideway force vector.

It is chosen to have a maximum angle of β = 30◦ in order to increase efficiency. Using the first equation in
equation 5.16 length a can be determined. Using steps of 5 degrees, the results are listed in table 2.

Angle α [◦] Length a [m]

10 1.65
15 1.11
20 0.84
25 0.68
30 0.57

Table 2: Lengths for a calculated for different angles α

Taking equation 5.15 into consideration it is desirable for a to be as high as possible, generating a higher torque.
However from a practical point of view it is desirable to have smaller dimensions. Therefore it is chosen to use
a = 0.57 m, leading to an acceptable size of the lever.
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From equation 5.15 and figure 10 it can be determined that ∆1
a = ∆2

b . Since ∆1 and a are known, the ratio
∆2/b can be determined:

∆2

b
=

0.287

0.57
= 0.50 (5.17)

Furthermore it follows from equation 5.15 that sinβ = ∆2/c with sinβ = sin 30 = 0.5. Combining this with
equation 5.17 gives the following result:

∆2

c
=

∆2

b
−→ b = c (5.18)

By setting b = c in equation 5.15 it follows that the torque only increases if b · k∆x increases. However this
variable can be adjusted by changing the spring stiffness k, therefore b and c can be chosen freely. From a design
point of view it is desirable to decrease b and c as much as possible, therefore an arbitrary chosen length of
0.10 m is chosen as length.

By taking α = β = 30◦ an relative error under 5% is ensured. The dimensions as chosen are listed in table 3.

Variable Dimension [-]

a 0.57 m
b 0.10 m
c 0.10 m
α 30◦

β 30◦

Table 3: Dimensions found for the design of concept 2

5.1.3.2 Forward Propulsion

Power Stroke To find the thrust during the power stroke, the maximum push-pull force of a human must be
considered. For both males and females the one-handed pushing- and pulling force while lying down in prone
position ranges between 285 − 330 N and 270 − 283 N , respectively. [29] To endure highly repetitive motions,
the force applied reduces to 30% of the maximum force. [30][31] This means that during pulling motion a force
of 81 N is to be expected and during pushing motion a force of 86 N is to be expected. Using this information,
the flipper’s dimensions can be determined.

Using the equations given in section 5.1.1 the forward propulsion during the power stroke can be determined.
Since this concept is thrust-based, the thrust coefficient CT as given in figure 7 is to be used in the calculations.
The thrust coefficient shows to be maximal at an angle of attack of α = 90◦, having a value of CT = 1.4, while
having a lift coefficient CL = 0 at this inclination. Figure 12 shows the drag vector relative to the flow direction.

Figure 12: Resultant drag force vector F D on the hydrofoil as a result of the flow direction.
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Since the flipper rotates about a point, the velocity is a function of the position on the arm:

V = ω · r (5.19)

With ω the angular velocity and r the length of the arm. The angular velocity can be determined using the fact
that the flipper moves at a slow pace of 30 strokes per minute. The angular deflection is 60◦, or 1.05 rad, thus
the angular velocity can be calculated, assuming no difference in angular velocity between the power stroke and
return stroke:

ω =
dφ

dt
(5.20)

=
1.05

1
(5.21)

= 1.05 rad/s

The generated thrust is a function of the velocity, which on its turn is a function of the position on the arm r.
Substituting Ā = r · c sinα, sinα = 1 for α = 90◦ and c = 1

4r as stated in section 5.1.2, and V (r) = ω · r, the
thrust becomes:

T =
1

2
ρĀCTV

2(r) (5.22)

=
1

8
ρCTω

2r4 (5.23)

The bending moment equation is used to determine the torque which is generated by the flipper on the axis of
rotation:

τflipper =

∫
w · rdr (5.24)

=

∫ r

0

(
1

8
ρCTω

2r4

)
· r dr (5.25)

=

[
1

48
ρCTω

2r6

]r
0

=
1

48
ρCTω

2r6

Here w is the distributed load on the flipper, which is equal to the thrust. Now consider an ideal situation, in
which the flipper during the return stroke has an angle of attack of 0◦, complying with a drag- and lift coefficient
equal to 0. This means that all energy during the return stroke can be stored in the spring attached to lever b
(figure 10). Since this force was determined to be 86 N , the total force during the power stroke is 86 + 81 = 167
N . Filling in the known values in equation 5.15:

τlever =
(a · Finput + b · k∆x) c

b
(5.26)

=
(0.57 · 81 + 0.1 · 86) · 0.1

0.1
= 54.8 Nm
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Since the torque generated by the user is equal but opposite to the torque generated by the flipper, the dimension
r can be solved by setting both equations equal to each other. Using the values CT = 1.4, ω = 1.05 rad/s and
ρ = 998 kg/m3, solving for r gives:

1

48
· 998 · 1.4 · (1.05)2 · r6 = 54.8 (5.27)

r6 = 1.71 (5.28)

r =
6
√

1.71

= 1.09 m

Therefore the maximum size of the flipper, considering a uniform hydrofoil will be 1.09 x 0.27 m, which seems
quite large, yet acceptable. Note that this situation considers a no-drag return stroke. An optimal configuration
therefore leads to a maximum propulsion of 167 N normal to the flipper surface. The forward propulsion is a
function of the angle θ the flipper makes with the horizontal, as is to be seen in figure 13. The vertical component
of the force vector (2) can be calculated as follows:

Fforward = Fthrust · cos θ (5.29)

= 167 · cos θ (5.30)

The total amount of forward thrust during one stroke is the integral over the angular displacement:

Fforward,total =

∫ θ=30

−θ=−30

167 · cos θ dθ (5.31)

= 2 ·
∫ θ=30

0

167 · cos θ dθ (5.32)

= [334 · sin θ]θ=30
0 (5.33)

= 167 N (5.34)

Figure 13: Flipper rotating about point (1) at an angle θ. The normal force (2) the flipper exerts on the water
consists of both a forward and sideward component.
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Spring The spring constant of the spring can be determined by using F = k∆x. Since F is known and ∆x can
be written as ∆x = sin (2α) ·b, which are known values as well, the spring constant can be calculated accordingly:

F = k · sin (2α) · b (5.35)

86 = k · 0.087 (5.36)

k = 993 N/m (5.37)

Return Stroke During the return stroke the flipper must be aligned such that the drag coefficient is as low
as possible. For the hydrofoil considered in the calculations this is at an angle of attack of 0◦, however the exact
angle of attack has yet to be determined using the designed flipper. This shall be done in section 6.

Feathering Motion The angular displacement during the power stroke has been determined to be 90◦. During
the return stroke the angular displacement has been determined to be 0◦. Therefore the fin must be able to
rotate over a range of 90◦. The mechanism to allow for this rotation shall be determined in section 6.

5.1.4 Concept 3

5.1.4.1 Force Profile, Angular Velocity and Angular Displacement
To determine the forces and velocities the mechanism is able to deliver, a closer look must be taken to its
kinematic behavior. Figure 14(a) shows the mechanism; the red part of the arc shows when the power stroke
is executed and the blue arc shows the quick return stroke. The maximum angle of the crank can be adjusted
by positioning the point of rotation of the crank relative to the path the pin follows, as is to be observed in
figure 14(b) and 14(c). By adjusting angle α, the length of the red and blue curve can be adjusted (i.e. when
α increases the length of the quick return stroke decreases, but the angular velocity of the crank will increase).
Since the kinematic equations are very cumbersome, SolidWorks is used to validate the model.

(a) Whitworth mechanism trans-
lating a rotational motion into
an oscillating rotational motion.
The red path represents the power
stroke, the blue path represents
the quick return stroke. [32]

(b) Maximum angle α for a small distance between
point of rotation (1) and path (2)

(c) Maximum angle α for a large
distance between point of rotation
(1) and path (2)

Figure 14: Whitworth mechanism
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Figure 15: Model used for kinematic analysis. Bar (1) consists of a horizontal pedal and a vertical crank which
rotates about axis (3); crank (1) and (2) have the same length; crank (2) rotates about point(3); the slitted crank
(4) follows the pin attached to (2) and is attached to cylinder (5); both the slitted crank (4) and the cylinder
(5) rotates about axis (6).

Validation in SolidWorks Figure 15 shows the model used in SolidWorks to validate the kinematic behavior
of the Whitworth mechanism. The typical points of interest are the ratio between the radius of (2) and the
distance between (1) and (2) as shown in figure 14(b) and 14(c). As a design choice the radius has been chosen
to be equal to the length of a bicycle pedal crank, which typically is 170 mm for a bike, to keep a 1 : 1 force
distribution. [33][34] The distance between point (1) and (2) has been chosen to be 60 mm in figure 14(b) and
210 mm in figure 14(c) to show the difference between the power stroke and return stroke in terms of angular
velocity and angular deflection. The analysis has been done for the sides of the slitted crank with the beginning
of the power stroke as the starting point. The results are plotted in figures 16 and 17.

(a) Angular velocity in degree/s

(b) Angular displacement in degree

Figure 16: Plots of the angular velocity and -displacement of the slitted crank for one rotation of a 30 r.p.m.
motor and a 60 mm offset
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(a) Angular velocity in degree/s

(b) Angular displacement in degree

Figure 17: Plots of the angular velocity and -displacement of the slitted crank for one rotation of a 30 r.p.m.
motor and a 210 mm offset

As is to be observed there is a clear difference between the two configurations, even though both figures show a
higly non-linear motion. The returning points are clearly visible in both configurations as the angular velocity
is zero at those points: for the 60 mm offset configuration this occurs at t = 1.52 s and for the 210 mm offset
configuration this occurs at t = 1.27 s. Increasing the offset leads to a decrease of the difference in angular
velocity during power stroke and return stroke. However it is to be observed that the power stroke shows a more
linear behavior for the 60 mm offset than for the 210 mm offset. The values for both configurations are given in
table 4.

60 mm offset 210 mm offset
Variable Value [−] Value [−]

ωmax power stroke 1.34 rad/s 0.97 rad/s
Relative time power stroke 76 % 64 %
ωmax return stroke 8.87 rad/s 2.53 rad/s
Relative time return stroke 24 % 36 %
Max. angular displacement 48◦ 27◦

Table 4: Quantitative results of the comparison between the two different configurations

5.1.4.2 Forward Propulsion
To compute the forward propulsion, a closer look must be taken at the pedaling behavior of a cyclist. Since the
torque generated by the cyclist is nonlinear the input torque of the design is nonlinear as well. Figure 18 shows
the radial- and tangential force distribution during one rotation of one pedal. As is to be observed the biggest
forces occurs when the pedal is horizontal (0◦) until the pedal reaches vertical position (−90◦), which is to be
expected since the force delivered by the cyclist’s legs is oriented in downward direction. The torque generated
by cyclists show a highly symmetrical and sinusoid pattern, as shown in figure 19 and as stated by [35][36]. Note
that the graph represents the net torque generated by both pedals during one rotation.
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Figure 18: Radial force distribution (red) and tangential force distribution (green) during one clockwise rotation
in cycling [37]

Figure 19: Net crank torque for 3 different riders shows a sinusoid pattern [36]

To approximate the torque profile consider the following trial function:

τ = A · cos (nθ + φ) +B (5.38)

Here A is the amplitude in Nm, n is a dimensionless integer number, θ is the phase in rad, φ is the phase shift
in rad and B is the mean value of the torque in Nm. The power which a cyclist generates during easy cycling
is 75 W and the power-torque relation is as follows: [38]

P = τpedal · ωpedal (5.39)

Here, P is the power in W , τpedal is the torque in Nm and ωpedal is the angular velocity in rad/s. Considering
an angular velocity of π rad/s complying with a cycling frequency of 30 Hz the mean torque B generated is:

B =
75

π
= 24 N ·m (5.40)

Rider 1 in figure 19 shows a mean torque of 35 N ·m and an amplitude of 20 N ·m; rider 2 and 3 show a mean
torque of 32.5 N ·m and amplitude of 20 N ·m. The ratio between the amplitude A and mean torque B is:

rider 1 : 20
35 = 0.57

rider 2 and 3 : 20
32.5 = 0.62

}
mean: 0.60 (5.41)
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The mean amplitude is 0.6 times the mean torque, in this case: A = 0.6 · 24 = 14.4 N ·m. Since the torque
profile completes two cycles in 360◦ it follows that n = 2. With the torque profile starting at cos (π) = − cos (0)
the final function for the torque becomes:

τpedal = −14.4 · cos (2θ + φ) + 24 (5.42)

Figure 20: Plot of the trial function for the torque

Equation 5.42 shall be used as input torque on the mechanism and φ can be adjusted as desired to create the
optimal force distribution.

During cycling motion the pedals show a non-uniform angular velocity, as shown in figure 21. It is chosen to
use a chainring similar to the chainring in figure 21(b) to ensure a sinusoid angular velocity output, simplifying
both the analytical calculations and the dynamic analysis in SolidWorks.

(a) Angular velocity profile for a cyclist for both a con-
strained and unconstrained angular velocity profile

(b) Chainring shape for a constrained angular velocity profile

Figure 21: Two different types of angular velocity profiles dependent on the chainring shape [39]

Figure 21(a) was used to determine the maximum amplitude as a function of the average angular velocity. Using
the same method as for equation 5.42 an equation was found for the angular velocity:

ωpedal = A · cos (n · t+ φ) +B (5.43)

ωpedal = −0.69 · cos (2πt+ φ) + π (5.44)

Variable Symbol Quantity

Amplitude A −0.69
Period n 2 · π
Phase shift φ −
Mean Value ω̄ B π

Table 5: Quantities of the variables
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To find the output torque of the oscillating point of rotation the Power Equality Law can be used, stating that
no energy can be created or destroyed:

P = τ · ω (5.45)

Pin = Pout → τin · ωin = τout · ωout (5.46)

τout = τpedal
ωpedal
ωcrank

(5.47)

Both τpedal and ωpedal are known functions and ωcrank can be determined using SolidWorks, hence τout can be
determined. The torque applied by the flipper follows from equation 5.24 and has been determined to be:

τflipper = 29.11 · ω2r6 (5.48)

It is desirable to have an output torque τout equal to the flippers torque τflipper, as this will result in a smooth
cycling motion without having any ”dead” points or points in which extra force has to be generated. Having
τout > τflipper will result in having less resistance, leading to a possible ”overshoot”; τout < τflipper on the other
hand will lead to the cyclist having to excert extra force, also leading to an uncomfortable motion. Since the
only variables are the flipper length r and phase shift φ in the angular velocity ωpedal, those are the variables to
be optimized. Figure 22 shows 4 different configurations for which r has been optimized while keeping φ = 0.

It has been chosen for τflipper not to exceed τout and the sizes have been chosen as 60 mm is roughly 1
3

rd
the

crank length, 170 mm is equal to the crank length, 340 mm is twice the crank length and 600 mm is roughly
3.5 times the crank length.

Figure 22: 4 Different configurations for which the flipper length r has been optimized. The vertical axis shows
the torque in Nm and the horizontal axis shows one full rotation in 50 steps.

It is to be observed that due to a drag coefficient CD = 0 for the symmetric hydrofoil the torque τflipper is
equal to 0 during the return stroke; this of course is not realistic and has to be taken into consideration in the
detailed design. The output torque τout shows values going to ∞ as the angular velocity of the crank ωcrank
goes to 0 in equation 5.45. Obviously this shall not happen for a real mechanism as forces such as momentum
and inertia forces will be present and work on the mechanism. The 4 different configurations show a difference
in the output torque. It can be explained that having a lower angular velocity as a result of a lower angular
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deflection leads to a higher torque, as P = τ ·ω and P has a non-zero value and is the same for all 4 configurations.

The fourth configuration with a length of 600 mm between point (1) and (2) in figure 14(c) leads to the best
fitting torque profile, yet still shows a big difference between τout and τflipper. It is chosen not to increase this
length as this will lead to an undesirably large mechanism.

Feathering Motion Similar to concept 2, the angular displacement during the power stroke has been deter-
mined to be 90◦. During the return stroke the angular displacement has been determined to be 0◦. Therefore
the fin must be able to rotate over a range of 90◦. The mechanism to allow for this rotation shall be determined
in section 6.
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6 Detailed Design

6.1 Flipper Morphology

Little research has been done concerning sea turtles’ front flipper morphology. Sun, X. et al. have designed
a prosthetic left flipper for an injured sea turtle (species: Caretta Caretta) of which the projected top area is
presented in their paper, see figure 23; Davenport, J. et al. have done some research into the cross sectional area
of the front flipper. [5][20] Furthermore photos and videos of swimming sea turtles are used to give more insight
into the contour and cross-sectional area of the front flipper. [40][41] This knowledge shall be used to design a
flipper used for the concepts presented.

Figure 23: Projected top area of the left front flipper for a Caretta Caretta species sea turtle [20]

6.1.1 Flipper Design in SolidWorks

The image of the projected top area of the left front flipper was imported in CorelDraw X6 and converted to a
vector image. This image subsequently was imported in SolidWorks. The vector image was used to trace the
contour of the flipper which then was used as a base to design the artificial flipper. Different cross-sections of
the flipper were designed for different parts of the flipper, after which a loft was used to smoothly fill in the
contour of the entire flipper. Different cross-sections are to be found in figure 24 to give an idea of the morphology.

As is to be observed the proximal part of the flipper has a heavily cambered cross-section, as seen in figure 24(b)
and 24(c). This corresponds with the sea turtle’s front flipper morphology and follows from the presence of the
humerus and radius/ulna together with the muscles involved. The distal part of the flipper consists mainly of
the phalanx bones, which are much smaller in diameter and do not show any muscular tissue. [42][43] Hence,
the cross-section of this part is more symmetrical and less cambered in shape, as seen in figure 24(d) and 24(e).
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(a) Top area of the flipper with corresponding positions of the cross-sections

(b) (c)

(d) (e)

Figure 24: 4 Cross-sections of the flipper design

6.2 Feathering Mechanism

In order to decrease work, a feathering mechanism feasible for all three concepts has been thought of. By chang-
ing the dimensions the mechanism can be altered to fit for each concept. Figure 25 shows the mechanism which
enables the feathering motion.

Hole (1) is where the rotating axis of the flipper is to be attached and might consist of a bearing to reduce
friction; the angular deflection is limited by the two bars (2) and can be adapted depending on the desired
angular deflection. Boss extrude (3) can either be present or not, for concept 1 this plate can be used to protect
the leg from the user during rotation of the flipper, as a pin will be moving up an down between the two bars
(2), close to the leg. Boss extrude (4) can be used to attach to either the leg of the user in concept 1 or to the
oscillating axis of rotation in concept 2 and 3.
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Figure 25: The feathering mechanism. The hole (1) is the point of rotation for the flipper; the inclined bars (2)
restrict the movement of the flipper.

To be able to control in which direction the flipper rotates during the power- and return stroke, the hydrodynamic
center of the flipper has to be determined. For a symmetrical airfoil this point is approximately at 1/4th chord
length, measured from the leading edge. [44] For a non-symmetrical hydrofoil this is only an approximation, as
is the case for the flipper. It is therefore chosen to have the point of rotation either near the leading edge or
at 1/2 chord length, depending on which way the flipper should rotate. Should the point of rotation be at 1/2
chord length the flipper is likely to rotate in the wrong direction during the return stroke, putting the trailing
edge forward instead of the leading edge. This can be prevented by adding a weak torsional spring at the point
of rotation, helping the flipper to rotate in the right direction.

The mechanism as a whole is presented in figure 26, showing the flipper (1), a metal strip to which the flipper
is attached (2) which in this example ensures that the point of rotation (3) lies in front of the hydrodynamic
center. This strip then is attached to the feathering mechanism (4).

Figure 26: The flipper (1) attached to a strip (2) ensuring that the point of rotations (3) lies near the leading
edge. The strip is attached to the feathering mechanism (4).

27



6.3 Analysis in SolidWorks

The flipper as designed shall be analyzed in SolidWorks to determine the lift and drag coefficient. The shear
stress as a result of the fluid shall be determined as well to see if the flipper shows susceptible points.

The analytical calculations of the concepts shall be redone with the new found values; the stresses in the
mechanisms of each concept shall be determined to see whether the concepts are feasible or if adaption of the
design is needed.

6.3.1 Computational Fluid Dynamics

A computational fluid dynamics analysis will be carried out in SolidWorks. The results will be discussed in this
section.

6.3.1.1 Lift and Drag Coefficient
To find the lift- and drag coefficient of the artificial flipper a CFD-analysis has been carried out in SolidWorks.
To give accurate results the following assumptions were made:

• Following from the results in section 5 a flipper with a length of 1.1 m is assumed.

• Following from the assumptions in section 5 the chord length is 1
4r, complying with a length of 0.275 m.

• Since the flipper motion is rotational, the mean velocity occuring at 1
2r with ω = 1.05 rad/s is taken as

the free stream velocity. This complies with a free stream velocity of 0.58 m/s.

• The device is assumed to be used in water temperatures of 20◦C, hence the kinematic viscosity of water
at this temperature is used. [45]

The Reynolds Number used in the analysis follows from:

Re =
V · c
µ

(6.1)

=
0.58 · 0.275

1.004 · 10−6
(6.2)

= 158 865

The analysis was carried out with SolidWorks Flow Simulation for angles of attack ranging from α = −40◦

to α = 100◦ with a step size of 4◦. Since the applied method is not straightforward, explanation of the exact
methods used are to be found in Appendix A. The result of the analysis are to be found in figure 27.

Figure 27: The lift and drag coefficient as a function of the angle of attack
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It is to be observed that for the lift coefficient a small dip is present at 8◦. A similar dip is to be observed for
both the lift- and drag coefficient at 64◦ and 68◦. Those dips might be present either as a possible error due to
the limitations of the accuracy of the software or as a result of the highly non-uniform shape of the hydrofoil.
The foil does not behave like the foil assumed in section 5.1.1, figure 7, which is a uniform and symmetrical foil
and thus shows a symmetrical drag- and lift profile. Furthermore this foil generates zero lift at −5◦ and stalls
at 20◦. When considering a negative angle of attack, the lift coefficient remains stable from α = −16◦ while the
drag coefficient increases.

A velocity profile and pressure profile are given in figure 28 for angles of attack of 0◦, maximum lift at 20◦ and
maximum drag at 76◦ at the cross section where the hydrofoil has the biggest camber.

(a) Velocity profile at α = 0◦ (b) Pressure distribution at α = 0◦

(c) Velocity profile at α = 20◦, maximum CL (d) Pressure distribution at α = 20◦, maximum CL

(e) Velocity profile at α = 76◦, maximum CD (f) Pressure distribution at α = 76◦, maximum CD

Figure 28: Velocity profiles and pressure distribution at zero angle of attack, maximum CL and maximum CD

It is clearly visible that the hydrofoil section shows a wake even at an angle of attack of α = 0◦, which is to be
explained by having a heavily cambered hydrofoil. The same holds for the non-symmetrical pressure distribution,
which is to be explained as a result of the camber.

6.3.1.2 Shear Stress on the Flipper
The artificial flipper experiences shear stresses as a result of the forces acting upon it. Figure 29 shows the
maximum shear stress occuring at an angle of attack of α = 76◦, at which the cumulative forces acting upon the
flipper are the highest.
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(a) Shear stress acting upon the top of the flipper

(b) Shear stress acting upon the bottom of the flipper

Figure 29: Shear stress profile of the flipper at an angle of attack of 76◦

The maximum shear stresses as a result of the free stream are present at the bottom of the flipper, located on
the trailing edge near the attachment to the mechanism. This can be explained due to the fact that the pressure
has the highest value at this point (see figure 28(f)) and the flipper is thin at the trailing edge, thus leading to
higher shear stresses. This simulation considers a uniform free stream velocity, whereas the free stream velocity
of a rotating flipper is a function of the width of the flipper. However the shear stresses as a result of the free
stream are considered small enough to cause no problems in the design.

6.3.2 Analytical Calculations

Using the data acquired from the SolidWorks analysis, the values for the torque, thrust and drag and flipper
dimensions can be calculated.

6.3.2.1 Concept 1 The calculations from section 5.1.2 can be redone with the found values to find the
maximum amount of thrust generated as well as the torque acting upon the legs of the user. The same design
criteria are used as in section 5.1.2.
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Torque Using the lift coefficient calculated in the previous section and equations 5.10 and 5.11 derived in
section 5.1.2, the force profile of the flipper as a function of the angle of attack can be determined. Figure 30
shows that only a small range of angles of attack lead to a positive value for the thrust, with a maximum at
α = 20◦.

Figure 30: Force profile for the flipper. A negative horizontal force indicates drag.

The vertical force at α = 20◦ is 27.6 N . The expected torque becomes:

τ =
1

2
ωl2 (6.3)

=
1

2
· 27.6 · 0.52

= 3.45 Nm (6.4)

The found torque is roughly 10 times as big as the torque calculated in section 5.1.2 and might be explained by
having both a higher lift- and drag force, leading to a higher vertical force component.

Forward Propulsion The forward propulsion can be derived from figure 30 and is equal to 6.97 N per leg.
This value is lower than the values found in section 5.1.2 and can be explained by having a higher horizontal
component in the drag force, leading to a lower net horizontal force vector.

The force needed to propel the device can be calculated as follows. As the horizontal- and vertical force vector
are orthogonal the total force can be calculated using Pythagoras’ law:

Ftot =
√

6.972 + 27.62 = 28.5 N (6.5)

Drag and Feathering Motion The free stream velocity during the return stroke has an equal velocity but
at a negative inclination of γ = −32◦. To minimize the drag during the return stroke the horizontal force and
thus the drag should be 0. According to figure 30 this occurs at an angle of attack of α = 0◦. The upward force
at this angle of attack as a result of the generated lift is 3.37 N , thus slightly reducing the force needed for the
return stroke.

The range of the feathering motion is the difference in angle of attack during the power stroke and the return
stroke. During the power stroke the angle of attack relatively to the horizontal is 32 − 20 = 12◦; the angle of
attack during the return stroke is equal to the inclination of the free stream velocity vector and therefore is 32◦.
The total rotational movement thus needs to be 12 + 32 = 44◦.

The point of rotation for the flipper should be behind the hydrodynamic center, as a positive angle of attack
is desired during the power stroke. A torsional spring in the axis of rotation can ensure that the leading edge
rotates forward during the return stroke.
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6.3.2.2 Concept 2
The calculations from section 5.1.3 can be done with the found values to find the maximum amount of thrust
generated during the power stroke as well as the drag force generated during the return stroke.

Power Stroke The maximum thrust occurs at an angle of attack of α = 76◦ with a thrust coefficient of
CT = 2.80. Equations 5.22 and 5.24 are used to calculate the amount of torque as a function of the flipper size,
substituting Ā = r · c sinα, sinα = 0.970 for α = 76◦ and V (r) = ωr. Using SolidWorks it is determined that the
ratio between the chord length and the length of the flipper is c = 0.249 · r. The thrust and torque now become:

T =
1

2
ρĀCTV

2(r) (6.6)

=
1

2
· 998 · 0.242 · r2 · 2.8 · (1.05 · r)2

= 372.17 · r4

τflipper,thrust =

∫
T · r dr

= 365.21

∫ r

0

(
r4
)
· r dr

= 365.21 |r0
1

6
r6

= 62.03 · r6 (6.7)

Variable Symbol Quantity [-]

Fluid Density ρ 998 kg/m3

Projected Area Ā 0.237 · r2 m2

Thrust Coefficient CT 2.8
Velocity V (r) = ωr 1.05 · r rad/s

Table 6: Quantities of the variables

Return Stroke It is desirable to have a drag- and lift coefficient which are as low as possible during the return
stroke, as this will be in favor of the amount of energy which can be stored in the spring. The drag coefficient
is lowest at an angle of attack of α = 0◦ being CD = 0.25, however the flipper does generate lift at this angle of
attack with a lift coefficient of CL = 0.62. It is thought of that the flipper’s connection to the axis of rotation
is rigid in this dimension, thus only the drag has to be overcome during the return stroke. The projected area
Ā is dependent on the flipper width r and thickness t; using SolidWorks it was found that the projected area Ā
can be determined as Ā = 4.54 · 10−2 · r2. The drag force and torque now become:

D =
1

2
ρĀCDV

2(r) (6.8)

=
1

2
· 998 · 4.54 · 10−2 · r2 · 0.25 · (1.05 · r)2

= 6.25 · r4

τflipper,drag =

∫
D · r dr

= 6.25

∫ r

0

(
r4
)
· r dr

= 6.25 |r0
1

6
r6

= 1.04 · r6 (6.9)

What Symbol Quantity [-]

Fluid Density ρ 998 kg/m3

Projected Area Ā 9.17 · 10−3 · r2 m2

Thrust Coefficient CD 0.25
Velocity V (r) = ωr 1.05 · r rad/s

Table 7: Quantities of the variables

Flipper Dimension The energy which can be stored in the spring is equal to the torque which is delivered
by human force minus the torque as a result of the drag. Using the equilibrium equation (equation 5.15) for this
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mechanism together with the input force the energy which can be stored in the spring can be calculated. For
the return stroke, using the values found in section 5.1.3, the deliverable torque becomes:

τreturn stroke =
(a · Finput) c

b
(6.10)

=
(0.57 · 86) · 0.1

0.1
(6.11)

= 49.0 Nm

Combining with τspring and τflipper,drag gives the amount of torque which can be delivered by the spring:

τspring = τreturn stroke − τflipper,drag (6.12)

= 49.0− 1.04 · r6 (6.13)

The torque delivered by the spring in equation 5.15 is defined as 0.1 · k∆x. By substituting equation 6.13 in
equation 5.15 the torque during power stroke can be determined:

τpower stroke =
(a · Finput + b · k∆x) c

b
(6.14)

=

(
0.57 · 81 + 49.0− 1.04 · r6

)
· 0.1

0.1
(6.15)

= 95.2− 1.04 · r6 Nm (6.16)

Since the torque generated by the user is equal but opposite to the torque generated by the flipper, the length
r can be solved by setting both equations equal to each other:

62.03 · r6 = 95.2− 1.04 · r6 (6.17)

r6 = 1.56 (6.18)

r =
6
√

1.56 (6.19)

= 1.08 m

The maximum size of the flipper would be 1.08 x 0.27 m, which complies accurately with the dimensions found in
section 5.1.3. Reasonings that the results are comparable can be found in the 6th order power in r; 6

√
x converges

quickly to 1 for small values of x. Furthermore is the torque needed during the return stroke small compared to
the torque needed for the power stroke. As a result the energy stored in the spring is just a little less than the
found value in section 5.1.3 and hence the total available torque and thus the length r is similar.

It must be taken into consideration that the force distribution in the integral of equations 6.7 and 6.9 consider
a uniform force distribution. However, due to the non-uniform shape of the foil the force distribution is also
non-uniform and hence the calculated torque remains an approximation.

Forward Propulsion The force available during the power stroke is equal to the force applied by human hand
plus the force applied by the spring. In equation 6.10 it has been determined that the available torque is 49.0
Nm. The torque as a result of the drag is equal to 1.04 · r6 = 1.65 Nm. This means that 47.35 Nm is available
to store in the spring, which is 96.6% of the total torque, hence of the force applied. As stated in section 5.1.3
the available force during the return stroke is 86 N , substracting the force needed to pull the flipper through
the water leaves 83.1 N to store in the spring. This force will be available during the powerstroke as the spring
releases the stored energy. The total force during power stroke therefore becomes 81 + 83.1 = 164.1 N . As the
direction of this force is normal to the flipper surface, the vertical component of the force leading to forward
propulsion has to be calculated as follows:
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Fforward = Fthrust · cos θ (6.20)

= 164.1 · cos θ (6.21)

The total amount of forward thrust during one stroke is the integral over the angular displacement:

Fforward,total =

∫ θ=30

−θ=−30

164.1 · cos dθθ (6.22)

= 2 ·
∫ θ=30

0

164.1 · cos θ dθ (6.23)

= [328.2 · sin θ]θ=30
0 (6.24)

= 164.1 N (6.25)

Spring Constant The spring constant of the spring can be determined by using F = k∆x. Since both F and
∆x are known, the spring constant can be calculated accordingly:

F = k · sin (α) · b (6.26)

83.1 = k · 0.087 (6.27)

k = 960 N/m (6.28)

Variable Symbol Quantity [-]

Force F 83.1 N
Angular Deflection α 30 ◦

Lever length b 0.1 m

Table 8: Quantities of the variables

Feathering Motion The total angular deflection is the difference in angle of attack during the power stroke
and the return stroke. During the power stroke the flipper has an angle of attack of α = 76◦ and during the
return stroke the angle of attack is α = 0◦. The flipper therefore must be able to rotate over a range of 76◦.

As the leading edge of the flipper rotates downwards during the power stroke and upwards during the return
stroke, the point of rotation should be in front of the hydrodynamic center. During the return stroke the leading
edge automatically returns to the right position, so no additional torsional spring is needed in the axis of rotation.

6.3.2.3 Concept 3 The results from the analysis in SolidWorks will be combined with the values found for
the designed flipper to calculate the torque, thust and drag and flipper dimensions.

Forward Propulsion Similar to concept 2, the maximum thrust coefficient is achieved at an angle of attack
of α = 76◦. By optimizing the flipper length r using this thrust coefficient the dimensions of the flipper for the
4 different configurations have been found, as is to be observed in figure 31. It has been chosen for τflipper not
to exceed τout.

It is clearly visible that the 600 mm configuration shows the best resemblance between τflipper and τout, although
the differences are still significant.
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Figure 31: 4 Different configurations for which the flipper length r has been optimized. The vertical axis shows
the torque in Nm and the horizontal axis shows one full rotation in 50 steps.

By changing the phase shift φ (and thus the initial position of the slitted crank) with 10% from 0 to 0.2π for
τout in order to have a better fit between the two curves, not only a phase shift is present, but both the shape of
the curve of τout and τflipper change as well, as is to be observed in figure 32. This is likely due to the fact that
both τflipper and τout are dependent on the initial configuration of the mechanism, thus changing φ leads to a
change in both τout and τflipper. Optimization of the system therefore proves to be difficult and cumbersome
and is considered outside the scope of this project.

Since this concept shows many difficulties in optimizing, it has been decided to discard this concept for further
analysis.

(a) τout and τflipper with no phase shift (b) τout and τflipper with a phase shift of φ = 0.2π

Figure 32: Difference between τflipper and τout by only changing φ for the 600 mm configuration

Feathering Motion The total angular deflection is the difference in angle of attack during the power stroke
and the return stroke. During the power stroke the flipper has an angle of attack of α = 76◦ and during the
return stroke the angle of attack is α = 0◦. The flipper therefore must be able to rotate over a range of α = 76◦.

As the leading edge of the flipper rotates downwards during the power stroke and upwards during the return
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stroke, the point of rotation should be in front of the hydrodynamic center. During the return stroke the leading
edge automatically returns to the right position, so no additional torsional spring is needed in the axis of rotation.

6.3.3 Finite Element Analysis

The Finite Element Analysis shall be carried out on the mechanisms to evaluate the stresses involved during
usage. This knowledge shall then be used to optimize the dimensions of the mechanisms and to finally choose
a material of which the mechanisms can be produced. For each mechanism the biggest expected force is taken
into consideration. The mechanism will be analyzed on stress, deformation and buckling. The flipper will be
discussed independently in section .

Materials For each concept three different materials are taken into consideration: two metals for the mech-
anisms and flipper and a composite for only the flipper. It has been chosen to use relatively cheap and widely
available materials. The materials of choice are 5454-H112 aluminum and AISI-316L stainless steel. 5454-H112
Aluminum consists of 94.5-97.14% Al; 2.4 - 3.0% Mg; 0.5-1.0% Mn; 0-0.4%Fe; 0-0.25%Si; 0-0.25% Zn; 0.05-0.2%
Cr; 0-0.2% Ti; 0-0.15% residuals and 0-0.1% Cu. [46] AISI-316L stainless steel consists of 65% Fe; 17% Cr; 12%
Ni; 2.5% Mo; 2% Mn; 1% Si; 0.045% P; 0.03% S and 0.03% C. [47] Both materials have excellent sea water
resistance, are cheap and are easy to process; steel usually is stronger but aluminum has a lower density thus
reducing weight. [48][49][50]

For the flipper it is desirable to have a hollow product, as this will greatly reduce the weight. Furthermore
the shape is highly non-linear, thus the flipper either has to be casted from aluminum or steel or has to be
produced with use of composites. For the composite the widely used and available glass fiber reinforced epoxy
composite shall be used. Table 9 shows the material properties of both metals and the glass fiber reinforced
epoxy composite. [51][52][53][54][55]

Property 5454-H112 Aluminum AISI-316L Steel E-glass/Epoxy Composite

Elastic Modulus 70 GPa 200 GPa 80 GPa
Shear Modulus 26 GPa 82 GPa 39 GPa
Yield Strength 125 MPa 170 MPa 1080/470 MPa*
Density 2690 kg/m3 8027 kg/m3 2100 kg/m3

Fiber/resin ratio - - 0.55-0.45
Price per kg. USD $1.00 - 3.50 per kg. USD $ 1.00 - 3.50 per kg. USD $0.25 - 1.25 per kg.

*Unidirectional/multidirectional [56]

Table 9: Material properties for both metals

6.3.3.1 Concept 1
The expected forces working on the flipper are modeled as shown in figure 33(a). Point (1) is the part which is
to be attached to the swimmer’s leg and therefore is constrained in all directions. The forces have been chosen
to be equal to the forces calculated in section 6.3.2 and are 27.6 N in upward direction and 6.97 N in forward
direction, as shown by the purple arrows.

As it is undesirable to have a solid flipper due to the weight, a hollow model is used instead. SolidWorks is
unable to create a shell of the solid flipper due to the geometry. However SolidWorks is able to create a shell
mesh with a prescribed thickness, using thin shell elements. The model is meshed as shown in figure 33(b); the
gray mesh represents a solid structure and the orange mesh represents a shell structure.

As a choice of design the thickness of the flipper has been chosen to be 3 mm; the details of the dimensions of
the other parts are to be found in Appendix B.
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(a) Force distribution on the flipper. Point (1) is constrained
in all directions.

(b) Visualization of the mesh. The gray mesh is a solid mesh
and the orange mesh indicates a thin shell mesh.

Figure 33: Model used in SolidWorks for the static analysis

Stress Figure 34 shows the stress distribution as a result of the applied force. It can be seen that the biggest
stress occurs at the metal strip, connecting the flipper to the feathering mechanism and at the feathering
mechanism. This was to be expected, as the torque as a result of the force acting upon the flipper is large at
this point. The point of rotation (1) shows the largest stress being 88 MPa; which remains well below the yield
strength of both aluminum and steel.

(a) Stress distribution along the mechanism

(b) Local stress distribution showing the highest stresses

Figure 34: Stress distribution in the mechanism
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Deformation Figure 35 shows the displacement as a result of the deformation of the mechanism. It is clearly
visible that the tip of the flipper has the highest deflection; this however is as a result of the strain occurring at
the strip connecting the flipper to the feathering mechanism, as is to be observed in figure 35(c). The aluminum
mechanism shows a deflection of 10 mm and the steel mechanism shows a deflection of 3 mm, both in vertical
direction. This can be explained by the torsion shown by the strip. Thickening the material should decrease
the deformations. However, the deformations fall within the limit of max. 10 mm and the design appears to be
feasible. As calculated by SolidWorks, all deformations are expected to be elastic.

(a) Displacement as a result of the deformation of the alu-
minum mechanism

(b) Displacement as a result fo the deformation of the steel
mechanism

(c) Strain in the aluminum mechanism

Figure 35: Displacement of the mechanism as a result of the applied force

Buckling As buckling is considered as undesirable behavior, a buckling analysis has been performed in Solid-
Works. Figure 36 shows the result for both the aluminum mechanism and the steel mechanism. SolidWorks has
a threshold for the Buckling Load Factor (BFL), which has to be larger than 1 to prevent buckling. The calcu-
lated BLF for the different materials are as follows: aluminum (78.3), steel (227.7). The mechanism therefore is
considered safe enough to prevent buckling.

(a) Buckling analysis for the aluminum mechanism (b) Buckling analysis for the steel mechanism

Figure 36: Buckling analysis for both materials

6.3.3.2 Concept 2
Even though the mechanism is designed for low-frequency high-repetitive motions, it is to be expected that users
will try to go as fast as possible, exerting forces up to 330 N . [29] During the power stroke the energy stored in
the spring is released which is, following from equation 6.28, equal to a force of 83 N . Besides the forces during

38



regular usage, a maximum expected force of 500 N is modeled in SolidWorks: 400 N for the human force and
100 N for the spring force; this ensures that the mechanism is able to withstand the forces. The stress analysis
shall be carried out for the maximum forces; the deformation analysis shall be carried out for the forces during
normal usage, as the mechanism is designed for normal usage.

Figure 37(a) shows the setup of the analysis. As the stresses and deformation of the handlebar and horizontal
bar are the points of interest, both points of rotation (1) and (2) are fixed to the ground. Point (1) provides the
point of rotation and point (2) in this case has been constrained in all directions. The purple arrows show the
direction of the force; during the pushing phase the direction of the arrows on the handlebar are reversed, but
the force of the spring keeps acting in the same direction. Note that the spring is not modeled as a part, but as
a force instead. The model is meshed as shown in figure 37(b).

As a choice of design the bars are modeled as 3x1 cm solid bars; the handlebar has a length of 20 cm and is a 3
cm diameter solid bar. The hinge point (1) is designed as a 1 cm diameter hole with a 1 cm diameter pin. For
the technical drawings, see Appendix C.

(a) Setup for the static analysis. Points (1) and (2) are fixed
and the purple arrows indicate the direction of the force.

(b) Visualization of the mesh of the region near point (1)

Figure 37: Model used in SolidWorks for the static analysis

Stress Figure 38 shows the stress distribution as a result of the applied force. It is to be observed that even
though the bars are able to withstand the maximum stresses for both the aluminum and steel configuration,
the pin at (1) in figure 37 shows significant stresses well exceeding the maximum yield stress for both aluminum
(125 MPa) and steel (170 MPa), whereas stress values of the handlebar and horizontal bar remain lower than
the yield stress. Adaptation of either the dimensions of the pin or the choice of material has to be done in order
to prevent failure of the component.
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(a) Stress distribution during pulling action (b) Stress distribution during pushing action

(c) Close-up of maximum stress during pulling action (d) Close-up of maximum stress during pushing action

Figure 38: Stress distribution in the mechanism during pulling- and pushing action

Deformation Figure 39 shows the deformation as a result of the maximum applied force of 400 N . It is to
be observed that the deformation is considerably large for both materials: 67 mm for the aluminum mechanism
and 23 mm for the steel mechanism, occurring at the tip of the handle bar and both slightly larger during the
pushing action than during the pulling action. The displacement of the tip of the horizontal bar is approximately
half the size of the maximum displacement, leading to a displacement of 33 mm for the aluminum mechanism
and 11 mm for the steel mechanism. As calculated by SolidWorks, all deformations are expected to be elastic.
This however does not hold for the pin (1), which has to be redesigned. The deformations occur uniformly along
the horizontal bar, as the strain is uniformly distributed; the displacement of the tip of the handlebar is mainly
due to torsion of the horizontal bar.

When simulated with a force of 81 N , as is to be expected during regular usage, the deformation decreases to 6
mm at the tip of the handlebar and 3 mm at the tip of the horizontal bar for the steel mechanism, which com-
plies well with the requirement of a maximum deflection of 10 mm. For the aluminum mechanism the deflection
however is 17 mm at the tip of the handlebar and 8 mm at the tip of the horizontal bar, which is still considered
to be too large, and the dimensions of the mechanism have to be adapted.

By changing the dimensions of the horizontal bar from 3x1 cm to 6x2 cm and the diameter of the handlebar to
4 cm, the deflections for the aluminum mechanism decrease to 9 mm for the tip of the handlebar and 6 mm for
the tip of the horizontal bar, which are well within the boundaries of the required 10 mm.
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(a) Displacement as a result of the deformation during
pulling action for the aluminum mechanism

(b) Displacement as a result of the deformation during push-
ing action for the aluminum mechanism

(c) Displacement as a result of the deformation during
pulling action for the steel mechanism

(d) Displacement as a result of the deformation during push-
ing action for the steel mechanism

(e) Strain as a result of the deformation during pushing ac-
tion for the aluminum mechanism

(f) Strain as a result of the deformation during pushing ac-
tion for the steel mechanism

Figure 39: Displacement and strain rate of the mechanism during pulling- and pushing action

Buckling As buckling is considered as undesirable behavior, a buckling analysis has been performed in Solid-
Works. Figure 40 shows the result for both the aluminum mechanism and the steel mechanism. SolidWorks
has a threshold for the Buckling Load Factor (BLF), which has to be larger than 1 to prevent buckling. The
buckling analysis has been carried out for the pushing action, as the stresses are largest during pushing action
and the components are under tension during pulling action. The calculated BLF for the different materials are
as follows: aluminum (5.8), steel (16.8). The mechanism therefore is considered safe enough to prevent buckling.

(a) Buckling analysis for the aluminum mechanism (b) Buckling analysis for the steel mechanism

Figure 40: Buckling analysis during pushing action

41



6.3.3.3 Flipper
The flipper has a highly nonuniform shape and is therefore very suitable for producing with composite materials.
The E-glass/epoxy composite shall therefore be included in the analysis.

As concept 2 shows the largest forces acting upon the flipper, those values shall be used in the analysis. The
water exerts a distributed force of 500 N upon the flipper. As the flipper has an angle of attack of 76◦ the force
vector is split in a vertical component of 500 · sin 76 = 476 N and a horizontal component of 500 · cos 76 = 155
N . The flipper has been designed with a wall thickness of 5 mm such that the maximum stresses are below the
yield stress criteria. Figure 41 shows the model used in the analysis. The end point of the flipper has been fixed
as indicated by (1); the red arrows indicate the direction of the force. The flipper has been meshed with thin
shell elements. For the technical drawing, see Appendix D.

(a) Force distribution on the flipper. Point (1) is constrained
in all directions.

(b) Visualization of the mesh. The orange mesh indicates a
thin shell mesh.

Figure 41: Model used in SolidWorks for the static analysis

Stress Figure 42 shows the stress distribution as a result of the applied force. It is to be observed that the
stresses are highest near the constrained side. This is to be expected as the torsional forces are highest at that
point, inducing the high stresses. The stress however remains well below the maximum yield stress of aluminum
(125 MPa), steel (170 MPa) and composite (470 MPa). It has to be stated that SolidWorks does not take
interlaminar failure into account between composite layers, thus no qualitative conclusions can be made about
this subject.

(a) Stress distribution on the top side of the flipper (b) Stress distribution on the bottom side of the flipper

Figure 42: Stress distribution in the flipper
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Deformation Figure 44 shows the displacement as a result of the forces acting on the flipper during normal
usage. It is clearly visible that the tip of the flipper has the highest deflection; this is a result of the strain
occurring near the constrained side, as is to be observed in figure 43(d). The aluminum flipper shows a deflection
of 7 mm, the steel flipper shows a deflection of 2 mm and the composite flipper shows a deflection of 6 mm, all
in vertical direction. As calculated by SolidWorks, all deformations are expected to be elastic.

(a) Displacement as a result of the deformation of the alu-
minum flipper

(b) Displacement as a result of the deformation of the steel
flipper

(c) Displacement as a result of the deformation of the com-
posite flipper

(d) Strain in the flipper

Figure 43: Displacement as a result of the deformation in the flipper

Buckling As buckling is considered as undesirable behaviour, a buckling analysis has been performed in Solid-
Works. Figure 44 shows the result for the aluminum, steel and composite flipper. SolidWorks has a threshold for
the Buckling Load Factor (BLF), which has to be larger than 1 to prevent buckling. The calculated BLF for the
different materials are as follows: aluminum (60.2), steel (166.8), composite (67.2). The mechanism therefore is
considered safe enough to prevent buckling.

The analysis shows in all three materials a strange deformation near the constrained part of the flipper. It
is unknown why this deformation is shown by SolidWorks, as the flipper has been considered safe in terms of
buckling.
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(a) Buckling analysis for the aluminum flipper (b) Buckling analysis for the steel flipper

(c) Buckling analysis for the composite flipper

Figure 44: Buckling analysis for the flipper

6.4 Material Selection

As it is desirable to have both a stiff and lightweight mechanism, it is advisable to not only choose one material,
but to choose different materials for the different components. Components requiring high strength and sus-
ceptible to high forces shall be made out of AISI-316L steel; the other components shall be made of 5454-H112
aluminum to reduce weight. Since it is to be expected that the flipper makes up for a large part of the weight,
it is desirable to have this component made from a lightweight material. Considering the mechanical properties,
the E-glass/Epoxy composite appears to be superior to the aluminum and shall be chosen as material of choice
for the flipper.

Reasoning to choose aluminum over composites for the other components requiring low weight is that aluminum
components can be processed in many different ways such as casting, milling and forging and therefore can
consist of more complex shapes, whereas composite components usually are produced by pultrusion, impregnation
infusion or by using molds [56]. These production technologies not only limit the complexity the components
can consist of, but also increase the price of the components as special methods have to be used or molds have
to be produced.
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7 Final Design

7.1 Concept Selection

The choice of the concept is based upon the key requirement: increasing efficiency. As concept 3 has shown to be
too complicated for optimization during this project, further development of this concept has been discarded in
the preceding section. This leaves only concept 1 and concept 2, and as the efficiency has to increase as much as
possible, concept 2 is expected to be more promising. Concept 1 has a very high vertical force vector of 27.6 N
and a horizontal force vector of 6.97 N . The fraction of the total useful force thus becomes 6.97

27.6+6.97 ·100 = 20%,
leading to a relatively low efficiency.

It is to be expected that concept 2 is more efficient than concept 1, even though energy losses as a result of
friction are not taken into account in the calculations. Part of the energy during the power stroke shall be
converted to sideward thrust as the flipper rotates around an axis, and part of the energy during the power
stroke shall be converted to forward thrust. The forward thrust has been calculated to be 164.1 N in section
6.3.2; the sidewards thrust can be calculated via:

Fsideward,total =

∫ θ=30

−θ=−30

164.1 · sin θ dθ (7.1)

= 2 ·
∫ θ=30

0

164.1 · sin θ dθ (7.2)

= [−328.2 · cos θ]
θ=30
0 (7.3)

= 44.0 N (7.4)

The fraction of the total useful force thus becomes 164.1
164.1+44.0 · 100 = 79%, leading to a much higher efficiency

than concept 1. Therefore concept 2 shall be further optimized into a final design.

7.2 Dimensional Optimization

To minimize the weight while meeting the requirements a closer look must be taken into the deformations of
the mechanism. The mechanism shows significant deformation regarding the horizontal bar (2), see figure 45.
Not only bending appears to be a problem, but also torsion is shown as a form of deformation. Therefore it is
desirable to have a circular geometry, as this is known to be torsional resistant.

(a) Recapitulation of the model used in section 6 (b) Deformation of the horizontal bar as a result of
bending and torsion. The orange contour shows the
initial shape.

Figure 45: Stress and deformation of the mechanism

The handlebar (2) has shown to be fairly rigid; low stresses and strains lead to the fact that the dimensions
of this part can be reduced to reduce weight. The pin used as a point of rotation (1) shall be left out in the
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finite element analysis in SolidWorks; the materials chosen have relatively low E-moduli and yield strengths, and
other materials for these parts can be chosen to ensure that the pin meets the yield stress criteria. This shall
be discussed in section 7.2.3. Also part (4) and (5) have shown to be rigid and show very little strain. The
dimensions of these parts therefore can be reduced as well, and a closer look into the material shall be taken.
The vertical axis of rotation (6) to which the fin is to be attached is susceptible to torsional forces, thus a circular
geometry is desirable to cope with the deformations. The discs at the ends of bar (6) shall be left out, as they
do not add to the purpose nor strength of the mechanism.

Using the requirements set up in section 3.3 the dimensions shall be optimized in SolidWorks. The technical
drawings with the final dimensions are to be found in Appendix E, including a mechanism to connect the flipper
to the axis of rotation. The lengths of the levers and flipper shall be kept as determined earlier, see figure 46
and table 10.

Figure 46: Overview of the levers with (1) handlebar; (2) point
of rotation for the horizontal bar; (3) point of rotation of the
flipper

Variable Dimension [-]

a 0.57 m
b 0.10 m
c 0.40 m
d 0.10 m

Flipper length 1.08 m

Table 10: Dimensions of the compo-
nents for the final design

7.2.1 Analysis in SolidWorks - Mechanism

The first part of the optimization shall be done for the mechanism by constraining the movements of the flipper.
SolidWorks is used for the optimizations of the dimensions, ensuring to comply with the requirements. Figure
47 shows the setup used in the analysis. Again the yield stress criteria for the maximum expected force delivered
by the user (400 N) shall be used as threshold for the optimization, as well as the maximum deformation of 10
mm during regular usage (81 N during pulling action and 86 N during pushing action). The force delivered by
the spring is taken to be 83 N for both cases, as calculated in equation 6.28. The minimum dimensions shall be
optimized such that the yield stress criteria and maximum deflection requirement are met.
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Figure 47: Model used for the Finite Element Analysis in SolidWorks

The numbers in figure 47 comply with the following parts of the mechanism:

1. Handlebar with circular cross section

2. Horizontal bar with circular cross section

3. Point of rotation for the horizontal bar

4. Flat bar transferring mainly tensional forces

5. Small bar translating translational motion to rotational motion

6. Axis of rotation for the flipper

7. Feathering mechanism

8. Strip which determines the point of rotation for the feathering motion of the flipper

9. Flipper

Figure 48(b) shows the setup of the analysis. Point of rotation (1) of the horizontal bar has been fixed to the
ground and point of rotation (2) of the axis is only able to rotate; the other degrees of freedom are constrained.
The largest forces are to be expected when the flipper has no initial velocity and the handlebar is pushed or
pulled. The resistance of the water will lead to the fact that the flipper doesn’t move in the first moment after
a force is applied. After the flipper starts moving through the water the internal stresses will decrease; the
point of interest thus lies in the first moment when a force is applied. For the analysis this means that the
flipper is constrained in every degree of freedom, as is to be observed in figure 48(a). The green arrows show
the constraints of the flipper; point (1) and (2) are fixed hinges and the purple arrows show the direction of the
forces. In this case a pulling action is simulated.

After analyzing and optimizing, the final dimensions of each of the components has been determined. The final
dimensions of each of the components is to be found in the technical drawings in Appendix E.
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(a) Setup for the static analysis. Points (1) and (2) are fixed and the purple arrows indicate the direction
of the force.

(b) Visualization of the mesh of the mechanism

Figure 48: Model used in SolidWorks for the static analysis

Stress Figure 49 shows the stress distributions as a result of the applied force. The different components
have been analyzed with the two different metals and have been optimized for their weight as a function of the
maximum stress. Components (1), (2), (5), (6) and (7) in figure 47 have been chosen to be made from alu-
minum; optimizing their dimensions for steel increases their weight. Components (4) and (8) have been chosen
to be made from steel, as they are susceptible to high stresses or deformations and thus need a high E-modulus
and yield strength. Optimizing the dimensions for those components for aluminum will only increase their weight.

The stresses all fall within the yield stress criteria, with the highest stress being 149 MPa located on the flat bar,
see figure 49(c), falling within the 170 MPa yield stress criteria for steel. The maximum stress in the aluminum
components are within the horizontal bar and is determined to be 99 MPa, falling within the 125 MPa yield
stress criteria. All other stresses are lower and thus the mechanism can be considered safe.
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(a) Stress distribution during pulling action (b) Stress distribution during pushing action

(c) Close-up of maximum stress during pulling action (d) Close-up of maximum stress during pushing action

Figure 49: Stress distribution in the mechanism during pulling- and pushing action

Deformation Figure 50 shows the deformations as a result of the maximum applied force of 81 N during
pulling motion and 86 N during pushing action. It is to be observed that the biggest deformation occurs during
pushing action, being 4.0 mm and located at the tip of the handlebar. This falls well within the 10 mm threshold
and thus the mechanism complies with the requirement.

As is to be observed, the locations of the high strain values comply with the locations of the high stress values,
mostly occurring in the horizontal bar. Those strains are normative for the displacements and hence the handlebar
shows the largest displacement as the highest strains occur left of the handlebar.

(a) Displacement as a result of the deformation during
pulling action

(b) Displacement as a result of the deformation during push-
ing action

(c) Strain as a result of the deformation during pulling action (d) Strain as a result of the deformation during pushing ac-
tion

Figure 50: Displacement of the mechanism during pulling- and pushing action
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Buckling As buckling is considered as undesirable behavior, a buckling analysis has been performed in Solid-
Works. Figure 51 shows the result for the buckling analysis. Buckling is likely to occur at the flat bar, as this
component has the most susceptible geometry for buckling. Only pushing action has been taken into consider-
ation, as during pulling action the flat bar is under tension. SolidWorks has a threshold for the Buckling Load
Factor (BLF), which has to be larger than 1 or smaller than -1 to prevent buckling, The calculated BLF is -1.02,
which is just slightly larger than the threshold, therefore the mechanism is considered safe enough to prevent
buckling.

Figure 51: Buckling analysis during pushing action

7.2.2 Analysis in SolidWorks - Flipper

As the flipper is susceptible to the water resistance as a result from the force applied by the user, the flipper is
exposed to internal stress, deformation and possible buckling. The optimization of the thickness of the shell of
the flipper is point of interest in this case, as the other dimensions are determined earlier in the report. Again
the stress- and buckling analysis shall be done with an applied force of 400 N , the deformation analysis shall be
carried out for an applied force of 81 N for pulling action, as the flipper then is orientated at an angle of attack
of α = 76◦, thus having the largest forces acting upon the flipper.

Figure 52 shows the setup of the analysis. Similar to the analysis performed on the flipper in section 6.3.3.3 the
end part of the flipper is constrained and the force is split in a horizontal component of 155 N and a vertical
component of 476 N . The flipper has been meshed using thin shell elements.

The final dimensions of the flipper are to be found in Appendix E.
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(a) Setup for the static analysis. The green arrows show the constrained part and the purple arrows
indicate the direction of the force.

(b) Visualization of the mesh of the flipper. The orange mesh indicates the use of a shell element

Figure 52: Model used in SolidWorks for the static analysis

Stress Figure 53 shows the stress distribution as a result of the applied force for a shell thickness of 1.7 mm.
It is to be observed that the stresses are highest on the bottom side of the flipper near the constrained side. This
is to be expected as the torsional forces increase when close to the constrained point, inducing high stresses. The
stress however remains below the maximum yield stress of the composite (470 MPa), with a maximum stress of
452 MPa. It has to be stated that SolidWorks does not take interlaminar failure into account between composite
layers, thus no qualitative conclusions can be made about this point.

(a) Stress distribution on the top side of the flipper (b) Stress distribution on the bottom side of the flipper

Figure 53: Stress distribution in the flipper

Deformation Figure 54 shows the displacement as a result of the forces acting on the flipper during normal
usage, using a shell thickness of 2.1 mm. It is clearly visible that the tip of the flipper has the largest deflection;
this is however a result of the strain occurring near the constrained side, as is to be observed in figure 54(b)
and 54(c). The maximum deflection is 9.3 mm in the vertical direction. As calculated by SolidWorks, all
deformations are expected to be elastic.
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(a) Displacement as a result of the deformation of the flipper

(b) Strain in the top side of the flipper (c) Train in the bottom side of the flipper

Figure 54: Displacement as a result of the deformation in the flipper

Buckling As buckling is considered as undesirable behavior, a buckling analysis has been performed in Solid-
Works. Figure 55 shows the result for the buckling analysis when a force of 400 N is applied on the flipper with
a shell thickness of 2.1 mm. SolidWorks has a threshold for the Buckling Load Factor (BLF), which has to be
larger than 1 to prevent buckling. The calculated BLF for the flipper is 7.2, the flipper therefore is considered
safe enough to prevent buckling.

Again the analysis shows a strange deformation near the constrained part of the flipper. It is unknown why this
deformation is shown by SolidWorks, as the flipper is considered safe in terms of buckling.

As the deformation analysis requires the shell elements to have a thickness of at least 2.1 mm, this thickness
shall be used as the minimum thickness of the composite.
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Figure 55: Buckling analysis for the flipper

7.2.3 Material Justification

As the weight is to be reduced as much as possible, it has been chosen to use certain materials for certain
components. The handlebar and horizontal bar have been chosen to be made out of aluminum; even though the
deflection increases and the yield strength is lower than for steel, the components would have been heavier when
dimensionally optimized for steel. However the flat bar has shown to be lighter when made of steel instead of
aluminum. The same holds for the steel strip between the flipper and the feathering mechanism.

The flipper has been made of epoxy/e-glass because it has excellent material properties, can be shaped in com-
plex shapes and is very lightweight. The reason that only the flipper is made of this material is that a mold is
needed to produce the parts, which is expensive. Since a mold is needed for the flipper regardless of the material
of which it is produced, it might as well be made of a composite material. The other components can either be
extruded or cut; the feathering mechanism has to be cast or milled due to its complex shape.

The fasteners such as the pins acting as point of leverage have to be made of a stronger material to be able to
resist the high stresses. Those materials are often more expensive, however the parts are small compared to the
other components and hence costs are not likely to increase much when chosen for stronger materials.

7.3 Mass and Material Costs

The mass and material costs of the mechanism shall be determined per component using SolidWorks. Note that
the costs are the material costs and not the production costs. As SolidWorks is unable to create a shell model
of the flipper to determine the mass, the mass has been calculated by multiplying the flippers area with the
thickness and the specific weight. The results are shown in table 11.

Component Mass [gram] Material Costs [USD]

Handlebar 247 0.25 - 0.86

Horizontal bar 1345 1.35 - 4.71

Flat bar 595 0.60 - 2.08

Small bar 60 0.06 - 0.21

Feathering mechanism 1805 1.80 - 6.32

Strip 2068 2.07 - 7.24

Flipper 3480 0.87 - 4.35

Total 9600 7.00 - 25.77

Table 11: Mass and material costs of each of the components
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As this is the mass for one mechanism, and two mechanisms are needed for the concept, the total mass and price
has to be doubled: 19200 gram and $14.00 - $51.54.

7.4 Assembly

The assembled mechanism is shown in figure 56(a). An exploded view of the assembly is shown in figure 56(b).
The numbers show the positions to which fasteners are to be used; those fasteners are not designed, but a brief
overview of the fastening methods will be given.

(a) Assembled mechanism of the final design

(b) Exploded view of the assembly

Figure 56: Overview of the assembly of the final design

Fastener 1 The handlebar has to be attached rigidly to the horizontal bar, this can be achieved by tapping a
thread in the handlebar and bolting the two parts together.

Fastener 2 This point is the point of rotation for the horizontal bar; the pin going through (2) therefore must
be able to rotate freely. The pin has to be attached to the ground, in this case the bodyboard.

Fastener 3 The horizontal bar and the flat bar must be able to rotate freely; this can be achieved by using a
nut and a partially blank bolt or a clevis fastener. A spring also must be able to be connected to this fastener.

Fastener 4 Similar to (3), the flat bar and small bar must be able to rotate, to be achieved by using a nut
and a partially blank bolt or a clevis fastener.
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Fastener 5 The connection between the axis of rotation (6) and the small bar has to be rigid; a key pin is used
to ensure that the rotation is locked. The two components can be fixed together to prevent vertical movement
using bolting or clamping. Welding is undesirable as aluminum is difficult to weld.

Fastener 6 The axis of rotation to which the flipper is attached has to be fixed to the body board. This can
be achieved by using a bearing, but as the axis is not allowed to move in vertical direction, including a slit in
the axis might be necessary to constrain this degree of freedom.

Fastener 7 The axis of the strip must be able to rotate freely within the feathering mechanism. However, the
axis must be kept in place. This can be achieved by having a bearing holder at the axis.

Fastener 8 The connection between the strip and the flipper must be rigid, but since the flipper is made of
a composite, welding cannot be used. Clamping or bolting is a possible way of attaching both components to
each other.

7.5 Artist’s impression

Figure 57 gives a rendered image of the final design implemented on a body board.

Figure 57: Artist’s impression of the final design
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8 Conclusion

Three different concepts were generated in which a distinction was made between flapping- and lemniscate mo-
tion. The final design has been chosen based upon feasibility and locomotion efficiency, in which the body board
has shown to be most feasible and energy efficient. The maximum amount of thrust generated by the mechanism
is estimated to be 164 N , distinguished in a part delivered by a spring and a part delivered directly by the user.
Drag from the mechanism and body board in the water has not been taken into account and might be a point
of interest in the future.

Regarding the requirements 12 out of 15 are met; reasoning will be given in the discussion. The requirements
not met are:

1. The artificial flippers must mimic the sea turtles’ flippers physical properties as close as possible

2. The motion of the mechanical model must resemble either of the swimming motions of the sea turtle

3. The mechanical device must be safe to use
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9 Discussion and Remarks

The swimming behavior of sea turtles has been proven to be very complex; mimicking their motion therefore is
very difficult to achieve with mechanical linkages only. The proposed design only covers a small part of their
swimming behavior, looking only at a 2 degree of freedom system: back-and-forth motion and feathering motion.
Other research has shown that mimicking the swimming behavior is very difficult and even with use of motorized
parts the swimming is still often mimicked as a 2 degree of freedom system. [6][7][9][57][58]

This project is a 2-year masters project at the University of the South Pacific; this report therefore only scrapes
off the surface of this subject and hence can be used as a base for further research. General points of interest
which need further research are:

• During the change from power stroke to return stroke, it takes time for the flipper to feather even though
the return motion already has started. Energy is lost during this process, but might be overcome by using
a rotational spring with a small k-value.

• By determination of the torque generated by the flipper in concept 2 and 3 as well as during determination
of the lift and drag coefficient of the flipper in SolidWorks a uniform free stream velocity has been taken
into consideration. However as the flipper rotates about an axis, the lift and drag force are dependent
on the position on the flipper. It has shown to be difficult and time-consuming to do the analysis in
SolidWorks for the uniform free stream velocity, so no further time was spent for a non-uniform free stream
velocity. Further research might include the simulation of a non-uniform free stream velocity to acquire a
more accurate result.

• Although the scope of the project was to mimic the sea turtles’ flippers as closely as possible, enhancements
can be made by for example adding tubercles on the trailing edge of the flipper to reduce vortex shedding
and thus decrease drag. Further investigation is needed to confirm this.

• No energy losses due to friction and deformations of the components have been determined, as well as
energy loss due to drag of the mechanism and body board in the water. This leads to a higher expected
forward thrust than the actual forward thrust. Further research might include energy losses due to these
reasons.

• The Finite Element Analysis of concept 2 and 3 consider no initial velocity of the mechanism, leading to a
lower flipper drag than calculated. The forces acting upon the mechanism however are largest when there
is no initial velocity and the power stroke is assessed, as the flipper will meet the largest resistance at that
point. Future research might include both a static and a dynamic analysis to cover this part.

• As the flipper is very light-weight and watertight, the flipper will have some positive buoyancy, which might
lead to a unstable device. This has not been taken into consideration, and adaption of the mechanism to
reach neutral buoyancy might be necessary in the future.

• Regarding the efficiency, only mechanical efficiency has been taken into account for the concepts, whereas
the sea turtles’ swimming efficiency is measured in V O2-saturation. However it is to be expected that the
use of a mechanical device as proposed in this report will lead to an increase in the 3% swimming efficiency
in humans.

Concept related points of interest are:

• Concept 1 is not likely to work as the lift vector is oriented mostly in vertical direction. The reason why
sea turtles are able to make use of lift-based motion is because their flapping speed is higher during the
power stroke, leading to a higher angle of attack of the free stream relative to the horizontal and therefore
to a more horizontal lift vector.

• Concept 1 might have problems with the attachment to the legs; it might be possible that the mechanism
starts rotating around the leg due to the torsional forces. Further research is needed to cover this part.
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Requirement related points of interest are:

• It has been chosen to create a flipper which is as stiff as possible instead of a flipper which mimics the sea
turtles’ flippers physical properties as close as possible, as no information has been found concerning the
physical properties of real flippers. Having a more flexible flipper might lead to energy losses; it is however
known that feathering of the tip decreases vortex shedding and thus drag. Further investigation is needed
to optimize the artificial flippers physical properties.

• Mimicking the sea turtles swimming motion has been proven to be very hard; therefore it has been chosen
to approximate the lemniscate motion by a feathered back-and-forth motion.

• Safety has not specifically taken into consideration when designing the mechanism, however surface finish
of the materials, proper location of the leverages and instruction before use might help to improve safe
usage.

In general it can be stated that even though a lot of research has been done in this report, there is still a lot of
research left to be done to find an optimal device for increasing swimming efficiency in humans using sea turtle
biomimetics.
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A Determination of CL and CD in SolidWorks

To be able to calculate the lift- and drag coefficient of the flipper, the SolidWorks Flow Simulation has been
used, see figure 58. The wizard will help to complete all the necessary information to do the analysis.

Figure 58: Flow Simulation Wizard

The analysis type has been set to ”external”, as the point of interest is the flow around the flipper. No heat
conduction, radiation, time-dependency, gravity or rotation has been used in the analysis. The fluid used is
water, no surface roughness has been taken into account. For the ”Initial and Ambient Conditions” the standard
settings were used.

The Reynold’s number of the flipper in concept 1 - 3has been determined to calculate the flow velocity in the
analysis. In this analysis the flow speed is 3.15 m/s. The leading edge points in the y-direction; for a angle of
attack of α = 0◦ an y-velocity of cos (0) · 3.15 = 3.15 m/s and z-velocity of sin (0) · 3.15 = 0 m/s has been used,
see figure 59. For different angles of attack the y- and z-component of the velocity can be calculated.

Figure 59: Wizard in which the velocities can be adjusted
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SolidWorks will now determine the computational domain, and the analysis is ready to be executed.

To determine the lift- and drag coefficient, the lift and drag must be determined. These forces act upon the
flipper, and thus a ”goal” can be inserted to measure these forces. Right-click on the ”goals”-button gives a
menu, select ”insert global goals...”, see figure 60.

Figure 60: Menu where a goal can be inserted

Check the ”Force (y)” and ”Force(z)” boxes, as those determine the drag and the lift, see figure 61. Then click
the green ”check”-mark to apply the goals.

Figure 61: Menu showing the different goals which can be set
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To solve the analysis, go to ”Flow Simulation>Solve>Run”, see figure 62.

Figure 62: Menu to solve the analysis

SolidWorks will now open the solver, click on ”Run”. To show the y- and z-force, click on ”Insert>Goal Table”
in the solver. A bar with the results for the y- and z-force will pop-up, see figure 63.

Figure 63: Goal Table with corresponding values for the forces

This data can now be inserted in a table in Microsoft Excel, MatLab or similar program.
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As the calculated force is in the y- and z-direction, whereas the lift- and drag vector are perpendicular respectively
parallel to the flow direction, the forces must be corrected accordingly:

Drag = cosα · Fy + sinα · Fz (A.1)

Lift = sinα · Fy + cosα · Fz (A.2)

The lift coefficient can now be calculated using:

CL =
2L

ρV 2Ā
(A.3)

Where L is the lift, ρ is the fluid density, V is the general fluid velocity and Ā is the projected area, which can
be calculated as explained in section 5.1.2. As all the variables are known, both the lift- and drag coefficient can
be calculated for α = 0◦. This process can be redone for different angles of attack and a graph can be made
from the resulting values.
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Figure 64: Technical drawing of the feathering mechanism
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Figure 65: Technical drawing of the strip connecting the flipper and the feathering mechanism
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Figure 66: Technical drawing of the flipper
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Figure 67: Technical drawing of the handlebar
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Figure 68: Technical drawing of the horizontal bar
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Figure 69: Technical drawing of the vertical flat bar
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Figure 70: Technical drawing of the small bar
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Figure 71: Technical drawing of the cylinder and axis of rotation
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Figure 72: Technical drawing of the flipper. Note that due to limitations in SolidWorks the program is unable
to show all dimensions.
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Figure 73: Technical drawing of the handlebar
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Figure 74: Technical drawing of the horizontal lever
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Figure 75: Technical drawing of the flat bar

XVI



 5 

 2
5 

 
25

 
 

15
 

 1
00

 

 5
 

 2,8 

 R
30

 

 7
5 

 R
15

 

 1
49

° 

5
6

7
8

E F

FA
CU

LT
Y 

OF
 E

NG
IN

EE
RI

NG

PR
O

JE
C

TI
O

N
M

ET
H

O
D

D
AT

E
U

N
LE

SS
 S

TA
TE

D
O

TH
ER

W
IS

E:
TO

LE
R

AN
C

ES
 

 0
,5

 M
M

M
AT

ER
IA

L
TI

TL
E

SU
R

FA
C

E 
FI

N
IS

H

FI
LE

 / 
PA

R
T 

N
AM

E

R
EV

.

D
IM

EN
SI

O
N

S 
IN

 M
IL

LI
M

ET
ER

S

A3

D

E F

C

1
2

3
4

BA

3
2

1

5

C D

4

6
7

8

A B

5
6

7
8

E F

PR
O

JE
C

TI
O

N
M

ET
H

O
D

SC
AL

E

SH
EE

T 
1 

O
F 

1

-- --

19
-6

-2
01

5

1:
1

01
54

54
 H

11
2 

Al
um

in
um

--
N

O
 N

AM
E

M
in

ib
ar

--

C
H

EC
KE

D

D
R

AW
N

D
R

AW
IN

G
 N

O
.

--
UN

IV
ER

SI
TY

 O
F 

TW
EN

TE
.

Figure 76: Technical drawing of the small lever
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Figure 77: Technical drawing of the feathering mechanism
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Figure 78: Technical drawing of the strip connecting the flipper to the feathering mechanism
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Figure 79: Technical drawing of the flipper. Note that due to limitations in SolidWorks the program is unable
to show all dimensions.
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