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the clinical drug delivery, biotechnology, manufacturing, mobile sensor
networks, etc. In this paper, a prototype of microrobot based on the motion
Keywords: principle of living microorganisms such as E. Coli Bacteria is presented. The

Biomimetic Microrobot properties of this propulsive mechanism are estimated by modeling the
Swimming Robots

T terventi dynamics of the swimming methods. For dynamic modeling and analysis of a
ventional Therapy . . . . . .

Drug Delivery tiny microrobot, which composed of a spherical head and four helix tail, the
Particle Swarm Optimization resistance force theory (RFT) is used to calculate thrust force, required torque,

linear and angular velocities and then these physical and geometrical
parameters are used to optimize the microrobot. In addition, a novel design
method for determining the optimal geometrical parameters of dynamic
system using the particle swarm optimization (PSO) reinforcement
evolutionary algorithm is presented. Finally, the dynamical behavior of the
optimized microrobot are simulated and the results are presented.

1. Introduction most biological models in swimming microrobots.
Advances in micro / nano manufacturing technology Tiny microrobots have been developed that swim by
have allowed scientists and engineers to take means of helical tails resembling bacterial flagella [5-
inspiration from locomotion strategies found in nature 6]. Inspired by the nature, several propulsion
and design artificial swimmers and fluid transport mechanisms have been proposed for swimming
systems at small scales. Swimming microrobots are microrobot [7-11]. Whereas macro scale biomimetic
mobile, untethered devices that have a typical size in robots rely on inertial forces for propulsion,
the sub millimeter range i.e. from one millimeter down miniaturization will make them ineffective [7]. In
to one micrometer [1], and are able to move within a another design, an external magnetic field is used to
liguid medium [2]. The envisioned applications of rotate a small ferromagnetic screw within the liquid
swimming microrobots are mainly found in medicine, [11]. It has been demonstrated that this spiral machine
especially involving navigation in bodily fluids, such can swim in liquids of various viscosities in a broad
as blood and cerebrospinal fluid, for the execution of range of Reynolds numbers. However, speed limitation
vary localized diagnosis or therapy tasks [3]. is the main deficiency of this machine.

Swimming microrobots typically operated in the low Some existing approaches to mobile microrobot power
Reynolds number regime, where inertia plays a minor and control in 3D such as chemically propelled designs
role with respect to viscous damping. Swimming at include the microtubular jet microrobot [12], and the
these scales thus requires mechanisms that are electroosmotic swimmer [13], Swimming microrobots
substantially different from those employed at the include the colloidal magnetic swimmer [14], the
macro scale [4]. Therefore designing a swimming magnetic thin film helical swimmer [15], the micro
microrobot is certainly a challenging task. A viable and scale magnetic helix fabricated by glancing angle
effective way to cope with this issue is to exploit nature deposition [16], the micro helix microrobot with cargo
as a source of inspiration. Microorganisms are indeed carrying cage, fabricated by direct laser writing [17]
able to effectively swim at the micro scale by adopting and the micro helix microrobot with magnetic
different techniques [1]. Bacteria are absolutely the head, fabricated as thin film and rolled using residual
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stress [18], microrobots pulled in 3D using magnetic
field gradients include the nickel microrobot capable of
5 DOF motion in 3D using the OctoMag system [19]
and the MRI powered and imaged magnetic bead [20],
Bio hybrid approaches include the artificially
magnetotactic bacteria [21], the chemotactic steering of
bacteria propelled microbeads [22] and the bacteria
swarm manipulating micron scale bricks [23].

This research intends to investigate the potential of
helix tail propulsion for designing a biomimetic
swimmers. The dynamic model consists of a spherical
body and four helical filament. The linear and angular
swimming velocity of this model was theoretically
predicted by using resistance force theory.

2. Bionic Design of the Microrobot

In order to design the microrobot for medical
applications, the motion mode and the configuration of
microorganisms have been studied. It is found that the
microorganisms have a flexible tails and that the
microorganisms have two swimming modes: one is the
slender type organism’s undulatory swimming mode
such as the tadpoles swimming; the other is the
spinning propulsive mode which is similar to the
bacteria swimming with flagella. Therefore, we
propose a novel noninvasive propulsion system
inspired by bacteria. The microrobot is composed of an
array of rigid tails and head where the driving motors
are assembled in microrobot head.

To increase the thrust of a microrobot propelled by
flagellar propulsion, we propose using multiple flagella
in parallel as shown conceptually in Figure 1.

Figure 1. Conceptual Drawing Of The Interventional
Swimming Microrobot

Multiple micro scale flagella are proposed to be made
parallel to each other on a base. Designed microrobot
is similar the biological analogue, which requires that
each flagellum be rotated independently. The reasons
for this are that rotating each flagellum independently
is more difficult but the maneuver and kinematic
parameters increased. The whole surface of the
microrobot is biocompatible. When the flexible tails
spin in liquid surroundings the thrust force will be

X x
<
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generated due to the viscous force of the liquid
applying to the tails. As we unitize the rotation
direction and speed of the tails, the swimming direction
will be adjusted easily [24-25].

3. Dynamic Model of the
Microrobot

To develop an appropriate propulsion system, it is
essential to build the dynamic model of the propulsion
method. Based upon the application, the miniature
medical microrobot is designed for and according to the
maximal diameter of human’s artery, the diameter of
the microrobot must be less than 3 mm. Since the
viscosity of plasma is 0.01(N - s)/m?, we anticipate
that the Re of the microrobot would be much smaller
than 1. The fluid flow of this regime is called Stokes
flow. Main characteristics of Stokes flow are that the
viscous forces are dominant over the inertial forces,
and the propulsion depends on the interaction static
effect between the microrobot and the fluid, and that
the motion is time independent. So, utilize the
previously studies on hydrodynamics of the
microorganisms swimming in Stokes flow regime, the
dynamic model of the propulsion has been developed.
As shown in Figure 2, the rigid spinning tail of
microrobot will be formed as a helical structure which
is separated from many elements, and the forces
between the elements and the fluid are called the
resistance forces. Based on the Resistance Force
Theory (RFT) given by Gray and Hancock [26-27], the
normal and tangential components of drag force on
every element of the slender body are proportional to
the respective component of the local velocity with
different proportionality constants, as the Re is less
than 1.

Swimming

[
»

A
Fig . 2. The Simplified Model of the Helical Tail Of Microrobot

Resistive force theory states that the normal and
tangential forces acting on a cylindrical element of
length ds are

dff = —CJ_deS (1)
dfn = —C"'Unds (2)

Where vy and v, are respectively the normal and
tangential velocities of the element and €, and C; are
coefficients of resistance for a flagellum defined as [28]

4Ty
ln( 0-181 )+% 3

dcos(k)

CJ_=
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0-184
In (dcos(lc))
Here, X is the flagella helix wavelength, U is the fluid’s
dynamic viscosity and d is the flagellum wire radius as
shown in Figure 2. Now, composing x and A(w — @)

in normal and tangential directions, v¢ and v, can be
written in terms of x and A(w — &) as

C = 4)

on] = oo

Un] ~ |sin(k)

—sin(x) [A(w — d)]
cos(k) x ®)
w is the angular velocity of the flagellum, x is the
swimming speed of the microrobot, & the angular
velocity of a head, A is the individual flagella
amplitude and « is the pitch angle which is defined by

27‘[A) ()

_ -1 (=277
K = tan ( 1
Substituting Eqg. (5) into Eq. (1) and Eq. (2) the normal
and tangential forces obtain as

dfe —C, 0 7[cos(k)
[dfn] =[ 0 —c"] [sin(K)
[A(a) - 02)] ds
X

—sin(x)

cos(k) (7

The length of ds element in x direction is

dx
cos(x)

ds? = dx? +dy? > ds = 8)

There would be an additional viscous torque acting on
element ds of the tail that results from the fluid reaction
on the element of the tail. The x component of this
torque is [29]

Ms = 4mud?dacos(k) 9)
The force and torque along the x direction is derived as

—sin(zc)] [dfn]
dfe

Substituting Eq. (7) into Eq. (10) the force and torque
along the x direction is derived as

dfs ] _ [ cos(k)

dM, Asin(k) Acos(k) (10)

df, = —Cy[x cos(kx) + A(w — @) sin(k)]dx

—C, [xsin(k) —A(w — &) cos(k)]dx tan(k) (11)

dM, = —AC[x cos(k) + A(w — &) sin(x)]dxtan(k)
(12)
+AC, [xsin(k) —A(w — &) cos(k)]
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If the number of the helicon waves formed by the tail
is n, by integration of Eq. (11), the thrust force of every
flagellum can be written as

nai
E = dfx
0

FE, = —nAC[x cos(k) + A(w — &) sin(k)]

—nAC, [x sin(k) —A(w — &) cos(x)]tan(k) (13)

By integrating of Eq. (12) the required torque of every
flagellum can be written as

ni

M,=| dm,
0

M, = —AnAC,[x cos(k)

+A(w — a) sin(k)]tan(k)

+AnAC  [x sin(k) —A(w — &) cos(k)] (14)

The position of the flagella and free body diagram of
the swimming microrobot are shown in Figure 3.

Z AXis

Figure 3. The Arrangement of Flagellum

The equations for conservation of linear and angular
momentum in the x direction can be written as

z fxtait = fHeaa =0 (15)

Z My tait — Myeqa = 0 (16)
If the head of the microrobot is modeled as a sphere,
freaa and My, 4 are calculated as

fHeaa = 6TpHaAX (17)

Myeaa = 8mpua’Q (18)
Where ( is an angular velocity and a is the radius of
the head. Therefore, the equilibrium equations can be
written as
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4
Z F;, —6muax =0

(19)
i=1
4
> Mo + Mis] - 8mua’i = 0 (20)
i=1
s s Ny
> [Frx + Faxl = > [Fox + Fax] = 8mua’f =0 (59
s s .
> [F3x + Faxl — > [F1x + F5x] — 8mua’y =0 (22)

As shown in Figure 4 the angular velocities about the

x, y and z axes are specified as & , f and v,
respectively.

X AXis

Figure 4. Angular Velocity In Body Coordinates

Substituting Eq. (13), Eq. (14) and Eqg. (9) into Eq. (19)
to Eg. (21) and using mathematical solver the
propulsion velocity and angular velocities of
microrobot in body coordinates are obtained as

4
 fAnd.)
YT yAnd D £, Wi (23)
 h(And.)\ N
TGl dn L (24)
B=r(AndN)w +w, —w, — ws] (25)
y=r(And.)[ws + w, — 0w — wy] (26)

The functions defined in Eq. (23) to Eq. (26) are
derived as

f(A.n.d. 1) = Asin(x) [Anmtd?cos (k) (27)
—2muad](c, - ¢,)

g(A.n.d. 1) = 4[A%2nC Cysec? (k)

+mu(Cycos? (k) + C sin®(k))(Ad*n — (28)
2a3sec(k))]

h(A.n.d.1) = A?AnC,Cysec? (k) (29)
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SAnA(Cy — Cy)sin(x)
16muas

(30)

r(A.n.d.1) =

The Eq. (23) to Eq. (26) have been developed in body
coordinates. By defining (X,Y,Z) as inertia
coordinates therefore transition from body coordinates
to inertia coordinates performed using Eq. (31).

Lf{ ] — R (R) (R,

[ [
J| = Rrrans []] (31)
k k

The Rypqns 1S defined as

cycf —syca+cysfsa  sysa + cysPBca
Rrrans = [syc[)’ cyca + sasfsy  —cysa + sysﬁca] (32)
—sf cfsa cfca

Where s = sin and ¢ = cos.

The linear and angular velocities of microrobot in
inertia coordinates are obtained as below

X = xcos(y)cos(B) (33)
Y = xcos(y)sin(B) (34)
7 = —xsin(y) (39)
0 = [cos(y)cos(B)]a (36)
—[sin(y)cos(a) + cos(y)sin(B)sin(a)]p
+[cos(y)sin(B)cos(a) — sin(y)sin(a)ly
Y = [sin(y)cos(B)]a (37)
+[cos(y)cos(a) — sin(@)sin(B)sin(y)1p
+[sin(y)sin(B)cos(a) — cos(y)sin(a)ly

& = —[sin(B)]a — [cos(B)sin(a)]B (38)

+[cos(B)cos(a)]y

It should be noted that any change in angular velocity
(w;) of each flagellum increases or decreases the linear
and angular velocities of microrobot. For example,
when the angular velocities of all flagellum are equal,
the designed microrobot will move on straight line. In
this case, each of the flagellum generated the same
force, therefore any torque about the coordinates axes
will occur. This causes that the microrobot without any
precession, move in straight line which it is visible in
equilibrium equations (19) to (21).

4. Dynamic Performance Analysis

The dynamic properties of the robot varying with the
characteristic geometrical parameters of the flagellum,
the force and required torque are analyzed. In the
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theoretical analysis, the viscosity of fluid is set to
0.01(N - s)/m?, which approaches to the viscosity of
plasma. Other parameters are chosen according the
dimensions of living microorganisms.

In Figure 5, the thrust force and the required torque are
plotted as a function of the helical amplitude A at the
constants u = 0.0175, d = 0.0115um, n = 10,1 =

rad

0.38um, = 10075,
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Figure 5. The Thrust Force and the Required Torque of
Motor As a Function of Amplitude

It shows that as the helical amplitude increases, the
thrust force and required torgque of the motor increase.
When the helical amplitude is increasing from zero to
certain value, the thrust force dramatically increase,
while the increment of required torque is small. When
the helical amplitude increases over the range, the
increasing rates of the torque is much higher than thrust
force.

In Figure 6, the thrust force and the required torque
are plotted as a function of the helical wavelength at the

constants i = 0.01 % d=0.0115um,n = 10,4 =

rad

0.33um, w = 100—.

This plot shows that as A increases, the thrust force and
required torque dramatically increase. Increasing rates
of the thrust force and required torque is equal. When
the helical wavelength increases over the range, the
thrust force leads to required torque.

Force Required Torque
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Figure 6. The Thrust Force and the Required Torque of
Motor As a Function of Wavelength

In Figure 7, the thrust force and the required torque are
plotted as a function of the flagellum radius d at the

39

constants = 0.01-, A=033um, n=10, 1 =

rad

0.38um, w = 100 -
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Figure 7. The Thrust Force and the Required Torque of
Motor As a Function of Flagellum Radius

This plot shows that as flagellum radius increases, the
increasing rate of the thrust force more than the
required torque. Further flagellum radius increases, the
increasing rate of the required torque and thrust force
are approximately constant and leads to certain value.

In Figure 8, the thrust force and the required torque are
plotted as a function of the viscosity of fluid at the
constants A = 0.33um, d = 0.0115um, n =10, 1 =

rad

0.38um, w = 1007~,
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Figure 8. The Thrust Force and the Required Torque of
Motor as a Function of Viscosity

This plot shows that as the viscosity of fluid increases,
the thrust force and the required torque increase while
the graphs slop is constant. The increasing tendencies
of the thrust force and the required torque are
coincident.

In Figure 9, the thrust force and the required torque are
plotted as a function of angular velocity of the motor at
the constants u = 0.01 % A=033um, d=
0.0.0115um,n = 10, A = 0.38um.

This plot shows that as angular velocity increases, the
thrust force and the required torque are increase. The

increasing rates of the thrust force and the torque are
approximately constant.
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Figure 9. The Thrust Force and the Required Torque of
Motor As a Function of Angular Velocity

In Figure 10, the thrust force and the required torque
are plotted as a function of wave number n at the
constants y1 = 0.0172, d = 0.0115um, A =

rad

0.33um, A = 0.38um, w = 100 —~
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Figure 10. The Thrust Force and the Required Torque of
Motor As a Function of Wave Number

This plot shows that as wave number of the tail
increase, the thrust force and the required torque
increase. The increasing rates of the thrust force and the
torque are approximately constant.

5. Particle Swarm Optimization (PSO)

Kennedy and Eberhart [30] originally proposed the
PSO algorithm for optimization. PSO is a population
based search algorithm based on the simulation of the
social behavior of birds within a flock. Although, this
algorithm was originally adopted for balancing weights
in neural networks [31], it soon became a very popular
global optimizer, mainly in problems in which the
decision variables are real numbers [32-33]. In PSO,
particles fly throughout a hyper dimensional search
space. Changes to the position of the particles within
the search space are based on the social psychological
tendency of individuals to emulate the success of other
individuals. The positions of these particles are
changed according to their own experience and that of
their neighbors. Let x,(t) denote the position of a
particle. The position of x,(t) is changed by adding a
velocity v,(t) to it, i.e.:

nEt+D=x0O+vt+1 (39)

40

The velocity vector reflects the socially exchanged
information and, in general, is defined in the following
way:

Tt +1) = W) + Cory (Fppese, — 7)) (40)

+Ca1y (fgbesti - Z(t))

Where C, is the cognitive learning factor and represents
the attraction that a particle has toward its own success.

C, is the social learning factor and represents the
attraction that a particle has toward the success of the
entire swarm. W is the inertia weight which is
employed to control the impact of the previous history
of velocities on the current velocity of a given particle.
Xppest; 1S the personal best position of the particle .
Xgpest; 1S the position of the best particle of the entire
swarm. r;, 7, € [0,1]are random values.

In addition, throughout the paper a uniform probability
distribution is assumed for all random parameters. The
parameter W regulates the tradeoff between the global
and local exploration abilities of the swarm. A large
inertia weight facilitates the global exploration, while a
small one tends to facilitate the local exploration. A
suitable value for the inertia weight balances between
global and local exploration abilities. Experimental
results indicate that the linearly decreasing inertia
weight over the iterations improve the performance of
PSO [34]. Furthermore, with a large value of C; and a
small value of C,, particles are allowed to move around
their personal best position (X,pese,). With a small
value of C; and a large value of C,, particles converge
to the best particle of the entire swarm (¥gpese,). From
the results, it was observed that best solutions were
determined when C; is linearly decreased and C, is
linearly increased over the iterations [35]. In this paper
the inertia weight in first step time is assumption one
and in other time step is defined as

W(t+1) =W(t) X wdamp (41)
6. Optimization
Optimization problem is either single or multi objective
depending on the number of their objective function. In
this paper single objective optimization system consists
of only one objective function prefers to increase the
efficiency of propulsion microrobot. The objective
function to be selected to required torque reduced and
thrust force increase. Objective function is defined as
below

I'= AMRequired — YFrprust (42)
In Eq. (42) A and Y are two constant that A andY €
[0 1]. The used parameters in PSO algorithm is shown
in Table 1. The geometrical parameters of microrobot
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propulsion system is optimized consist of n, 4, 4 and
d.
Table 1. PSO Parameters

Parameters Value

C, 2

C, 2

w 1
wdamp 0.99

Optimization results are shown in Table 2 and Table 3.

Table 2. Optimization Results

No. A Y Force Moment
(E10-18) (E10-24)

1 0.05 0.95 9.29E-06 2.26E-05
2 0.1 0.9 9.29E-06 2.26E-05
3 015 0.85 8.53E-06 1.79E-05
4 0.2 0.8 7.19E-06 1.15E-05
5 025 0.75 6.19E-06 8.01E-06
6 0.3 0.7 5.38E-06 5.84E-06
7 0.35 0.65 4.67E-06 4.37E-06
8 0.4 0.6 4.03E-06 3.30E-06
9 045 055 3.44E-06 2.49E-06
10 05 05 2.86E-06 1.85E-06
11 055 0.45 2.03E-06 1.11E-06
12 06 0.4 1.35E-06 5.99E-07
13 065 0.35 8.80E-07 3.16E-07
14 0.7 0.3 5.57E-07 1.59E-07
15 0.75 0.25 3.37E-07 7.49E-08
16 0.8 0.2 2.24E-07 4.10E-08
17 085 0.15 1.68E-07 2.85E-08
18 0.9 0.1 9.35E-09 1.64E-09
19 095 0.05 5.87E-09 1.37E-09

Table 3. Optimized Geometrical Parameters

No A (um) A (um) Radius n
(um)
1 1.000 0.500 0.015 15.000
2 1.000 0.500 0.015 15.000
3 1.000 0.456 0.015 15.000
4 1.000 0.381 0.015 15.000
5 1.000 0.328 0.015 15.000
6 1.000 0.286 0.015 15.000
7 1.000 0.252 0.015 15.000
8 1.000 0.222 0.015 15.000
9 1.000 0.195 0.015 15.000
10 1.000 0.170 0.015 15.000
11 0.868 0.141 0.013 15.000
12 0.707 0.115 0.010 15.000
13 0.571 0.092 0.008 15.000
14 0.454 0.073 0.006 15.000
15 0.353 0.057 0.005 15.000
16 0.289 0.050 0.002 15.000
17 0.244 0.050 0.001 15.000
18 0.183 0.050 0.001 1.115
19 0.102 0.050 0.001 1.314

41

Although all values of Table 3 are reasonable solutions
but as can see the initial rows of Table 2 consist of great
required torque, are not selected because the supply
energy is dominated. The end rows consist of small
thrust. Therefore No. 12 is optimal case and optimized
geometrical parameters are shown in Table 3.

Table 3. Optimal Geometrical Parameters

Wavelength  Amplitude Radius Wave Number
(um) (um) (um) (um)
0.708 0.115 0.0108 15

Figure 11 shows the objective function values (T') of
best global particle versus number of function
evolution (NFE) for No. 12. As can be seen in Figure
11 by increasing NFE the objective function values of
best global particle leads to constant value (—2 -2 X
10719,

)

-10

Best Cost

1010 1 I L ! I
0 0.5 1 1.5 2 25 3
NFE w105

Figure 11. Best Cost Vs. Number of Function Evolution

7. Dynamic Simulation Results for Optimized
Microrobot System

Simulations have been conducted using MATLAB
software. The flagellum as a circular cylinder is
characterized by its geometrical and material
properties. The geometrical parameters of flagellum
and microrobot values used in the simulation obtained
from particle swarm optimization algorithm calculated
in last section and living microorganism. The expressed
Parameters are A = 0.500um, A =0.202um, d =

0.060um , n=15, u= 0010%2 ¢ = 1.800um

m2 '’

and S = 1.000um.

When the angular velocity of all flagellums are equal
and change linearly in time (w; = t), the designed
microrobot will move in straight line (Figure 12). In
this case, each flagellum generates the same force and
therefore any torque about coordinates axes occur. This
causes that the microrobot without any slope move in
straight line. Figure 13 and Figure 14 show the linear
velocity and angular velocity of the microrobot.
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3D Path Of Microrobot Position In Inertia Coordinates
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Figure 14. Angular Velocity In Inertia Coordinates

When the angular velocities of lateral flagellums are
same and other meddle flagellum rotate in opposite
direction (w; = w, = w3 # w,) then produce two
equal torque about Y and Z axes with opposite signs.
So the microrobot due to the torque about X axis
fluctuate in X —Y plane while the microrobot move
along X direction (Figure 15). Figure 16 and Figure 17
show the linear and angular velocity of microrobot.

My = _MZ (43)
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Figure 17. Angular Velocity In Inertia Coordinates

When the angular velocities of flagellums are as
follows

W1 = Wy = —W3 = —Wy (44)
Then the torque produced about coordinates axes and
the linear velocities of microrobot are zero (Figure 19).
Also the microrobot will not have any specific
movement (Figure 18). It should be noted that in this
situation the microrobot can rotate about Z axes (Figure
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20) which is a key factor in design of microrobot
maneuvering.

3D Path Of Microrobot Position In Inertia Coordinatess
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As illustrated in Fig. 21 when the angular velocities of
flagellum are different, the microrobot is able to
perform any three dimensional movement and
maneuver in environment.

For example, when the angular velocities of flagellums
are function of time and different with together,
therefore the microrobot move on complex path. Figure
22 and Figure 23 show the linear and angular velocities
of microrobot.
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8. Concluding Remarks

Miniature, safe and energy efficient propulsion
systems hold the key to mature this technology. In this
paper, a prototype of microrobot based on the motion
principle of living microorganisms is presented. Based
on the RFT, the dynamic model of the swimming
method has been made so as to analyze the thrust force
achieved by the spinning flexible helical tails and the
needed torque of the driving motor theoretically. The
theoretical analysis indicates the follows:
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(1) Although the thrust force and the required torque
of the driving motor increase the helical amplitude,
wavelength, the wave number formed by the tails, the
viscosity of environmental fluid, the rotating speed of
the driving motor, the degrees of influence are various.
When the helical amplitude is varied near some certain
value, the microrobot will gain excellent dynamic
properties.
(2) The wavelength formed by the tail, the radius of
the tail, the amplitude of the tail and the wave number
formed by the tails are the main factors to affect the
thrust force. So if we need to adjust the swimming
velocity of the micro microrobot, it only needs to
change the values of above parameters.
(3) The wave number formed by the tail can affect the
thrust force in some degree but not very dramatically.
In this paper single objective optimization system
consists of only one objective function prefers to
increase the efficiency of propulsion microrobot. In
order to have the maximum net forward velocity and
minimize the required energy, the optimal values of the
flagellum geometrical parameters for this microrobot
are as follows

Optimal Geometrical Parameters

Wavelength Amplitude  Radius Wave Number
(um) (um) (um) (um)
0.708 0.115 0.0108 15

According to the obtained results with applying
differentangular velocities as inputs, it is observed that
microrobot designed not only has the ability of three
dimensional movements but also the kinematic
parameters of the such microrobot somehow optimized
which can have applied in medicine and industrial
applications with complex condition.
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