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Abstract—Wireless power transmission system (WPTS) based on electromagnetic induction is a
promising way to power a gastrointestinal capsule robot (CR) for wireless diagnosis, which typically
consists of a one-dimensional (1-D) power transmitting coil (PTC) to excite an alternating magnetic field
and a three-dimensional (3-D) power receiving coil (PRC) to induce signal. However, it is difficult to
apply a 3-D PRC to practical medical applications since the oversize bodily form of the mounting receiver
brings the extra challenge of design for microCR. This paper proposes a novel WPTS with a space-saving
architecture by combining a two-dimensional (2-D) PTC outside the human and 1-D PRC onboard the
CR, which can permit CR to accomplish the mission of exploring the intestinal space with wireless
energy supplying owing to small size related to 1-D PTC. The analytical expressions of the magnetic
flux density, magnetic field orientation, and uniform magnetic field excited by the designed PTC are
derived. Simulated and experimental outcomes are implemented to achieve the desired magnetic field
strength and direction by changing the transmission current of PTC, which verifies the feasibility and
effectiveness of developed methods. And the magnetic field uniformity is greater than 44%. It can
basically cover the 20cm x 20cm area of the human abdomen at all times, which can permit the
operational requirements of the CR in the practical case.

1. INTRODUCTION

A capsule robot (CR) is a noninvasive device that can perform gastrointestinal treatment and
comprehensive diagnosis by actively moving, which offers remarkable advantages over traditional
endoscopes, such as less trauma, straightforward operation, and no pain for the patient [1-4]. Energy
supply is a severe bottleneck restricting the CR development in the realistic scenario [5]. The unexpected
friction caused by the power cable will weaken the CR movement performance while the risk of intestinal
hurt and infection will inevitably increase. The energy provided by the onboard battery is insufficient
to power the CR for the long-period mission since the powering capacity is directly related to its
volume [6]. Notably, wireless power transmission (WPT) technology based on electromagnetic induction
is considered the most promising solution to the energy supply problem of CR, on account of small size,
long-term supply, and low risk [7, 8].

The wireless power transmission technology system (WPTS) is composed of two components: a
power transmitting coil (PTC) to provide an alternating magnetic field around the human body and
a power receiving coil (PRC) associated with the CR via an inductive linking of the magnetic field.
Obviously, the CR needs to reduce the received power fluctuation during the movement in the intestine,
thus it requires high uniformity of the magnetic field generated by the WPTS. Recently, a number
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of researches concerning the construction and optimization of WPTS have been reported, aiming to
accomplish a steady power supply for the CR by properly building the transmission system [9-16]. A
pair of Helmholtz coils is employed to realize a high uniformity of the magnetic field inside PTC [9], and
a three-dimensional (3-D) PRC is loaded in CR to obtain the energy. A WPTS consists of a 1-D PTC
which excites the magnetic field and a 3-D PRC which is utilized to induct it [10]. Moreover, many
methods related to optimizing the structure of 1-D PRC and 3-D PRC have been presented [12-14].
However, the above mentioned literature findings [9-14] are difficult to be directly taken into realistic
scenes due to the large size of the 3-D PRC attached to CR. It should be noted that the diameter of
the narrowest part is approximately 15mm in the small intestine for adults; thus, the volume of CR
must be strictly regulated so that CR can be well operated in the intestine [15]. Fortunately, by using
a 1-D PRC, the size of CR can be significantly reduced, resulting in better space utilization. However,
it is worth noting that in order to obtain maximum power from a 1-D PTC, the CR equipped with a
1-D PRC must be aligned with the direction of the magnetic field during operation [16]. However, it
is difficult to maintain the uniform direction with the magnetic field for CR during the term of moving
because the intestine path existing in the body is tortuous, which leads to the uncoupled state of the
entire system, rendering the power of CR receiving less or even no power at all, thus the stability
and feasibility of WPTS may be decreased. According to the anatomy of the intestinal, the route of
CR movement in the human intestine is roughly modeled as a plane with a pitch angle of 30° or less,
meaning that PTC only requires to be designed as a controlled directional magnetic field in the 2-D
plane to satisfy the energy requirements of CR [17]. Therefore, it is necessary to develop a WPTS
compared with the traditional transmission system of 2-D PTC and 1-D PRC so that it can perform
related operations in the complex human intestine, which stimulates us to provide satisfying solutions.

Inspired by the above observations, this paper proposes a novel WPTS consisting of a 2-D PTC
and 1-D PRC with a spacing-saving architecture. Based on the WPT and Biot-Savart Law, the PTC
is designed by combining a pair of square and circular solenoid coils to accomplish a uniform magnetic
field in the abdominal area of a human, which can fulfill the realistic requirement in the medical field.
Firstly, the model’s magnetic flux density, magnetic field orientation, and high uniformity area are
calculated theoretically. Secondly, finite element simulation software is utilized to verify the feasibility
of the proposed scheme. Thirdly, the experiment is conducted to find that the presented combination
based on 2-D PTC could provide stable power to the CR.

This article is organized as follows. Section 2 explains the working mechanism of the WPTS.
Section 3 describes the PTC structure and develops a theoretical calculation model of its magnetic
field. Simulation and experiment outcomes are illustrated in Section 4. Concludes are discussed in
Section 5.

2. WORKING MECHANISM OF WPTS
The equivalent circuit of the WPTS based on electromagnetic induction is shown in Figure 1, which

includes a transmitting circuit and a receiving circuit.
The transmitting circuit is outside the body and consists of three parts: a signal generator, a
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Figure 1. Equivalent circuit of the WPTS.
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full-bridge inverter, and a serial resonant circuit (SRC). The signal generator generates a square wave
signal, and the full-bridge inverter converts the DC voltage Vpc to AC voltage V; under the control of
the square wave signal. The SRC consists of a resonant capacitor C;, an adjustable inductor L., and
a pair of PTCs. In this case, C; and L;. make the PTC resonate at a specific frequency f. When an
AC pulse voltage V; is applied to the SRC, a sinusoidal excitation current I; is generated in the PTC,
which will excite an alternating magnetic field.

The receiving circuit is integrated inside the CR and consists of two parts: an SRC and a power
management circuit. The SRC consists of the PRC and a resonant capacitor C, where the latter makes
the PRC resonate at the frequency f. The PRC is in an alternating magnetic field to obtain the induced
electric potential [18], applying to the gastrointestinal CR through an energy management circuit.

3. ANALYSIS OF 2-D PTC

3.1. Structure Design of 2-D PTC

Figure 2 illustrates the relative position relation between the human abdominal model and the CR.
The 2-D PTC is designed by an outside coil pair A and an inside coil pair B, as shown in Figure 3.
Square coils are utilized to facilitate easy installation of the PTC and accommodate the body size on the
outside, where the side length of the square coil is 2L 4 = 44 cm, and the center distance is 2D 4 = 38 cm.
The coil pair B is set as a circular coil on the inside to enable a better fit since the abdominal region of
the patient is oval. Moreover, to facilitate the implementation, the coil should be as small as possible,
so it can be operated flexibly. Thus, the radius Lp = 20cm can accommodate the large majority of
adult males for circular coils. Helmholtz-type coils can maximize the uniformity of the magnetic field,
i.e., circular coils spaced 2Dp = 20 cm apart at the center of the magnet. The number of turns of single
side coil is n4 = ng = 25 for both coils.

Coil Pe ir

Capsule robot
with one-

dimensional

receiving coil

Coil pair B

Figure 2. Relative position relation between the human abdominal model and CR.

3.2. Analysis of the Magnetic Flux Density

Figure 3 shows the simplified coil model of the PTC. The vectors 7;, 7, 7'p, and 7, are from any point
P (z,y,0) in the XOY plane to the current micro-element I4dl;, Iadl;, Igdly, and Igdly; 6;, 05, 6,, and
0, are the angles of the current micro-element with the point P. The CR moves in the largest plane
roughly parallel to the rectangle (i.e., the z = 0 plane), and the magnetic flux density (MFD) in this
plane is analyzed. For other planes, the system presents a similar behavior.

Using the Biot-Savart Law, the MFD Bp at the point P is equal to the vector sum of the four coils
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Figure 3. (a) The simplified PTC model, (b) the complete coil model of the square coils, and (c) the
complete coil model of the circular coils.

MFD in the XOY plane, where pig = 47 x 107" H/m is the vacuum magnetic permeability.
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When coil pair A operates alone, the Ep is along the X-axis; when coil pair B is performed alone,

the Ep is along the Y-axis; when the coil pairs A and B work simultaneously, the direction produced is
the vector sum of X and Y directions:

—

Bp=B,+B, (2)

3.2.1. The MFD of the Coil Part A

As shown in Figures 3(a) and (b), the coil part A is divided into four segments at each turn: ad,
dc, cb, and ba. At the i-th turn to the left half of coil part A, the angle between the XOY plane
and each section (ad, dc, cb, and ba) is denoted as 6;, and the coordinates of the infinitesimal

current IAdTi are ((i — “1)d — Da,—La,—Latant;), ((i — 21)d — Da,—Lacot;, —La) and ((i —
"T‘H)d — D4, L, Latan®;); the components of infinitesimal current IAd7¢ are (0,—I4L4 csc? 0;db;, 0),
0,0, —I4L A sec?0;db;, (0,14L 4 csc?6;df;,0) and (0,0, 4L sec?;df;). The vectors from any point P
(x,9,0) to the infinitesimal current I4dl; are 7;1, 7;2, 7;3, and 7;4, where the coordinates are
((i—2)d—Day—x,Lacot;—y,La), ((i—2)d— Dy —x,—La—y,—Latant;), ((i—21)d— Dy —
x,—Lacot;—y,—Ly), and ((i — ”TH)d — Dy —x,Ls—vy,Lytané;), respectively. Therefore, the MFD

at point P in the left half of coil part A can be calculated as follows:
/3”/4 —Li csc? b; &0 + /5”/4 (—LAy sec? 6; — L2A sec? 91-)

.. Hola g‘: /4 il " Jaep Irial’
o 4 et | /7”/4 —Lz24 csc? 0, 40 /9“/4 (LAy sec? 0; — Li sec? Gi)
1
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Consistent with the left half, at the j-th turn to the right half of coil part A, the angle between
the XOY plane and each section (ad, dc, cb, and ba) is denoted as 6;, and the coordinates of the

do;

(3)
do;
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infinitesimal current IAde are ((j — 2)d+ Da,Lacot;,La), ((j — “1)d+ Da,—La, —Latan®;),
((j — ”Tﬂ)d + Dy, —Lycot;,—Ly) and ((j — "Tﬂ)d + Dy, Ly, Latanf;); the three components of
infinitesimal current IAde are (0, —IaLacsc?0;df;,0), (0,0, —IaLssec?0;d0;), (0,14L 4 csc?0;db;,0)
and (0,0,14L4sec?0;df;). The vectors from any point P (x,y,0) to the infinitesimal current IAdfj
are 7,1, T;2, T;3, and 7;4 with the coordinates are ((j — ”TH)d + Dy — x,Lacotf; — y,La),
((5 — ”T‘H)d + Dy —x,—La — y,—Latanb;), ((j — ”T‘H)d + Dy — x,—Lacotl; — y,—Lyu), and
((7 — "Tﬂ)d + Dy —x,Ls —y,Latan6;), respectively. Therefore, the MEFD at point P in the right

half of coil part A can be calculated as follows:
/3”/4 —L? csc? 0; a0, /5”/4 (—LAy sec? §; — L% sec? 9]-)

By — pola g‘: /4 il 3r/4 7).’
il +/7”/4 —L? csc? 0, 46; /9”/4 (Laysec? 0; — L2 sec? 0)) "
5 7

do;

(4)

w4 Irjsl® /4 Irjal® !
In the X-axis, the MFD generated by coil part A at point P can be expressed as:
By =B+ Ba:,j (5)

3.2.2. The MFD of the Coil Part B

As shown in Figures 3(a) and 3(c), at the p-th turn to the front half of coil part B, the angle is 6,
and the coordinates of the infinitesimal current Iijp are (L cosb,, (p — “)d — Dp, Lsinf,); the
components of infinitesimal current [ Bdfp are (—IpLpsinfydf,,0,1pLpcosb,dh,). The vectors from

any point P (z,y,0) to the infinitesimal current Igd{, are 7, where 7, = (Lp cosf, — =, (p — 252)d +
Dp —vy, Lpsin®,). Therefore, in the front half of coil part B, the MFD at point P can be calculated as

follows: )
uOIB ™ Ly cos B, — L?
-l s, ©)

kp=1 |7’p|

Consistent with the front half, at the ¢g-th f turn to the behind halfcoil part B, the angle is 6,;, and the
coordinates of the infinitesimal current Ipd!l, are (—IgLpsinf,df,,0, gL cosf,df,); the components
of infinitesimal current Ipdl, are (—IpLpsinf,df,,0,IpLpcosf,df,). The vectors from any point

P (z,y,0) to the infinitesimal current Iijp are 14, where 74, = (Lpcosfy — z,(q — 2*)d — Dp —
y, Lpsinf,). Therefore, in the behind half of coil part B, the MFD at point P can be derived as follows:

I 2, 0, — L2
_tolo 57 [T hoyentyZ L, @)
kq=1 |7"q|

On the Y-axis, the MFD excited by coil part B at point P can be expressed as:
By = By + By 4 (8)
When the two coils are operated simultaneously, the total MFD is:

Byy = /B2 + B2 9)

3.3. Analysis of the Magnetic Field Orientation

Magnetic field orientation (MFO) depends on the superimposing direction of the magnetic field
generated by coil parts A and B. « denotes the orientation angle between the orientation of the MFO
and the X-axis at the moment ¢t = 0, which can be deduced as:

B,y
a = arctan —= B Y(180/m)° (10)

T
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3.4. Analysis of the Magnetic Field Uniformity

To analyze the homogeneity of the magnetic field, define the magnetic field uniformity as:

_ BP($,Z/, 0) - BPO
Bpo
where Bp (z,y,0) represents the MFD at point P (x,y,0), and By is the MFD at the center point

(0,0,0). U > 90% is considered a highly uniform magnetic field, and CR can work stably in this region.
The proportion 7 of available area is calculated as:

Uprp(z,y,0) = |1 x 100% (11)

. S(wailable
Stotal

where Sgyailapie 1S the largest rectangular region with Sipq; designated by the green dashed line in
Figure 2, with the size 40 x 20 cm.

x 100% (12)

4. EXPERIMENTS AND RESULTS

4.1. Experimental Setup

To verify the viability of the proposed scheme, the experimental outcomes are delineated in Figure 5.
A 2-D transmitting coil type comprising paired circular coils and square coils, whose configuration is
shown in Figure 4, is placed at a two-axis rack, which can change the MFD and MFO by turning the
current intensity. The Litz wire used for winding each coil is AWG38 which consists of 180 strands.
Two driving boxes supply drive current to the coils parts A and B, respectively, which are composed of
an adjustable inductance, two switching power supplies (SPS), a signal generator, a power inverter, a
resonant capacitor, an ammeter, and a voltmeter.

Figure 4. (a) Experimental setup and (b) inside of the drive box.

In the XOY plane, the detection coil can detect the MFD at any position using a 3-D adjustment
device. The detecting coil has a diameter of 14mm and a turn count of 48, which can measure the
induced electromotive force in the XOY plane by adjusting the position of the detection coil. Therefore,
MDF at point P can be calculated by reading the induction potential of the detecting coil at the
oscilloscope by Eq. (13).

5(1‘,y,0) = an|B(J,‘,y,0)| (13)
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Figure 5. Calculated and measured values of MFD, (a) Iy = 1.61A, Ip = 0A, (b) I4 = 0A,
Ip=0.89A and (c) I4 = 1.14A, Iy = 0.63 A.

In this equation € (z, y, 0) is the induced electromotive force of the test coil at point P (x,y,0); |B(z,y,0)]
is the MFD of the detecting coil at point P (z,y,0); n is the number of turns of the detecting coil; the
area of the PRC is S; w(= 27 ft) is the angular frequency of the alternating magnetic field. In order to
improve power transmission efficiency, the transmission frequency of this PTC f has been selected as
218kHz [19)].

Table 1 presents the electrical parameters of the two coils as measured by the LCR (IM3536)
instrument.

Table 1. The electrical parameters of coil parts A and B.

The electrical parameters | Coil part A | Coil part B
Quality factor @) 740 643
ESR R, () 2.63 2.02
Inductance Ls (mH) 1.295 0.961

4.2. Results and Discussion

The experiment outcomes are obtained by utilizing the experimental setup shown in Figure 4, validating
the computational model of MFD, MFO, and the uniformity of the magnetic field. Divide Sjyz; into
800 regions, with each area being 1cm?, and the induced electromotive force can be measured by the
detecting coil in each region. The desired MFD of the center point O (0,0,0) is set as 1 Gs. According
to Eq. (9) and Eq. (10), when magnetic field orientation is defined as a = 0°, one can calculate that
interrelated currents are I, = 1.61 A, Ip = 0A; when a = 90°, Iy = 0A, Ip = 0.89 A; when a = 45°,
Iy =1.14A and Ip = 0.63 A. By varying the values of I4 and Ip, the magnetic fields can be obtained
in different directions, so the CR can obtain maximum energy at any angle as it works.
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4.2.1. The Results of the MFD

In this case, MATLAB 2020a is used to calculate Eq. (3) to Eq. (9) to obtain the distribution of MFD.
Figure 5 depicts the comparative profiles of calculated and measured results in terms of simulations and
experiments, which shows that the measured values of MFD can reasonably approximate the theoretical
values. Therefore, the validity of the proposed 2-D PTC is proved.

4.2.2. The Results of the MFO

Table 2. Calculated and measured values of MFD, MFO.

Conter Ipo=161A,Ig=0A | I4,=0A,Ig=089A | [, =114A, Ig =0.63A
Calculated | Measured | Calculated | Measured | Calculated | Measured

MFD 1Gs 1.021 Gs 1Gs 0.992 Gs 1Gs 0.995 Gs

MFO 0° 0.15° 90° 89.8° 45° 44.7°

By using the detection coil to measure the MFD, together with Eq. (10), the MFO can be calculated
theoretically. The related results of experiments are recorded in Table 2, which imply that the calculated
outcomes can be well approached by measured results based on Eq. (9) and Eq. (10). Furthermore,
in order to observe the whole distribution of the MFO clearly, with the aid of COMSOL 6.2 software
the simulation results of MFO are revealed at ¢ = 0 in Figure 6, where the arrows indicate the desired
orientation. One can obtain that the MFO remains consistent in a region of 40 x 20cm in the XOY
plane at the center of the PTC.
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Figure 6. Simulation results of MFO, (a) I4 = 1.61 A, Ip = 0A, (b) Iy =0A, Ip = 0.89 A and (c)
Is=1.14A, Iy = 0.63A.

4.2.3. The Results of the Uniformity

In this case, the magnetic field uniformity Upsrp is verified by calculation and test. To begin with,
define the region Uypp > 90% as red rectangles, as observed in Figure 7. Then, the calculated and
measured values of MFD are illustrated in Table 3. It shows that the available area 7 of red rectangles
is always greater than 44%. Thus it can be inferred that uniformity can be well implemented under the
scheme of the proposed 2-D PTC in both calculation and test.
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Figure 7. The Upypp of MFD, (a) I4 = 1.61A, Ip = 0A, (b) I4 = 0A, I = 0.89 A and (c)

Iy =114A,Ip =0.63A.

Table 3. Calculated and measured values of 7.

Ia=161A,Ig=0A

Ix=0A, Iz =0.80A

Iy=1.14A, Ip = 0.63A

1 | Calculated

Measured

Calculated

Measured

Calculated

Measured

46.62%

44%

52.38%

56%

52.38%

49%

5. CONCLUSION

This paper presents a novel wireless power transmitting system with a space-saving architecture by
composing 2-D PTC and 1-D PRC for the CR. Based on the Biot-Savart law and WPTS theory, the
calculation model of MFD and MFO of the 2-D PTC is established. which can accomplish the appointed
orientation and density of the magnetic field with high uniformity and provide the sufficient power to
supply the CR. Due to the use of 2-D PTC as opposed to 1-D PTC, the CR onboard 1-D PRC can be
designed small so that it will better fit the narrow intestinal tract of patients while decreasing the risk of
injury. Simulated and experimental results demonstrate that the desired strength and direction of the
magnetic field can be realized well by influencing the transmission current of PTC. And the available
uniform magnetic field area supplied to the CR by the PTC is greater than 44%, which can basically
cover the area of the human colon region. Thus, the proposed WPTS based on 2-D PTC can provide
stable energy supply for gastrointestinal CR, which can meet the operational requirements of power
supply for the CR in the practical situation.
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