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ABSTRACT

Control systems for wireless endoscopic capsules play a very important role as they help
to stop the capsule in the exact part of patient’s digestive system for more detailed examination.
This paper deals with the draft design for magnet control system of the wireless endoscopic
capsule. Calculations for two different cross-sections of coil (square and rectangular) are presented.
Analysis of copper wire and copper tube usage for control system is made. Previous developments
differ from the present article about control system of endoscopic capsule, which is controlled by
the external magnet field. An approach, presented in the article, helps to provide more accurate
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and quick magnet field change, while system fault tolerance increases.
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INTRODUCTION

At present, a lot of attentionis paid to control
systems of wireless endoscopic capsules, because
they help to stop the capsule in the exact part of the
digestive system for more detailed examination.
There are different approaches to control, for
example, in' expandable capsule is described
made of the electroactive polymer, which changes
its size when electric current is applied. But control
systems are often built on the basis of magnet field
usage.

Magnet systems for wireless endoscopic
capsules control are described in many patent
claims (descriptions) and scientific articles. For
example, Sun et al. describe multi-applications of a
magnet configuration in actuating wireless capsule
endoscope?. Lien et al. propose a capsule
endoscope magnetic control system [3]. Wakefield
tells about magnetically propelled capsule
endoscopy provides for the medical examination
and treatment of the gastrointestinal tract,
reproductive tract, trachea, lungs, vascular system

or any accessible body cavity*. Kim et al. present a
modified magnetic capsule endoscope that can be
fixed inside the stomach and to monitor the gastric
motility®.

The described methods differ from the one,
described in this article. The developed solution
helps to provide more accurate and quick magnet
field change (in this case magnetic field distribution
can be stable and can guarantee, that the capsule
will move in therequired direction and with the
necessary speed), system fault tolerance increases.

Control system development should be
based on the results of detailed numerical modeling
and prototype creation, which helps to check
modeling results, towork in practice developed
approaches to issue resolution and form general
technical specifications for the system.

MATERIALS AND METHODS

To evaluate sample coil parameters it is
necessary to estimate, which fields and field
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gradients are required for creation of efforts and
moments, which can move and spin the coil.For
this purpose preliminary analytical estimations were
made. To solve the issue at first it is necessary to
make some resistance to motion of the capsule to
simulate the movement within intestine. At second,
on the first stage it is convenient to compensate
gravity to take into account only the interaction
between the magnet field and the environmental
resistance. That is why on this stage it is more
preferable to put the capsule with some thick liquid,
like glycerin. Thus, to evaluate the necessary power
for capsule movement it was considered that is can
be compared with thick friction force within the
liquid®:

F,=3ndvn (1)

where d is a capsule diameter equal to
0.012 m, movement speed (i) equals10 mm/sec
(this speed is enough to move through 4-5 m tract
for a reasonable amount of time), n — dynamical
liquid viscosity.

Means, for glycerin with viscosity 1480*10
3Pa*secat a temperature of 20°N the friction force
will be:

F,=3"3.1470.012(m)*0.01(m/sec)*1480*(Pa*sec) =
1.67*10%= 0.167 g.wt

Let us assume that some threshold value
of force is equal to 0.2 g.wt.To determine the limit
spin moment produced by the magnet field, let us
evaluate the moment of a couple for friction force,
evaluate the moment of a couple for friction
forceaffecting the capsule, which is spinning around
the axis perpendicular to the symmetry axis:

N,= 2°F,*L/2=3ndvn*L (2)

where L is the length of the capsule, thus:
N, = 0.167(g.wt)*3(sm) = 0.5 g.wt*sm.

Now for the evaluated limit values of force
and moment let us calculate the coils parameters.
Consider that the working volume, where the
capsule will be places, is a cube 200 mm on a side.
Because it was necessary to preliminary evaluate
the coils parameters, we assume a coil with one
circular turn with the current.
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Field of circular turn axis depends on the
distance from the turn center’:

—pl &
B 2 [(RE+zT)3E .-(3)

Derived field along z:
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Let us make a diagram of this dependence
for the case, when the coil is recorded. In Fig. 1 the

dependence of coefficient before %"zlfrom the
distance along Z axis between the coils in coil
radius units; one turn is powered with current and
is situated in -1 coordinate of coil radius.

To determine power characteristics of the
coil it is necessary to take into consideration the
least force influencing a dipole. This force is
influencing the dipole placed in the furthest dot from
the “pulling” coil with the least gradient on the
distance of two coil radiuses. Zero gradient in the
center of the turn was not taken into consideration,
because this dot is knowingly placed outside of the
working area.

Further magnetic moment for the magnet
was determined. The magnet placed inside the
capsule will be considered in approximation of the
magnet dipole with the magnet moment and will be
calculated according to the formula:

- BV
ay -(5)

whereis a remanent magnetic induction
of the N38 magnet equal to 1.25 T, and V is the
magnet’s volume, therefore the magnet moment
equals:

125 Ts (0.012m = M0Zm _
u= e = 0223 A*m’
4w sl "henry fm

Let us put the force expression, which
affects the dipole and is situated on the symmetry
axis in the center of the system and in the center of
the opposite turn without power (z = 2R) depending
on the number of ampere-turns and turn radius:
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RESULTS

Consider next several coil systems: two
systems made from the copper hollow tube 6.35
mm in diameter, two systems made from copper
wires 1 mm in diameter and two systems made
from the copper wire 2 mm in diameter.

1) Copper hollow tube. Characteristics

o Coil cross-section 5 smx 10 sm.

o Innercoildiameter — 20 sm.

o Outercoildiameter — 30 sm.

o Mid diameter— 25 sm.

o Diameter — 3/8 inches or 6.35 mm in
diameter.

o Thickness — 0.76 mm.

J Wire section— 7.12mm?2.

Horizontal slice of coil system with 5sm x
10 smsection is presented in Fig. 2.

Depending on the gap between the tubes,
the following numbers of turns can be evaluated
with 10 x 5 smcross-section (Table 1):

Without additional cooling the 100 A
current can flow through such tube. For example, if
100 A current is used, than with the most density
packaging of 100 turns, 10kA-turns can be taken
as well as force on the boarder:

Fz=2R)= 14» 107%(6s) » 250 = 1.8 1079 (Gx) = 20 = 00Gs

In the center of the system'
Flz=E)= T6=1075Gx) = _.5,_ FEa 1:'5r|;;'|+—==;% =5Gs
Resistance of one such coil equals:

- E-\.l .
0.018| hm ——— -Z-7-0125(m }-100 frams )

71z{mm?)

Current source strength:
P=I?R = (1004)* = 0.20hm= 2000 Wt

Power voltage
U=1=100 A*0.20hm =20 W
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2) Copper tube. Characteristics
Coil cross-section 10sm x 10 sm.
. Coil made with copper tubes.
. Inner coil diameter — 20 sm.
. Outercoildiameter — 30 sm.
. Diameter — 3/8 inches or 6.35 mm in
diameter.
o Thickness — 0.76 mm.
o Cross section — 7.12mm?2.
o Middiameter— 30 sm.

Horizontal slice of coil system with 10 sm
x 10 sm section is presented in Fig. 3.

Depending on the gap between the tubes,
the following numbers of turns can be evaluated
with 10 x10 sm cross-section (Table 2):

For the same 100Aand coil radius equal
to 15 sm the following force will be on the boarder:

— IRy = -6 I _ g9
F(z=2R)= 1.4=+10 {GS:}*R[m]Z 12 Gs

In the center of the system:
|

Fz=R)= 76+ 107%(Gs) s ;=5 =67 Gs

Resistance of one such coil will be equal to:

_a_ n.ms[mﬁ: E:|42¢.'|:¢D.15[I|:j¢2m|_‘rumsj= 05 O
g 7.12(mm) :

Current source strength:
P = I2R= (100A)?* 0.50hm=5000 Wt
Power voltage:
U=IR=100 A* 0.056hm =50 W
In comparison to the previous case, it is clear that
we need twice the amount of copperwire and the
force has raised only by 20%.

3) Copper wire with 1 mm in
diameter.Characteristics

o Coil cross-section 5smx 10 sm.

o Inner coil diameter — 20 sm.

J Qutercoildiameter — 30 sm.

o Mid diameter — 25 sm.

o Wire diameter — 1 mm.

J Wire section = 0.785mm?2.

o Number of turns = 50*100 = 5000 turns.

Horizontal slice of coil system is presented
in Fig. 2.
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if current density is equal to 1A/mm2,
means this density will be taken for evaluation of
the corresponding transformer coils, so the current
equal to 0.8A will flow; force at the boarders of the
working volume will be equal to:

Flz=1F) = 14 w07%(Gs) = 220

_ — SR _
=14 1079 (Gs) « o Bl = D40

In the center of the system:

Fiz=E)= 76 107 [Gx) » —oL =T 6 » 107%(Gx) +% =11G:

k:‘m:'
Resistance of one such coil will be equal to:

==13 "
—— peZam #0127 5{m = 5000 [furns )
— = %0 Ohm

3783 [mm >

g 0018 |f:m-

Current source strength:

P=]?R = (0.84)% =900m=37.6 Wt
Power voltage:

U=1=08A"=72W

4) Copper wire with 1 mm in diameter.
Characteristics:

. Coil cross-section 10sm x 10 sm.
. Inner coil diameter — 20 sm.

. Outercoildiameter — 40 sm.

. Mid diameter— 30 sm.

. Wire diameter— 1 mm.

J Wire section= 0.785mm?.

o Number of turns= 100*100 = 10000 turns.

Horizontal slice of coil system is presented
in Fig. 3.

For the currency density equal to 1A/
mm?the voltage will be 0.8A;force at the boarders
of the working volume will be equal to:

Fiz=TR)= 14+1E-"‘[Es:|+k":§= =1 4*1['1['5’]‘:2:: =05Gs

In the center of the system:

Fiz=R)= T6= 107 [Gs) +;—i:=:=:r5+1|:.'€|:s;:| CEEE a7

N TEESE

Resistance of one such coil will be equal to:

! =216 Ohm

0.018| Ol «T=— |2 57015 {m) =1 0000 {urms

E=

C1§-3

oras(mmiy

Current source strength:
B=I%R = (0.84) + 2160hm = 138 Wt
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Power voltage:
U=IR=108 A= 2160hm =173 W

5) Copper wire with 2 mm in diameter.
Characteristics

. Coil 5sm x 10 cm cross-section.
. Inner coil diameter — 20 sm.

. Outer coil diameter — 30 sm.

. Mid diameter — 25 sm.

. Wire diameter — 2 mm.

o Wire section = 3.14 mm?.

J Number of turns= 25*50 = 1250 turns.

Horizontal slice of coil system is presented
in Fig. 2.

For the currency density equal to 1A/mm?
the voltage will be 3.14A;force at the boarders of
the working volume will be equal to:

B =14 107G s e = (35 G

R izem]

Fiz=1R)= 14 =107%(Gs) =

In the center of the system:

Flz=F)= 76« 1075(Gs) « 250 = T8 = 1075 (Gx) s s = 181

Rm] MiZ%m)E

Resistance of one such coil will be equal to:

-

™ |‘_-

. - A
1 :I:Ila|.:ﬂ1rn-%,-2-rr-:llzaim)-lza:l:‘urn:)

R=

LA

& Ohm

214 {mmi)

Current source strength:

P=I°R = (3.144)% + 5.60hm =35 Wt
Power voltage: U =1=3.14 A= 18 W

6) Copper wire with 2 mm in diameter.
Characteristics

. Coil cross-section 10sm x 10 sm.
. Inner coil diameter — 20 sm.

. Outercoildiameter — 40 sm.

o Mid diameter— 30 sm.

. Wire diameter — 2 mm.

o Wire section= 3.14 mm?.

J Number of turns= 500*500 = 2500 turns.

Horizontal slice of coil system is presented
in Fig 3.

For the currency density equal to 1A/mm?
the voltage will be 3.15A;force at the boarders of
the working volume will be equal to:
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The coil is made of several single coils
with air-gap between them for the possibility of
airing. (Fig.4).

For a wire with 1 mm in diameter single
coil parameters are:
’ Wire diameter— 1 mm.

Inner diameter — 20 sm.

Outerdiameter — 30 sm.

Cross-section — 5sm x 2 sm.

Wire section — 0.785 mm?.

Number of turns — 1000.

Thus, the resistance of this coil is:

0018 | ohm <= fez-m-0.125{m - 1000 frurns )

E=

w |2,

=18 Ohm

0735 [mm )

Without active cooling such coil can stand 2A, i.e.
one such coil will consume the following power:

Table 1: Gaps and number of turns

Number of
turns

Gap between
the turns

98
72
55
50
45

a b~ wNN =

Table 2: Gaps and number of turns

Number of
turns

Gap between
the turns

196
144
110
100
90

a b~ wND =

]
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P =12 R=(2A)2 18 Ohm=72 Wt
For 10 such coils the power equals:
P=10P =720 Wt

This power can be provided by the AKHI-
1134-300-5 power sources (Capacity 1.5 kW,
Voltage 0-300W, Current 0-5A).

Single coil wire length:
L = 2*7*0.125(m)*1000(turns) = 785 m

The weight of the wire of such length:
M = pIS =8900(kg/m?)*785(m)* 0.785*10¢ (m?) = 5.5kg
For a wire 2mm in diameter:

Single coil parameters

’ Wire diameter— 2 mm.
Inner diameter — 20 sm.
Outer diameter — 30 sm.
Cross-section — 5sm x 2 sm.
Wire section — 3.14 mm?.
Number of turns — 250.

Resistance of such coil equals

2
0018 Hohm ™7 B 201 25 HN T 50 {rums )

=1.13 Ohm

3.14{mm? )
With current equal to 8A:
P =12 R=(8A)2 1.13 Ohm=72 Wt
For 10 such coils, the capacity is:
Single coil wire length:
L = 2*2*0.125(m)*250(turns) = 196 m

The weight of the wire of such length:

M = pIS = 8900(kg/m?)*196(m)* 3.14*10° (m?) = 5.5 kg

CONCLUSIONS

According to the above mentioned
calculations for sample coil, the following
conclusions can be made:

1. First, two different geometry for coil cross-
section, square one (10 sm on side)
andrectangular one (5 sm and 10 sm on
sides) produce almost equal forces, which
affect dipole (almost 25%), but rectangular
section will have better heat characteristics,
because it has more surface area-inner
volume ratio. Surface area provides cooling
and within the inner volume the heating is
made.

2.  Second, the power sources used (AEEI-
1134-300-5) help to work with high voltage
and with low currents that is why it is more
preferable to use copper wire, than copper
tube.But the proposed calculation shows that
with equal parameters, tubes coils provide
more force, means when copper tubes are
used the system is more compact.

The proposed calculations help to choose
optimal coil construction for magnetic control
system for wireless endoscopic capsule. They can
be used for improving technical parameters of the
control system in design. The authors plan to make
a sample of the chosen magnet coil and to test it.
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