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Abstract-This paper presents a computer simulation model to
study the bio-mimetic fish modeled as a compliant beam. The
aim is to determine the natural frequencies of the fish and then
compute and characterize the mode shapes and relate them to
propulsive thrust. The application of model is focused on design
of propulsion systems with compliant bodies for bio-mimetic
locomotion in marine environments. The compliant bodies are
designed for their natural frequency modes (i.e. the mode that
most resembles the desired kinematics) and since they operate in
the matching range of natural frequencies they are energy
efficient. In the model fish is assumed as a bio-mimetic compliant
beam of a varying cross sectional parameters and
‘Timoshenko Beam (TB)’ theory is used in the computer
simulation model to compute mode shape and thrust. The
presented results clearly establish the
mode shape and the resultant thrust.

Index Terms - Smart complaint mechanism, bio-mimetic
propulsion, compliant beam, cantilever beam, sensors.

I. INTRODUCTION

The present work is motivated from the promising
features of natural Dbiology inspired (bio-mimetic)
mechanisms. These ideas can be utilized to address the
limitations of traditional propeller driven mechanisms. A
recent research interest has been to combine the bio-mimetic

designs with the wuse of compliant structures for
underwater locomotion [1].
The main premise is that the

nature offers remarkable choices for propulsion with extra
ordinary efficiency, e.g. fish depends on aquatic agility for
its survival and can reverse direction without slowing
down and with a turning radius that is only 10 to 30
percent of the length of their bodies. For comparison,
maneuvering ships must reduce their speed by more than
50 percent and their turning radius is at least 10 times
larger than the corresponding, value for fish [2]. Because
of their inherent advantages, in recent times, the interest in
mimicking approaches from natural biology has increased
in order to ameliorate performance of man-made
mechanisms in the marine environments.
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The motivation behind this paper is to explore a computer
simulation model to study how a bio mimicking approach can
be simulated? We present a computer simulation model to
study the bio-mimetic fish modeled as a compliant beam. Our
aim is to determine the natural frequencies of the fish and then
compute and characterize the mode shapes and relate them to
propulsive thrust. The application of model is focused on
design of propulsion systems with compliant bodies for bio-
mimetic locomotion in marine environments. We assume the
fish as a bio-mimetic compliant beam of a varying cross
sectional parameters and use ‘Timoshenko Beam (TB)’
theory.

The architecture of computer simulation model is modular and
though the various modules are integrated in simulation model
they can be computed independently. The modules can be
added and that will be investigated later in future. Our
presented results clearly establish themode shape and the
resultant thrust.

IL. SMARTCOMPLAINT MECHANISM

The ‘Compliant Mechanism (CM)’ has an elastic pair
and elastic segment and it uses the elastic deformation to
transmit or transform force, motion, energy and/or a
combination of these. It is designed to accomplish with a
one-piece device what conventional mechanisms can do
with multiple pieces. Unlike rigid-body mechanisms,
which achieve their motion from kinematic pairs or joints
allowing motion in one or more directions, the members
incompliant mechanisms provide energy storage along with
their motion. A CM is designed to be flexible enough to
transmit motions and at the same time stiff enough to
withstand the external loads. Structurally, the hinge-less
nature of CM eliminates the backlash error and effectively
reduces the production and maintenance costs associated
with the multiple pieces assembly.

This is a DRAFT. As such it may not be cited in other works.
The citable Proceedings of the Conference will be published in
IEEE Xplore shortly after the conclusion of the conference.



In our design the fish is assumed as a compliant beam and
is modeled as a ‘Timoshenko Beam (TB)’ with non-uniform
cross-section actuated by a time varying moment. The method
of assumed modes is used to derive the equations of motion
of the fish and to find a relationship between the applied
force in the smart material and the resulting lateral
deflections. And, our aim is to develop the equation of
dynamics of bio-mimetic fish and find the relationship
between the applied force and the resulting kinematics.

A. Role of Smart Material and Sensor

In ‘Macro Fiber Composite (MFC)’ - a type of
piezo-fiber material - an applied electrical field induces
a mechanical strain in the material and this phenomenon
can be used in the design of different types of actuators
depending upon the requirements. However, though
simple in theory it is difficult to achieve in practice. Because
of this reason there has been very little research
on piezoelectric actuation to swimming and its application
in underwater vehicle design. From hydrodynamic point
of view, the fish tail is driven through a mechanism that is
actuated by the bending of two curved beams.

In our application a piezoelectric actuator drives a stroke
amplifying compliant mechanism. In this arrangement CM
sacrifices output force for the increased stroke generation
and thus output deflection decreases significantly when
loaded. When the reduced force is coupled with the effects
of added mass associated with the compliant mechanism
itself, as well as the added effective mass of a displaced
fluid, it results into low amplitude fin deflection and slow
vehicle velocities. In our application, we need discrete
motion amplifying mechanism by employing high
deflection bending MFC actuators, whose piezo-stroke
amplification  into  large  output  deflections is
integral to the actuator design. The motivation for using
bending piezoelectric actuators in our application - in
addition to their inherent motion amplification - is the linear
oscillatory  motion they exhibit when  subjected
to a sinusoidal voltage which is the analog of the motion a
caudal fin exhibits during thrust generations.

III. GOVERNING EQUATIONS OF SIMULATION
MODEL

In our simulation model the fish is assumed to be a continuous
compliant beam with a non-uniform cross section and is
actuated by a time varying moment applied
at a distance ‘x2’. This time varying applied moment is
utilized in introducing desired bending in the beam. The
schematic of fish as a continuous Timoshenko beam (TB) with
Compliant Mechanism (CM) is shown in Fig. 1. We use the
TB theory in which the cross sections remain
planar and rotate about the same neutral axis as the Euler-
Bernoulli model, but do not remain normal to the

deformed longitudinal axis. The deviation from normality
is produced by a transverse shear that is assumed to be
constant over the cross section. The total slope of the
beam in this model consists of two parts: 1) Due to
bending , and 2) Due to shear . The application of TB
theory in fish like propulsion implies that the propulsion
will be a function of both time and location (Coordinates).

Following[3], the mathematical equation of TB is:
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In Equations (1a&1b), E is the Young’s Modulus (N/m?), I is
the sectional area moment of inertia (m®*), k is the shear
correction factor, fis the deflection of beam (m), and y is the

shear deformation of beam.
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1, 32,33,54 are the different length of fish in meter (m)

Fig. 1: The schematic of fish as a continuous CM - TB

Iv. EFFECT OF SHEAR DEFORMATION

Using TB theory - Equations (la and 1b) - the effect of shear
deformation upon natural frequencies of a cantilever beam
with varyingsection properties can be estimated and the terms
provide the correction factor due to shear and
rotary inertia for a cantilever beam. The term of correction
factor accounts for two important effects: 1) Effect of shear
deformation for the principal effects of rotary inertia, and 2)
effect of shear deformation.In casesof beams having varying
section properties the natural frequencies are characterized by
the moment of inertia land modulus of elasticity E.

V. PRINCIPLE OF PROPULSION IN BEAM

In the mechanics of fish motion, the fish is assumed as a
CM-TB and the driving force generated in cantilever beam is
thepropulsion of system. This driving force is related to the
MFC and we assumed the fish has a non uniform cross section



with variation in moment of inertia and Young’s modulus. The
external force of the MFC changes with time
and the drag force dependon position of the beam.
The propulsion or thrust generated is a function of both time
and coordinate.

Following [4-5], the variation of Young’s modulus and
moment of inertia along the CM - TB can be expressed:
I=1I(1+¢X),and )
E=E,(1+c,X) (3
wherec; and cyare the variation of cross sectional properties of
fish and 0 < ¢ < 1;A is the area of cross section in m?; I is the
moment of inertia in m*%E is the modulus of Elasticity N/m?*; L
is the distance of center of inertia from the trailing edge.
Similar to the material uses in [1], the variation of elastic
modulus is assumed between 4.574E5 to 7.964E5 and the

inertial response is based on combined inertia of fish and
water (m+m,), [6-7]. Now, our moment formulation is:

M :j(m+mf) dx> @
!

ML zj(l—x)(m+m/) dx, and (5)
0

j m+mf) dx (6)

where ML is the moment of robotic fish with respect to the
center of body, M is the mass of the fish; I, is the mass

moment of inertia of the robotic fish in Kg-m’. In our work,
the moment of inertia varies in between 8.48275E-6and 6.5E-
5.The factors influencing propulsion include material, size of
the beam (primary dimension and cross sectional distribution
of area) and viscosity of the liquid [8]. The boundary
conditions for the cantilever TB are: f(0)=0, £ (0)=0, £*’(0)=0,
and £°°(0)=0. The distribution of force due to piezoelectric
effect of the beam (i.e. external excitation) has an impact on
the vibration modes and the propulsion.

VI. RESULTS AND DISCUSSION

(4) Without smart material

The characteristic modes of non-uniform cross section of fish
idealized as a TB and the computed amplitudes of these six
modes of lateral movements from head to tail are shown in
Figs. 2 to 17. After computing the characteristic modesof the
non-uniform TB, we compute the thrust (force) generated by
theMFC element. This generated thrust (force) depends upon
both the material and geometric properties of the actuators and
TB. While a fish swims, the energy is captured through the
bio-physical process of muscle contraction, this energy is
transferred to tail through bending motion or un-dulatory
motion or oscillatory/flapping and/or a combination of these.
This or these motion/s of tail can produce thrustdepending
upon the modes of swimming. Bio-mechanically, the early
stage of swimming is dominated by the first mode shape [8-9]

and this corresponds to the fish oscillating only its tail. Later,
the second mode of oscillation dominates the rest of
swimming process and the maximum amplitudeof vibration of
fish is 0.12m. The E varies from 5.05825E5 to 7.96395E5 and
theproper placement of MFC patch can be identified by the
root locus analysis because it is based upon bi-morph system.

VII. SIGNIFANCE OF MODE SHAPE AND PHASE DIFFERENCE

The mode shape is related to the stage of propulsion. The early
stage of propulsion is in the first mode and the sequential
bendingmode shape of the fish body plays an important role in
generation of thrust and attaining higher efficiency. The
amplitude and phase difference provide critical information
about the stability of propulsion of robotic fish and condition
of maneuverability. The phasedifference information in mode
shape is important to studythe dynamic mechanism of fish
propulsion and to analyze the trend of initial startup of fish,
idealistic motion of the fish andquick and highly
maneuverable motion of fish.A phase study is a collection of
phase information made on a fish and is evaluated to reveal
information about the amplitude and natural frequency. Figs. 2
to 17 show the difference in phase information of the fish and
respective mode shape of the fish.
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Fig. 2: The modes of vibration of fish with Young’s modulus (4.5175ES) and
moment of inertia (8.48275E-6)
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Fig. 3: The modes of vibration of fish with Young’s modulus (4.5175ES) and
moment of inertia (8.48275E-6)
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Fig. 4: The modes of vibration of fish with Young’s modulus (5.05825E5) and

moment of inertia (1.655E-5)
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Fig. 5: The modes of vibration of fish with Young’s modulus (5.05825E5) and
moment of inertia (1.655E-5)
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Fig. 6: The mode of vibration of fish with Young’s modulus (5.5425E5) and
moment of inertia (2.4619E-5)
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Fig. 7:

The modes of vibration of fish with Young’s modulus (5.5425ES) and
moment of inertia (2.4619E-5)
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Fig. 8:

The modes of vibration of fish with Young’s modulus (6.0267ES) and
moment of inertia (3.227E-5)
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The modes of vibration of the modes of vibration of fish with Young’s
modulus (6.0267E5) and moment of inertia (3.227E-5)



first mode shape second mode shape

- = — T
= =2
g s
= = i
5 £ **Beridin, : : g :
* LR RS ERERNEE N SN E N ‘(,0_2|ii\ig|ii\i|ii\i|ii\i|i\ilii\
10111213 14151817 18192021 22232425 2627 282930 012345678 2101112131415161718192021222324 262627282930
Length of Beam x/Licm) Length of Beamn =/L (cm)
third mode shape fourth mode shape
0z
E 012 £
§ 0.04 g
£ 004 % ¢
E 012 g : : : : S - : e : o : friaed : H
i SO | S S TG N O S O O O N JJ e R N S O Y e
012345678 910111213141516817 18192021 222324252627 262930 012345678 93101112131415161718192021222324 252627282930
Length of Beam x/L (cm) Length of Beam x/L (cm)
fifith mode shape sinth mode shape

0.2 ——— T

E
@ L et 4 L 0.04 :
2 ¥ = Sk
2 004 Fheadtuy 2 00T s "h ) y
z L#**Eending .. il £ 012 | éerBending i : ; 1
T ogpe A A r e R e B A T Ol A
012346678 91011121314151617 18192021 22232426 2627 282930 0123458678 91011121314151617 1819 2021222324 252627282930
Length of Beam »/L {cm) Length of Beam =/L (cm)
Fig. 10: The modes of vibration of fish with Young’s modulus (6.5112E5) and Fig. 13: The modes of vibration of fish with Young’s modulus (6.9954E5) and
moment of inertia (4.077273¢-5) moment of inertia (4.8845E-5)
second mode shape first mode shape
_ iy T
5 02 E
2 004 g
2 nnoaf : =
B 012 o B { : : : i St s T N
et AR MO TR Y . RVl B e e ARt M B 0 o 0 o i s T o
0123448678 9101112131415161718192021222324 262627262930 012345678 31011121314151617 18192021 222324252627 282930
Length of Bearn «/L (cm) Length of Beam w/Licm)
fourth mode shape third mode shape
- A9 o B2
E 012 £ naz
= 0.04) 2 nna
Z nos ER
=4 =
£ -0.12 E £ -0.12
z : ; : : : = R e A
s 153 O el BV O O O ol ] O a1 T 0 0 A 0 0 B
012345678 9101112131415161718192021222324 252627282930 0123456678 91011121314151617 18192021 22232425 2627 262930
Length of Beam x/L (cm) Length of Beam =/L (cm)
sixth mode shape fifith rade shape
s T e R R I
E E 012 e L
§ § D.qu
= : 2 004
£ **Benilirg 2 : G 7 £ 012
{_DQ||||||||i\\w\\|i||i\\w\\|i||i R O Tl Sl e e o G O Sl T |
0123448678 91011121314 15161718192021222324 252627262930 0123458678 9101M121314181617 18192021 222324252627 282930
Length of Bearn /L (cm) Length of Bearm /L (cm)
1 . 1 1 3 e . - . .
Fig. 11: The modes of vibration Of_ﬁSh_Wlth Young’s modulus (6.5112E5) and Fig. 14: The modes of vibration of fish with Young’s modulus (7.47976ES5)
moment of inertia (4.077273¢-5) and moment of inertia (5.6918E-5)
first mode shape second made shape
B i B s S .
S O i i e N
£ o004 ***.Béndmé - =z
5. 004 £ Shear
£ 0121 = Lot 2
; : : ; ; 2012 : L
{_0_2\\|||||\||\||\|||i||\|i\|\\i| 4702‘*‘WE%EI",&‘QEH;;H;;;H;;;‘;;;;;;;;;
012348676 81011121314151617 18192021 22232425 2627 282930 012345678 9101M1121314151617 18192021 222324 250627 2829 30
LE”G‘_“ of Beam w/Licm) Length of Bearn w/L (crm)
third made shape fourth mode shape
E E
k= 2
2 E}
= i
B itz : : =
2 L L OO R P e A 1 0 B B T 0
0123458678 91011121314151617 18192021 222324252627 232930 012345678 9101112131415161718192021 222324 252627 282930
Length of Beam x/L (cm) Length of Beam /L (om)
ffithinodaishape sixth mode shape
—_ 0.2 T T T T T T
£ E 012 fiopet Gk
@
k= 2
= 4 =
= 2 :
2 : = ¥*
B : : £ i £ g £
02 250 | S N B S - A Gl ) B T S N (N AN /N A GO 4 7 0 B S N W . A | = T
012345867 8 91011121314151617 18192021 222324252627 232930

B 7 8 8 1011121314151517 10192021 222324 262627 202970

Length of Beamn /L (cm) Length of Beam wlL (cm)

Fig. 12: The modes of vibration of fish with Young’s modulus (6.9954ES) and
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Fig. 15: The modes of vibration of fish with Young’s modulus (7.47976ES)
and moment of inertia (5.6918E-5)
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Fig. 17: The modes of vibration of fish with Young’s modulus (7.9639ES) and
moment of inertia (6.5E-5)

VIIIL. VARIATION OF SECTIONAL AREA MOMENT

OF INERTIA VS AMPLITUDE

The variation of amplitude vs sectional moment of inertia is
listed in Table 1.

Table 1: Variation of moment of inertia of robotic fish.

Variation Amplitude of | Amplitude of | Amplitude of
of the | sixth mode | second mode | first mode of
sectional of wvibration | of vibration of | vibration  of
area of the TM | the TM beam | the TM beam
moment of | beam (m) (m) (m)

inertia (m®*)

*E-5

0.84827 0.09, -0.09 0.01, -0.01 0

1.655 0.09, -0.09 0.03, -0.03 0

2.4619 0.09, -0.1 0.04, -0.035 0

3.227 0.09, -0.09 0.035,-0.04 0

4.0772 0.09, -0.09 0.04, -0.035 0.01, -0.01
4.8845 0.1,-0.1 0.04, -0.035 0.01, -0.01
5.6918 0.11, -0.09 0.04, -0.035 0.01, -0.01
6.5369 0.12,-0.09 0.035, -0.035 0.01, -0.01

IX. VARIATION OF AMPLITUDE VS YOUNG’S
MODULUS

The variation of amplitude vs Young’s modulus of robotic fish
is shown in Table 2. In our simulation model, we assume that
the head of the fish is clamped, the fish is neutrally buoyant
and confined to X, Y and Z planes. Furthermore, the flexible
tail behaves like a TB and this implies that all points along the
length of taill moves in z direction only and the
displacement and slope of the tail with respect to x and y axes
are small. We can observe from Table 2 that the amplitude in
all the modes increase with increase in E. This is result of the
flexibility that increases with an increase in E.

Table 2: Variation of Young’s modulus of robotic fish.

Variation | Amplitude of | Amplitude of | Amplitude of
of sixth mode of | second mode | first mode of
Young's vibration of the | of vibration of | vibration of
modulus TM beam (m) the TM beam | the TM beam
(N/m?’) (m) (m)
*ES
4.5175 0.09, -0.09 0.01,-0.01 0,-0
5.05825 0.09, -0.09 0.03,-0.03 0,-0
5.5425 0.09, -0.1 0.04,-0.035 0.01,-0.01
6.0267 0.09, -0.09 0.035,-0.04 0,-0
6.511 0.09, -0.09 0.04,-0.035 0.01,-0.01
6.995 0.1,-0.1 0.04,-0.035 0,-0
7.479 0.11,-0.09 0.04,-0.035 0,-0
7.9639 0.12,-0.09 0.035,-0.035 0.01,-0.01

X. MODELING OF AMPLITUDE AND THRUST

A. For Sinusoid Motion

In un-dulatory motion, the amplitude of waves tends to
increase as the waves pass posteriorly along the body and
following [10-11] this can be formulated:

y=b(x)sink(x+VWt)....o..........oonnn. @)
Fr=C.(V, Sin0+V, Sin0)dx .................. (8)
Fy=C\ (V; Cos6-V, Sin0)dx ............... )

and in equations (7-9), as shown in Fig. 18, the propulsive
components Fy & Fp along the axis of propulsion are

F,Sin0, F, Cosf.
dF=F Sin6-FrCos0 ...............

and the integration dF of will result into F Furthermore,

(10)

F=Force which is exerted on the water (N),
Fr =Tangential force (N),
F),,=Normal force (N),

V. = Velocity of wave in the tangential component (m/s),

V\, = Velocity of wave in normal component (m/s),

V,, = Wave velocity of tail (m/s),



V', = Propulsive velocity in x direction (m/s),

b = Amplitude of wave created by fish motion,
C, = Coefficient of lift, and

C, = Coefficient of drag.

Now, we formulate:
272
27°b7V,
A

F=

......................... (12)

And, for small and large amplitudes following [11], we
compute the thrust:

4r*b?
A
/12
I =
-(l; [ 47°b’
12
87’b?
A 212
J=
! [ 47’b’
/12

cos’ 277r(x +V,t)

[ R— (14)

cos’ 27” (x+V,1)]"

cos’ 2—7[(x +V,t)
A ldx oo (15)

2
cos’ %(x +V, 01"

Y

L.

propulsive velocity

—

Direction of propagation of waves

Ft, F
Vr Fn
Vn
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Fig. 18: Force exerted on water by the tail

The computed thrust with various wave velocities is shown in
Table 3.

Table 3: Computed thrust with various wave velocities

Thrust delivered by Velocity of wave relatively to
the fish (mili N) the head or wave velocity (cm/s)
0.5655 15.05149
1.78134 19.637
1.8319 20.0431

Also, in simulation model, the following conditions are
imposed:

- The tail needs to conform to that of a sine wave, the changes
in curvature and the rate of transverse displacement about the
axis of progression symmetrical.

- The amplitude can change as a wave passes along the tail
and the propulsive properties of the latter are expected to be
closely similar to those of a tail generating waves of the same
average amplitude.

- When the phase difference increases, the ‘figure of eight -
oo’ motion becomes more prominent. This motion has also
been observed in swimming fish and the fin that generate this
motion yields larger thrust compared with the fin that did not

generate a figure-eight motion.

The variation of mode contribution with respect to thrust with
different velocities is shown in Fig. 19.

0.12

0.1 fﬂ—l.‘—.—!—’i ® Amplitude of sixth mode of

vibration of the TM beam(m)

[
008 ——— & m Amplitude of fifth mode of

vibration of the TM beam(m)

0.06 Amplitude of fourth mode of
vibration of the TM beam(m)

X > Amplitude of thrid mode of

0.04 vibration of the TM beam (m)

Amplitude of the robotic fish {m)
*

. Amplitude of second mode of
vibration of the TM beam (m)

f Amplitude of first mode of
0 - — vibration of the TM beam (m)

0 0.04 0.06 0.08 0.1

Thrust delivered by the fish (N)

Fig. 19: Variation of mode contribution with respect to thrust with different
velocities

XI. RELATION BETWEEN PROPULSIVE MODE
AND THRUST

As per [11], the bending waves passing along the length of an
elongated body can propel an animal forward if the body
pushes laterally against its surroundings with a force that is
greater than the force required to drag the body parallel to its
length, where momentum is insignificant and the resistances
are purely viscous. In our idea, the bio-mimetic robotic fish
propels itself through the water at a speed that is a function of
six parameters and they are:

- frequency of the waves,

- square of the amplitude of the waves,

- wave-length,

- difference between the coefficients of normal and tangential
resistance, and

- length of the tail.

In many fishes, the amplitude of the waves tends to increase as
the waves pass posteriorly along the body. This means that the
propulsive speed of a bio-mimetic fish can be expressed in
terms of the amplitude, wave-length and frequency of the
waves passing down the tail of a fish and the amplitude can
change as a wave passes along the tail. In undulatory
propulsion, the equation for forward swimming velocity is a
function of the frequency, amplitude and wavelength of the
bending waves. The magnitude of the forward tangential thrust
imparted to the body depends on the magnitude of the
internally generated bending couples. In an undulating mode,



the fish swims forward and the waves passing down the body
move backwards relative to the ground and the maximum rate
of the fish progression is less than the rate at which the waves
are propagated backwards over the body. The propulsive
power of a wave increases with an increase of amplitude and
decreases with an increase of wavelength.

XII. MODELLING AND NUMERICAL SIMULATION DETAILS

(4) Variation of small and large amplitude in fish

The variation of thrust vs the small amplitude of caudal fin is
shown in Fig. 20. And, the variation of thrust vs the large
amplitude of caudal fin is shown in Fig. 21.

Contribution of mode variation related to thrust for small amplitude

Thrust delivered by the fish (M)

2 L L L L L '
0.0s 0.085 .03 0.095 01 0105 01
Amplitude of fish (m)

Fig. 20: Variation of small amplitude of the caudal fin

Contribution of mode variation related to thrust for small to large amplitude of fish
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Fig 21: Variation of large amplitude of caudal fin

We can note from Figs. 20 and 21 that the thrust decreases
with large amplitude with different wave velocities.

(B) Validation

We use the simulation results of Equations (7-15) and
compare them with the analytical expressions of [15]. The
comparison is listed in Table 4. And, we can see that the
simulation model of this paper matches well with [14].

Table 4: Validation of the present computer simulation model with [14].

Velocity | Amplitude Amplitude computed with
of wave | obtained by | analytical expressions
relative simulation (Separability of drag and
to head | (m) .
(cmis) thrust in  undulatory
animals and machines)

19.637 0.061 0.056
20.0106 | 0.082 0.078
28.849 0.15 0.1

XI1IIL. SMART FISH

In practice, the proper placement and subsequent gain through
the use of Macro Fibre Composite (MFC) patches in TB beam
is difficult. However, the MFC patches can be attached along
the sides of the TB beam, and the frequency adjustments of
MEFC in the caudal fin can be operated independently. The
idea is that the amplitude is highest when the two MFC
patches operate in phase equilibrium and are at close to
resonance. The oscillation can be achieved by subjecting the
piezo-fibers to an Alternate Current (AC) signal produced by a
function generator and this causes the piezo-fibers to expand
and contract in cyclic order. By tuning the input frequency
with fundamental frequency of the MFC-tail, the small
movement of the patch can cause large oscillations at the free
end of the robotic tail. The mode shapes of the piezo tail are
not perfectly linear and therefore the actuators need to be
positioned in the region. The details of our bio-mimetic fish
are listed below. And, the schematic and basic functional
design is shown in Fig. 22.

(A) Details of the bio-mimetic fish

Description Length of the fish Width of the Weight of
P (cm) fish (cm) fish
Smart fish 30 cm 6 cm 0.5Kg

(A) Design Model of the Smart fish

polymer metal
composite)

> Shape memory alloy

IPMC 2(ionic polymer

JMFC(Macro Fiber
metal composite)

Caudal fin Composite)

Fig. 22: Schematic and basic functional design of smart fish

Fig. 23 shows that MFC beam can be actuated by applying
voltage to the MFC and it is constructed using piezo-fibers



which allow the orthogonal vibration modes in the structure. It
can give a travelling wave type results and that improves the
propulsive mode of the caudal fin. The MFC can produce
significantly more strain energy than that of a typical piezo-
ceramic actuator due to the use of inter-digitized electrodes
that capitalize on the higher piezoelectric ‘d33’ coefficient, one
MFC patch can sufficiently excite global modes.

Actuation of caudal fin using MFC

— |-mode
[ | —I-mode
— lll-made
[ | —— M-mode b

Amplitude of the caudal Fin {cm)

L L L L .
1} 0.01 0.0z 0.03 0.04 0.0s 0.08
Length of the caudal fin {m)

Fig 23: Actuation of caudal fin using MFC

XIV.

We presented a computer simulation model to study the bio-
mimetic fish modeled as a compliant beam. In the model, we
determined the natural frequencies of the fish and then
computed and characterized the mode shapes and related them
to propulsive thrust.

CONCLUSIONS

In our application of model, we focused on design of
propulsion systems with compliant bodies for bio-mimetic
locomotion in marine environments and in this regard we have
presented a conceptual design. In future, we plan to design the
compliant bodies in natural frequency modes (i.e. the mode
that most resembles the desired kinematics) and match range
of natural frequencies that are energy efficient.

The presented results have been validated with earlier work of
[14], and the results show that presented simulation model
computes mode shape and the resultant thrust with reasonable
accuracy. Now, we shall focus on experimental studies of
compliant bodies for bio-mimetic locomotion and this is
currently being investigated by the authors.

REFERENCES

[1] P. V.y Alvarado, “Design of Biomimetic Compliant
Devices for Locomotion in Liquid Environments”, PhD
Thesis, MIT, USA, 2007.

[2] M. S. Triantafillou and G. S. Triantafyllou, “An
efficient swimming machine”, Scientific = American,

272 (3), pp- 64-70, 1995.
[31 W. Thomson, Theory of Vibration with Applications,
4th edition, CRC Press, USA.

[4] D. Sun, J. K. Mills, J. J. Shan, and S. K. Tso, “A PZT

actuator control of a single-link flexible manipulator
based on linear wvelocity feedback and actuator
placement™, Mechatronics, vol. 14, no. 4, pp. 381-401,
2004.

[5] S. Devasia, B. Paden, and E. Bayo, “Piezoelectric actuator
design for vibration suppression: Placement and sizing”, in
Proc. of the 31st Conference on Decision & Control, pp. 1367-
1372, 1992.

[6] S. Moheimani and T. Ryall, “Considerations on
placement of piezo-ceramic actuators that are used in
structural vibration control”, in Proc. of the 38" Conference
on Decision & Control, pp. 1187-1193, 1999.

[71 D. Sun and J. K. Milles, “Study on piezoelectric
actuators in control of a single link flexible
manipulator”, in Proc. IEEE Int. Conf. on Robotics and
Automation (Detroit, MI) (Piscataway, NIJ: IEEE),
vol. 2, pp. 849-854, 1999.

[8] F. R. Harden Jones, “Tail beat frequency, amplitude,
and swimming speed of a shark tracked by sector
scanning sonar”, [/CES J Mar. Sci, vol. 35, no. 1, pp.
95-97, 1973.

[9] S. Sorrentino, S. Marchesiello, and B. A. D. Piombo, “A
new analytical technique for vibration analysis of
non-proportionally damped beams”, Journal of Sound
and Vibration, vol. 265, no. 4, pp. 765-782, 2003.

[10] E. F. Crawley and J. Deluis, “Use of piezoelectric
actuators as elements of intelligent structures”, AIAA
Journal, vol. 25, no. 10, pp. 1373-1385, 1987.

[11] J. Gray, “Undulatory Propulsion”, Quarterly Journal of
Microscopical Science, vol. 94, part 4, pp. 551-578, 1953.

[12] G. K. Ananthasuresh, S. Kota, “Designing compliant
mechanisms”, ASME Mechanical Engineering, November,
1995, pp. 93-96.

[13] L. L. Howell, Compliant Mechanisms, Wiley-IEEE,
2001.

[14] R. Bale, A. A. Shirgaonkar, I. D. Neveln, A. P. S. Bhalla,
M. A. Maclver and N. A. Patankar, “Separability of drag and
thrust in undulatory animals and machines”, Nature Scientific
Reports 4, 7329, (2014), doi:10.1038/srep07329



	Return to Main Menu
	Return to Previous View


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




