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FIG. 2. Heimholtz equivalent circuit.
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The number N, of windings of primary coil is decided from
ratio of the voltage :

C1=

1

Vo  zm0 kL
In the common contactless power supply systems use detach-
able transformers. However, our goal is a more flexible
power supply system; if the distance between coils or the
location of coils changes, the coupling factor k will vary and
the minimum internal impedance condition will break. Set-
ting C, to an appropriate value can stabilize the output volt-
age within the range of gap change. (see Fig. 3).

{ll. SYNCHRONOUS RECTIFICATION

The synchronous rectifier circuit is shown in Fig. 4,
where metal-oxide-semiconductor field effect transistor
{MOSFETs) synchronize to the diodes. This operation re-
duces the diodes’ voltage drops. Figure 5 shows wave forms
of ¥, Va, and gate voltages of @5, Q4. When V, is higher
than the threshold voltage Vth of 3.5 V_and V; is lower than
Vith, the gate control circuit turns MOSFETs @, and @, on.
In the case where contrary V; is higher and V| is lower, it
turns MOSFETs O, and Q5 on. Both V, and V, are lower
than Vih, which tumns all the MOSFETs off. This operation
has a very important role. The switching timings depend on
diodes. This prevents the system from malfunctions, such as
shoot-through conditions.
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FIG. 6. Contactless power supply system for an antificial heart. Primary unit
(left) has a 120-mm-diam coil and a high frequency inverter. Secondary unit
(right) has 80-mm-diam coil and a synchronous rectifier unit that is 75 mm
high, 40 mm wide and 16 mm thick.
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FIG. 7. Efficiency vs output current. Where 88% maximum efficiency (dc to
dc) was achieved. The maximum efficiency of the system utilizing schottky
barrier diodes is 84%.
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FIG. 3. Quiput voltage vs coupling factor k: 47 [nF] is the suitable value for FIG. 8. Qutput voltage vs output current characteristics was measured al 3
Cs. and 10 mm distances between coils.
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IV. RESULTS AND DISCUSSION

In Fig. 6, the contactless power supply system we have
developed for an artificial heart is shown.* This system op-
erates at 190 kHz, and we use planar coils with Mn—Zn fer-
rite cores. The efficiency of the contactless power supply
with synchronous rectifier is 88{%] maximum (de-dc¢). Effi-
ciency has been ismproved by four points compared with the
one in which surface behavior diagram were used (Fig. 7).
Under 3[A] output current, the output voltage varies 2.6 V .
The output voltage is very stable (Fig. 8). We have period in
which all the MOSFETs are off. In this period, current runs
through the diodes, the loss increase and V) and V, are low at
same time; this means voltage of the secondary coil is dis-
torted. Improvement of the gate control circuit to reduce all
MOSFET: off time is necessary. Power consumption of each
component should be clarified. We are trying o eliminate the
capacitor C, and the inductor L, because these are huge com-
ponents.

PROOF COPY 366510JAP

J. Appl. Phys. 97, 1 {2005)
V. CONCLUSION

A method for systematic circuit parameter determination
was examined. A contactless power supply system with syn-
chronous rectifier was constructed. The system achieved
88% maximum efficiency and highly stable output voltage.

We still have the possibility of improving efficiency, be-
cause current runs through diedes in the long periods that all
the MOSFETs are turned off. Also, we are making an effort
to miniaturize the rectifier unit with the elimination of the
huge inductor and resonant capacitor.
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Summary : , ‘

The dynamic state of circulation during bathing has been studied yet there are very few reports on
the dynamic state of blood circulation of blood vessels in the brain. Research on blood flow in'the brain
has developed through ‘the invention and use of a near-infrared monitoring device (NIRO). We.
conducted research on heart rate vaniability (HRV) and oxygen metabolism in brain tissue of the frontal
lobe during bathing. We measured the electrocardiogram and blood pressure. The NIRQ monitoring
device was attached to the subject’s frame. The subject then bathed for 20 minutes. Simultaneously with
the electrocardiogram, the oxidization hemoglobin concentration of a NIRG monitoring device and TOI
were recorded on the data recorder. Quantitative evaluation, statistical handling, and spectrum analysis
of data were performed. The data for the 10 minutes before bathing were compared with the data for the
10 minutes after bathing. During measurement, the blood circulation dynamic state was stabilized and
the heart rate and blood pressure were maintained within a normal range. The heart rate increased
significantly during bathing, while blood pressure decreased significantly. Although HF of heart rate vari-
ability increased slightly during bathing, it was not significant. Although LF/HF increased slightly during
bathing, it was not significant. Qur research found that blood pressure falls during bathing and the heart
rate increases. This is considered due to the peripherai blood vessel being opened by bathing. If a periph-
eral blood vessel opens, blood vessel resistance will fall. To maintain blood pressure, the heart rate goes
up. If the heart rate goes up, cardiac output increases. If cardiac output increases, blood pressure
returns. Autonomic nerves play an active part in this process. HF and LF/HF increased slightly. This
data supports this reaction. O,Hb and TOI increased slightly during bathing. This result suggests an
increase in brain blood flow. Intellectual activity was not carried out during bathing. It is considered that
O,Hb increased because supply increased. The result of TOI also supported this consideration. Intracere-

Running head : Brain Oxygenation during Bathing

Key words : Taking bath, Near infrared spectroscopy, Heart rate variability, Spectral analysis, Stroke
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bral bleeding during bathing may criginate in the increase in blood flow. The fall of blood pressure may
be desirable. If blood pressure falls, brain blood flow will fall in those who have arteriosclerosis in a brain
artery. The fall of a brain blood flow relates to cerebral infarction. Sick people need to be cautious when
bathing.

Introduction

Bathing is a traditional Japanese custom. From ancient times, Japanese people have maintained the
cleanliness of the body by bathing. In fact, bathing is considered central in Japan for public health. There
are the various features of bathing in Japan. Japanese bathe in hotter water than in western countries.
Though regrettable, there are many accidents caused by bathing in Japan. For example, many elderly
people exhibit symptoms of heart attack or apoplexy during bathing.

The dynamic state of circulation during bathing has been studied yet there are very few reports on
the dynamic state of blood circulation of blood vessels in the brain'~. Research on blood flow in the
brain has developed through the invention and use of a near—infrared monitoring device (NIRO). There
are many research reports on anesthesia and operations using NIRQ, but there is little research that
considers lifestyle. We conducted research on heart rate variability (HRV) and oxygen metabolism in
brain tissue of the frontal lobe during bathing'®~!¥. Since interesting results were observed, we have
analyzed the results and present our findings here.

Material and method

Study subjects were 10 healthy men. We measured the electrocardicgram and blood pressure. The
NIRO monitoring device was attached to the subject’s frame. At bed rest, the measurement was
performed for 10 minutes. The subject then bathed for 20 minutes. Simultaneously with the electrocar-
diogram, the oxidization hemoglobin concentration of a NIRO monitoring device and TOI were recorded
on the data recorder. Quantitative evaluation, statistical handling, and spectrum analysis of data were
performed. The data for the 10 minutes before bathing were compared with the data for the 10 minutes
after bathing.

Results

Measurement stabilization was possible in the 10 subjects. During measurement, the blood circula-
tion dynamic state was stabilized and the heart rate and blood pressure were maintained within a normal
range.

Fig. 1 shows the rise of the temperature under bathing. By a diagram, it turns out during bathing
that temperature is rising. The heart rate under bathing and change of blood pressure are illustrated in
the Fig. 2,3. The heart rate increased significantly during bathing, while blood pressure decreased
significantly. The brain tissue oxygen metabolism of the frontal lobe is shown to Fig. 4. Although O;Hb
was not significant, it showed an upward trend. The tissue oxygen index (TOI) in the brain tissue of
the frontal lobe is shown to Fig, 5. Although TOl was not so significant altered. The spectrum analysis
result of a heart rate variahility is shown to Fig. 6,7. Although HF of heart rate variability increased
slightly during bathing, it was not significant (Fig. 6). Although LF/HF increased slightly during
bathing, it was not significant (Fig. 7).

2028 Therapeutic Research vol. 24 mo. 11 2003
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Fig. 1 Rise of the temperature under bathing
By a diagram. it turns out during bathing that
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Fig.5 Tissue oxygen index (TOI) in the brain
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The heart rate increased significantly during
bathing, while blood pressure decreased significantly.

(M)
2000

1500
1000
500

ol I~
—s00 [ I

—1000

a
&
o

—1500

Rest Taking Bath 5min 15min

Fig.4 Brain tissue oxygen metabolism of the
frontal lobe '

Althongh O,Hb was not significant, it' showed an

upward trend.

1200
1000

T

800 |
% e00}
400 |

200

0

Rest Taking Bath 5min 15min

Fig.6 HF in the spectrum analysis result of a
heart rate variability

Therapeutic Research vol. 24 mo. 11 2003 2029

—120—



14  Symposium : § 8 BFERHRHRBEMES

6 -
4 L
w
I
I
3
2 L
0 Fig. 7 LF/HF in the spectrum analysis result of a
heart rate variability
Discussion

There are many patients who call an ambulance due to apoplexy during bathing. There are few
reports of the brain blood flow under bathing. Invention of a NIRO monitoring device enabled this
approach. '

QOur research found that blood pressure falls during bathing and the heart rate increases. This is
considered due to the peripheral blood vessel being opened by bathing. If a peripheral blood vessel
opens, blood vessel resistance will fall. To maintain blood pressure, the heart rate goes up. If the heart
rate goes up, cardiac output increases. If cardiac output increases, blood pressure returns.

Autonomic nerves play an active part in this process. HF and LF/HF increased slightly. This data
supports this reaction. As for not being significant, N was considered because it is limited. From now on,
it is necessary to increase N.

The result of the cerebral oxygen metabolism in tissue is important. O,Hb and TOI increased
slightly during bathing. This result suggests an increase in brain blood flow. Intellectual activity was not
carried out during bathing. Therefore, it is considered that oxygen consumption of brain tissue is fixed.
It is considered that O,Hb increased because supply increased. The result of TOI also supported this
consideration. The increase in brain blood flow may be desirable. However, a person with frail blood
vessels is at risk. Intracerebral bleeding during bathing may originate in the increase in blood flow. The
fall of blood pressure may be desirable. However, it is dangerous in certain illnesses. If blood pressure
falls, brain blood flow will fall in those who have arteriosclerosis in a brain artery, The fall of a brain
blood flow relates to cerebral infarction. This reduction may relate to the cerebral infarction during
bathing. A desirable action may also be dangerous for a sick person.

Sick people need to be cautious when bathing.
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INTRODUCTION

Biomedical-engineering research was chosen as the
21st century COE by governmental selection in
Tohoku University. This COE team is due to develop
various Biomedical-Engineering researches. In Tohoku
University, research and development of an artificial
organ have been done from dozens of years before.'®
The first clinical sucecess case in Japan of a ventricular
assist device was acquired in Tohoku University Hos-
pital. The medical treatment examination headquarters
of the ventricular assist device of Nippon Zeon was
assigned in Tohoku University (Fig. 1).

Recently, various artificial organs are developed®®
The 21st century COE program of Tohoku University
thinks artificial orgzn development as important. Arti-
ficial organ development especially using nanotechnol-
ogy is performed.

In Tohoku University, the sensor for living bodies
with the structure of nano level is developed. Since
this sensor is excellent in durability, it is the best for
an artificial organ. We have succeeded also in develop-
ment of the control chip computer of micro level. In
the combination of a nano sensor and a microchip
computer, a nano baroreflex system takes shape.

The cell structure of a living body is micron level. If
it succeeds in the baroreflex system development of
nano level structure, the cell structure of a living body
will be exceeded.

The 21st century COE program promotes the nano
biotechnology research which exceeds the function of
a living body. Therefore, development of a nano artifi-
cial baroreflex system is tried in this study.

VARIOUS ARTIFICIAL HEART AND VARIOUS
AUTOMATIC CONTROL ALGORITHM

In a hospital, various artificial organs are used for
the various purpose.”™™ Various artificial circulation
equipments are developed. It is roughly divided into a
total artificial heart and a ventricular assist device. A
total artificial heart replaces the natura! heart after
surgical removal (Fig. 2). Therefore, a total artificial
heart is asked for a perfect performance.

On the other hand, a ventricular assist device is
equipment with which circulation is assisted. Various
circulation assist devices have been developed until
now. A

The system which can be used easily is desirable in
the emergency spot. Percufaneous cardiopulmonary
support system (PCPS) is easy and useful. Circulation
is maintainable from an emergency unit to an operat-
ing room. However, PCPS cannotlﬁé' used for a long
time. A thrombus tends to adhere to artificial lungs
and a rotary pump. Prolonged use of PCPS is danger-
ous. There are many patients whom circulation does
not recover in a short time. The assist deﬁce which
can be used more for a long time is required for such a

Fig. 1 Nippon Zeon ventricular assist device
developed in Tohoku University.

Fig. 2 Pneumatic driven total artificial heart
developed in Tohoku University.
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patient.

In Japan, the ventricular assist device of an air pres-
sure drive is used for such the patient (Fig. 1). When
using air pressure drive type equipment, it is not sepa-
rated from a driving gear by the patient. Substantially,
a patient becomes bedridden in ICU.

For the quality of life (QOL), a complete-implantable
type is desirable. Now, many implantable type ventric-
ular assist devices are developed overséas. However,
the artificial heart developed in Europe and America is
too large. '

Small VAD is desired for Japanese people.

In order to miniaturize, there is als¢ a method using
rotary blood pump (RP)."*® However, a pulse is lost in
RP. Then, we made frequency increase. If frequency is
made to increase, the chamber will be made small.
Then, a small artificial heart can be made. And it is
also a capacity type blood pump. Therefore, a pulse
can be made easily. This is the major candidate of a
small artificial heart.

The new methodology to which frequency is made
to increase using rotation had developed. It is the new
artificial heart called undulation pump artificial heart
(UPAH). Undulation movement is changed into pump
movement in this artificial heart (Fig. 3). Now, a total
artificial heart is manufactured and it is used for the
animal experiment.

Moreover, we had made the artificial myocadium. -

In this system, a machine pushes the heart. It is the
same as the heart massage in the emergency spot.

R-F MFE projw

oria ™ -LATE profbn 3

Fig. 3 Totally implantable undulation type artific
heart system.

ial

Therefore, the validity of a principle is established. We
used the ball screw type electromagnetic motor
(Fig. 4). It is the same principle as the robot arm of a
space shuttle. Therefore, it excels in durability. Small
auxiliary circulation is attained by this.

Thus, there are various artificial hearts. Various arti-
ficial hearts are used for the various purpose. There
are the various controlling methods in various artifi-
cial hearts. However, it is the same at the point of
maintaining circulation. Then, a common control algo-
rithm is needed. We invented the control system com-
mon to all artificial circulation equipments.

ARTIFICAL BAROREFLEX SYSTEM

A control system is important for maintenance of
homeostasis. The baroreflex system is one of the typi-
cal things of homeostasis. In human's body, if blood
pressure goes up, a heart rate will fall. Since a heart
rate falls, a cardiac output falls. Blood.pressure will
become low if a cardiac output decreases. Therefore,
blood pressure is maintained by the fixed range. This
is the main action of a baroreflex system..

However, there is no baroreflex system in an artifi-
cial heart.”™® Even if blood pressure goes up, a heart
rate does not change. Therefore, hypertension is main-
tained. With the artificial heart research institution in
the world, high blood pressure has occurred to the ani-
mal with an artificial heart. Therefore, it is thought

pusher plate

stafor

Fig. 4 Electromagnetic motor of a ball screw type
for an implantable artificial myocardium,
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that a baroreflex is required for an artificial heart.

We developed the contrdl system which imitated the
baroreflex for the artificial heart. The animal experi-
ment was conducted with the mathematics simulation
and the hydraulics simulation. Consequently, the valid-
ity of baroreflex control was proved.

MATHEMATICAL SIMULATION OF
AN ARTIFICAL BAROREFLEX SYSTEM

‘First, the mathematical model was created.

Windkessel model was used for the model of left-
heart circulation. This is the typical model which many
researchers have used.”™ We added the baroreflex
system to this famous model (Fig. 5). If blood pressure
goes up, control to which a cardiac output decreases
will be added. Human's body holds nonlinearity. Then,
nonlinearity was introduced into this relationship. For
that purpose, a sigmoid curve is used. Furthermore, as
for an important thing, there is time lag in human’s
control system. Even if disturbance is added, it will
take time, before a reaction from the control system
comes out. Therefore, time lag is required for the sim-
ulation of a control system.

The simulation showed the interesting result. A
result changes with values of time lag. If time lag is
short, blood pressure will be converged on a fixed
value. It was the result of showing classic homeostasis.

However, if time lag is long, blood pressure will not

become a fixed value but will be oscillated. Further-
more, blood pressure became chaos when time lag
was long.

This was a surprising result. Time lag had played the
role important for generating of chaos.

We confirmed this result by other experiment sys-
tems.

ANIMAL EXPERIMENT SHOW THE
- UNIVERSALITY OF THE ARTIFICIAL
BAROREFLEX SYSTEM

It was applicable to all artificial hearts. It was appli-

cable to RP and PCPS. The baroreflex which reacts
even if there is no pulse was a surprising research
result. Human's baroreflex is because it happens for a
pulse.
. A receptor for a baroreflex system in human body
generates a signal in the portion of the standup of a
pulse. Many researchers have reported this phenome-
hon. Therefore, baroreflex control of a living thing
cannot be performed without a pulse. RBAC control
does not necessarily need a pulse, if information is
inputted. It is the automatic control system which
exceeds a life phenomenon in a sense.

Is such a thing truly possible?

We showed the result. The experiment was conduct-
ed by the animal experiment of full bypass circulation
with RP. The heart was electrically fibrillated, and all

Q x' = Ax+Bu Bp
> y=CxsDu 0.0007
Gain
Windkesset Model c +
HR a I fu) [a— 1R fe—
———— Fen Sigmoid_T - Time Delay -
Inner L ‘ s .
Product N P | -
) [&—————
sv Sigmold_V - .

Fig. 5 Block diagr'arﬁ of the mathematical model of a baroreflex system.
i
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Fig. 6 Time series data of the total nonpulsatile circu-

lation with a baroreflex system during drug
administration.

circulation was maintained only by RP. Therefore,
there was no pulse.

However, baroreflex control was possible as shown
in Fig. 6. Fluctuation of a hemodynamics was observed
in the figure. When blood pressure was changed with
the medicine, the automatic control system reacted.
Blood pressure returned by the automatic control sys-
tem.

As a result, circulation without a pulse was also pos-
sible for the baroreflex by our RBAC system.

It is also an interesting result that fluctuation
occurred although there is no pulse. The circulation in
which human beings do not have a pulse has not been
experienced. Therefore, it is not known whether there
is any fluctuation by the artificial heart without a
phlse. Now, RP is used as an assisted circulation by
clinical. However, a total artificial heart is not made
into non-pulsation by clinical. There was little
research done non-pulsation by the total artificial
heart.

Fluctuation was discovered by perfect non-pulsation
circulation by this research. This fluctuation is the
very interesting result of being in agreement also with
a mathematical model.

These results may be able to be called surprising.

The baroreflex impossible for all lives without a
pulse became possible. The life which had a baroreflex
system without a pulse for the first time on the earth
was born.

Furthermore, it was the result of bringing a new
view to the possibilities of RP, For the miniaturization

of an artificial heart, RP is absolutely adv;'mtageous.
Since a pumping chamber is not needed, it is only a
rotary motor. The problem was that there is no pulse.
If there is no pulse, autonomic control in a life will not
be performed. Also physiologically, it was a problem.

RBAC control may be able to solve this problem.
When human’s body needs, a circulatory state must
change. Our contrel can respond to this change.
Therefore, the life excellent in QOL is attained.
Because we can catch up the need of your body.

The application to a present still newer artificial cir-
culation system is under plan. It is the artificial
myocardium plan which received the research cost of
120 million from the Minisiry of Health, Labor and
Welfare. The present implantable type artificial
myocardium plan is progressing in Tohoku University,
making full use of the latest nanotechnology.

Into artificial myocardium, it is due to be equipped
with the baroreflex control with a nano sensor and a
nano computer chip. Arrival of the society which does
not die of cardiovascular diseases is desired by the
newest artificial myocardium.
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Abstract

A catheter-based minimally invasive therapy requires real time information about the position and orientation of a catheter tip for safe
operation. To decrease X-ray exposure and to provide 3D information for operators, a simple sensor system for detecting the position
and orientation utilizing the earth’s magnetic field and ac (10 kHz) magnetic field transmitted by a two-axis source coil is proposed. A
2 mm x 2 mm x 3 mm three-axis MI sensor (Magneto-Impedance effect sensor) fabricated on a polymer structure for measuring the earth’s
magnetic field and the ac magnetic field is mounted on the catheter tip. The advantages of this sensor are: (1) small size; (2) high sensitivity;
(3) retaining of through hole. The position and orientation is calculated and the obtained information of the position and orientation of the
catheter tip is superimposed on the 3D map of the blood vessel captured in advance. A measurement in a blood vessel model has been
performed and the calculated position and orientation image has been superimposed on the 3D graphic image of the blood vessel, The

sensor system obviously indicated where the catheter tip was in the “y” shape blood vessel model.

© 2003 Elsevier B.V. All rights reserved.

Keywords: M1 sensor; Catheter; Navigation; Position and orientation; 3D

1. Introduction

A catheterization used for the minimally invasive therapy
has been widely carried out. Doctors can access to diseased
area via blood vessel by insertion of a catheter and can do
therapy with minimally invasion. In the therapy using the
catheterization, real time information about the position and
orientation of a catheter tip is necessary for safe navigation
in the blood vessel. Generally, X-ray radioscopy is used to
monitor the position and orientation of a catheter. However
X-ray radioscopy can provide only two-dimensional (2D)
images and requires an X-ray shielded room. Besides doc-
tors must put on a heavy protector during the procedure and
a long time X-ray exposure is harmful to patients and medi-
cal staff. As blood vessel is distributed. three-dimensionally,
it is helpful for navigation of a catheter if 3D image can
be obtained. And navigation system without X-ray exposure
is preferable for patients and doctors. In order to detect a
three-dimensional (3D) position and orientation of an ob-
ject, magnetic, optic, ultrasonic and mechanical sensors are

* Cormresponding author. Tel.: +81-222176937,; fax: 4-81-222176935.
E-mail address: totsu@mems.mech.tohoku.ac.jp (K. Totsu).

0924-4247/$ - see front matter © 2003 Elsevier B.V, Al rights reserved.

doi:10.1016/j.5na.2003.11.018

mostly employed. A lot of magnetic detecting systems have
already developed and commercialized [1-9]. The magnetic
detection systems have some advantages.

1. Disturbance of magnetic field in a human body can be
ignored because the permeability of human body is nearly
equal to 1, which is equal to the permeability of the air.

2. A magnetic field is regarded safe if appropriate frequency
and intensity are used.

3. A miniaturization of a magnetic sensor is relatively easy.

" A magnetic position and orientation detecting system has
been commercialized for monitoring the shape of an endo-
scope [7]. The coils are built in the endoscope and transmit
magnetic fields. The outer diameter of the endoscope is about
12mm. The other application is electrophysiclogical map-
ping and positioning of the site for RF catheter ablation in a
heart [8,9]. The coils are built in the catheter tip and detect
magnetic fields transmitted by external source coils. How-
ever the outer diameter of the tip is relatively small (3 mm),
there is no through hole for inserting micro tools (e.g., guide
wire) and injection of contrast medium and drug. In this pa-
per, a simple real time catheter navigation system using a
small three-axis magneto-impedance effect sensor, with less
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X-ray exposure during a catheterization is proposed. The
sensor system can be applied to not only a catheter but also
other small tools for minimally invasive therapy, such as an
endoscopic procedure.

2. System concept

Fig. 1 shows the proposed catheter navigation sensor sys-
temn. Before a catheterization, 3D image data of the blood
vessel of a patient is captured by X-ray CT or MRI and is
stored in a computer. During the catheterization, the posi-
tion and orientation of the tip of the catheter is detected by
a magnetic sensor built in the tip of the catheter. A cursor
which indicates the position and orientation of the catheter is
superimposed on the 3D internal image of the human body
(e.g., blood vessel). This system can be useful for 3D navi-
gation in other organs and tracts, e.g. branches of bronchus,
digestive systems (stomach, duodenum, colon} and urinary
tract for more precise operation in the human body.

If this sensor system is compared to a commercialized car
navigation system, a catheter tip corresponds to a car and
blood vessels comrespond to roads. An operator can control
the catheter tip in blood vessel as if the operator drives a car
on the road.

As shown in Fig. 1, the sensor composed of three crthog-
onal magnetic sensor elements detects the earth’s magnetic
field as a dc field and ac (10kHz) magnetic fields transmit-
ted by a two-axis source coil placed near the patient. A 3D
orientation of the sensor is represented by three Euler’s an-
gles [10]. A measurement of the earth’s magnetic field is
used to obtain two of Euler’s angles, measurements of two
ac magnetic fields are used to obtain the remaining one of
Euler’s angles and a 3D position of the sensor [11].

x-y-z orthogonal senso

3-axis
Catheter

magnetic sensor

3. Sensor
3.1. Principle of sensor

Concerning the sensor characteristics, the three-axis
magnetic sensor detects the earth’s magnetic ficld and the
ac magnetic field simultanecusly to achieve the algorithm,
and the size of the sensor should be less than 2mm in
order to built in a catheter. In several magnetic sensors,
Magneto-Impedance effect sensor (MI sensor) has received
attention recently because of its high sensitivity (10710°T),
high response speed (MHz), low power consumption
(10mW using CMOS IC) and small size (1~2 mm) [12,13].
Therefore the MI sensor was selected for our sensor system.
The MI sensor utilizes an electromagnetic phenomenon
in which an impedance Z of e¢lectrically conductive mag-
netic materials magnetized with a high frequency current
inducing the skin effect is sensitively changed with an
applied external magnetic field (MI effect) [12]. As the
sensor head, an amorphous wire type is often used because
of its high sensitivity compared to a thin film type. The
impedance Z of a wire of the MI sensor head is expressed
as [12]

a
12| ~ W RJwpg

where g is a radius, / a length, pa resistivity, pg a circum-
ferential permeability magnetized with a sinusoidal current
with angular frequency w and R = pl/ma? is the dc resis-
tance.

If the impedance |Z] is measured, intensity of the external
magnetic field can be detected because the ug is sensitively
changed by the external magnetic field parallel to the MI
Sensor.

2-axis source coil Apte ?

Circuit unit

Fig. 1. Schematic of sensor system.
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Metadim
(.’ I (6MHz, 5mA)

Fig. 2. Structure of MI sensor.

3.2. Fabrication of sensor

A MI sensor as a test type was fabricated as shown in
Fig. 2. A FeCoSiB amorphous wire of 30 um in diameter and
of 1.5 mm in length was fixed at the center of a glass epoxy
substrate and electrically connected to electrodes by using
conductive epoxy. The four lead wires were also connected
to the electrodes by soldering to pass current (6 MHz, 5 mA)
and to detect voltage between the both sides of the amor-
phous wire to measure impedance of the wire. In order to ap-
ply a bias magnetic field, the amorphous wire is surrounded
by a small coil. To transfer the signals, ultra-small diame-
ter coaxial cables (Sumitomo Electric Industries 44110T) of
250 um in outer diameter, and of 1 m in length were used
between the sensor and the circuit. A 6 MHz sinusoidal volt-
age modulated at 10kHz equal to the frequency of the trans-
mitted ac magnetic field was obtained and processed at the
circuit. The characteristics of the sensor using a differential
amplifier is shown in Fig. 3. The impedance curve has as-
sumed a minimum at 0T without bias coil current. As the
bias coil current shifts the impedance curve, polarity of the
external dc magnetic ficld can be determined.

Output  [V]

(= T L ]

L

2 <151 05 0 05 1 15 2

- External DC magnetic field [x10°T]

Fig. 3. Characteristics of MI sensor with changing of bias coil current.

Output {V]
L o & o

08 04 0 ¢4 0.8
External DC magnetic field [x10*T)

Fig. 4. Characteristics of MI sensor for external dc magnetic field.

In the circuit, the signal processing was carried out as fol-
lows: (1) differential amplification; (2) detection by using
a diode; (3) smoothing by using capacitors; (4) separation
of AC(10kHz) component and DC(earth’s magnetic field)
component; (5) negative feedback of a output of the dc com-
ponent to the passing current of the bias coil to improve
linearity.

In order to determine a direction of the sensor, phase of
the ac magnetic field was detected. Therefore 10 kHz current
synchronized to the ac magnetic field passed the bias coil as
AC bias current, If the detected signal and the bias current
are in phase, the output of the circuit is positive. If they are
out of phase, the output of the circuit is negative. The result
of a measurement of dc magnetic field and ac magnetic field
are shown in Figs. 4 and 5 respectively. High sensitivity and
high linearity have been achieved.

A three-axis MI sensor was fabricated by integration of
three MI sensors on a polymer structure by using epoxy glue
as shown iri Fig. 6a And the sensor was covered with silicone
rubber tube as shown in Fig. 6b. Precise orthogonal align-
ment of the three MI sensors was required to decrease inter-
ference between three-axis components. A polymer structure
which had three grooves and patterned electrodes was used
to eliminate alignment error of the ihree orthogonal sensors
and to make fabrication easy. The size of the polymer struc-
ture was 2 mm x 2 mm x 3 mm. A through hole at the center
of the structure is used for inserting micro tools (e.g., guide
wire) or injection contrast medium and drug. The structure
was fabricated by machining and the electrodes were formed
by electro-less plating. In the future, a cheaper polymer

4
|

2

o
-20 -10 0 10 20

Externa! AC(10 kHz) magnetic field [x10™T]

Fig. 5. Characteristics of MI sensor for external ac (10kHz) magnetic
field.
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Silicone rubber tuhe

Electrode
MU sensor /I

ra

Through hole ~ 1m

Fig. 6. Fabricated three-axis MI sensor on polymer structure; (2) and
covered with siticone rubber tube (b).

structure can be obtained as the base structure of the sensor
by using injection molding. A smaller size three-axis MI sen-
sor without a through hole has been also fabricated as shown
in Fig. 7. The size of the sensor is 1mm x 1 mm x 1 mm.
These small three-axis MI sensors can be placed in
small medical tools (e.g., a guide wire and the tip of
the forceps).

3.3. Sensor system

The sensor system is shown in Fig. 8. The output signal
transferred from the three-axis MI sensor was processed at
the circuit and acquired by a computer via an analog-digital
converter. A function generator sent dc biased 10kHz sig-
nal to the circuits for sensing and also sent 10 kHz signal to
the source coils via a MOS switch and amplifiers. The MOS
switch was controlled by digital signal transmitted from the
computer via a digital output port. A two-axis solenoid was
fabricated as the source coil. The length and diameter of
each axis coil were 10 mm and 40 mm respectively. The coil
was composed of a ferrite core and insulated cupper wire.
A capacitor was put in parallel to make a resonant circuit
at 10kHz. An application program was built for control the
sensor system, calculation based on the algorithm and indi-
cation the position and orientation.

Fig. 7. Fabricated 1 mm size three-axis MI sensor.

5 Digital
— Function
e,
— Generator Output
1OkHz+DC Bbit h
Sensor f A
| Circuit ) | .
X » } » . PC
A/D
| Sa‘l’sor [_:4 ___JI Cirouit 2 |<- Converter
12bit
|S'z'”'r‘ > Cireuit 3 s
L '
éMHz
Oscillator

Fig. 8. Configuration of senser system,

4. Experimental results

The resolution and the error of 3D position and orienta-
tion of the developed sensor system were measured. For a
position measurement, the three-axis MI sensor was put on
a plane parallel to the coordinate of the source coil. The
measurement area was 100 mm x 100 mm, The mean of the
position error was 2 mm. The maximum 3D position error
of 5mm was occurred and the resolution of the 3D posi-
tion was about 0.4 mm around the center area and 1.0mm
around the marginal area respectively. The orientation of the
sensor was regarded as a constant when position measure-
ment was performed. An orientation measurement has been
also performed. The mean of the rotation angle error of 9°

was occurred when the MI sensor was turned 360° on the

vertical axis. The resolution was about 1°,
A measurement was performed in a blood vessel model.
The model consisted of polymer tubes of which outer

Fig. 9. “y" Branch shape of blood vessel model with inserted three-axis
MI sensor.
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Blood vessel model
Direction

N

Fig. 10. Sensor position and orientation image superimposed on 3D image
of blood vesse!l model.

diameter and internal diameter are 6 mm and 4 mm respec-
tively as shown in Fig. 9. At the middle point of a tube of
100 mm in length, the other tube was connected for making
a “y” branch shape of a blood vessel. The model was placed
100 mm apart from the source coil. A calculated position
and orientation image were superimposed on 3D computer
graphics of the blood vessel model on a display as shown
in Fig. 10. The large bar (black) indicates the direction and
the small bar (gray) indicates the rotation around the axis
of the catheter respectively. The sensor position can be con-
firmed on & 2D image as shown in Fig. 11. The sensor was
inserted and moved repeatedly in the vessel model and the
position and orientation were continuously monitored. The
sensor system successfully indicated whether the catheter
tip was in the vessel branch or straight part of the vesse} on
3D image. A desirable viewpoint and a magnification can

be selected using console on the monitor. The mean of axial
position error was about 2 mm. The performance of the fab-
ricated smaller three-axis MI sensor (1 mm x 1 mm x 1 mm)
was the same for the 2 mm X 2 mm x 3 mm sensor.

5. Discussion

It was considered that the position and the orientation
measurement error were mainly caused by distorted distri-
bution of the ac magnetic field transmitted from the source
coil, which differ from the ideal distribution. In order to
achieve more accurate measurement, the source coil should
be precisely designed and fabricated. The measurement area
could be extended by using additional source coils. When a
magnetic material is placed between the source coil and the
sensor, the magnetic field is disturbed and compensation of
the magnetic field is difficult. When a non-magnetic metal is
placed between the source coil and the sensor, the magnetic
field is also disturbed because of eddy current. In this case,
the disturbance will be reduced by utilizing pulse magnetic
fields instead of the ac magnetic fields. While considering
disturbance of the earth’s magnetic field in the whole mea-
surement area, it can be compensated if additional sensor is
used as a fixed reference sensor to monitor the earth’s mag-
netic field during the measurement. For clinical use, because
of movements of a patient after image acquisition, it is nec-
essary to consider difference between the stored image ac-
quired before the operation and the real time image. In this
case, additional capturing of 3D image might be required.
As our three-axis MI sensor is small and sensitive and also
retains through hole, it can be adapted to several medical
micro tools, e.g. endoscopes, forceps, RF coagulators and

Fig. 11. Sensor position image (black point) superimposed on 2D image of blood vessel model.
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laparoscopic micro tools. Another effective medical appli-
cation of the position and orientation sensor is functional
mapping in the human body for example electrophysiologi-
cal mapping in a heart [8,9].

6. Conclusion

We have developed a three-axis MI sensor system for
monitoring the position and orientation of a catheter tip. A
novel 3D catheter navigation system using the three-axis
MI sensor and 3D internal image of human body has been
proposed. The three-axis MI sensor of 2 mm x 2 mm x 3 mm
and 1mm x 1mm x 1mm which can be mounted at the
tip of the catheter have been developed. The resolution of
the position and orientation were 1 mm and 1°, respectively.
Detection in blood vessel model has been performed and the
position and orientation of the catheter tip is displayed as
an indicator on the 3D computer graphics of blood vessel.
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