Ultra-miniature fiber-optic pressure sensor using white light interferometry
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Figure 4. Schematic of the bonding process of sensing element to
optical fiber end.
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Figure 5. SEM photograph of fabricated pressure sensor of 125 um
in diameter.

can be obtained from a 4 inch silicon wafer. As this miniature
pressure sensor can be produced at relatively low cost, it is
suitable for disposable use, which is efficient for use in blood
vessels.

A cleaved fiber end is coated with chromium by
evaporation to make the half-mirror. The thickness of the
chromium layer is about 10 nm. A metal half-mirror is
optically neutral, which means that the reflectance and the
transmittance do not depend on wavelength for a wide range.
Therefore, it is effective for white light interferometry ‘to
achieve a linear sensor output. _

The process of bonding the sensing element with: silicon
column to the half-mirrorcoated optical fiber end is carried
out in a glass micro capillary as a guide as shown in figure 4.
The silicon column keeps the sensing element parallel to the
fiber end in the glass capillary. The inner diameter of the
capillary is 127 gum. The sensing element with silicon column
and a micro glass ball of 120 um in diameter are inserted into
the capillary. The half-mirror-coated optical fiber is inserted
into the capillary so as to face the sensing element. The other
optical fiber is inserted from the other side and presses the
polyimide layer of the sensing element on the fiber end. After
confirming that the spectrum of the reflection light of the
sensor is clearly observed, the capillary is heated stepwise
up to 370 °C to bond the sensing element with silicon column
to the fiber end.

After the bonding process, the silicon column is fully
removed by XeF; etching. Figure 5 shows an SEM photograph
of the completed sensor. The ultra-miniature sensing element
at the fiber end can be observed.

Figure 6. Photograph of developed fiber-optic pressure sensor
system.

4. Experimental setup

The experimental setup of the developed sensor system is the
same as shown in figure 1. The white light generated by a
halogen lamp (OCEAN OPTICS, LS-1) reaches the sensor
cavity and is modulated. The spectrum of the reflection light
of the sensor cavity is detected by a miniature fiber-optic
high-speed spectrometer (OCEAN OPTICS, USB2000). The
captured spectrum data are transferred to a personal computer
(PC) via a USB connection and are used to obtain the cavity
length of the sensor. The cavity length is converted to a
pressure value and then the pressure value is continuously
displayed on the monitor of the PC. The sampling rate is
about 70 Hz and it mainly depends on sampling at the
spectrometer, the data transfer from the spectrometer to the PC.
The developed sensor system is shown in figure 6. The white
light source, the fiber coupler and the spectrometer are built
into the box under the B5-size PC.

5. Experimental results

3.1. Measurement in a pressure-controlled chamber

The fabricated fiber-optic pressure sensor was tested in a
chamber connected to a pressure controller (NAGANO KEIK],
PC10). Figure 7 shows the reflection spectrum of the sensor
for different pressures. Spectrum modulation was obtained
and the peak shifts were clearly monitored. The measured
cavity length using the spectrum data, as a function of applied
pressure, is shown in figure 8. A least-squares fit of these
data yields the sensitivity of —0.25 nm mmHg™! with the
correlation coefficient having a value of 0.9993 and the
resolution of 4 mmHg for pressures ranging from —100 to
400 mmHg.  Averaging’ of the acquired cavity lengths
calculated using more than one pair of peaks and interpolation
between sampling data of pixels of the spectrometer contribute
high resolution and low noise measurement. The resolution
can be improved by noise reduction of the spectrometer or
increasing the displacement of the diaphragm.
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Figure 7. Reflection spectrum of developed pressure sensor for
different applied pressures.
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Figure 8. Detected sensor cavity length as a function of pressure.

Figure 9. Continuous display of blood pressure in the aora of
a goat.

5.2. Experiments on animals

Experiments on animals have been carried out. The developed
sensor system was applied for monitoring blood pressure in
the left ventricle, left atrium, right atriumn and aorta of a
goat. The ultra-miniature fiber-optic pressure sensor was set
in an injection needle of which the outer diameter was about
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Figure 10. Continuous display of blood pressure in the left ventricle
of a goat.

0.6 mm. Figures 9 and 10 show one of the results of monitoring
the blood pressure in aorta and left ventricle, respectively. The
pressures were successfully monitored and the waveforms of
the dynamic pressure change were clearly observed.

6. Discussion

Owing to the low sampling frequency of the sensor system,
disturbed waveforms of pressure have been observed. The
sampling frequency depends on the data transfer rate from the
spectrometer to the PC. A microcontroller-based spectrometer
is suitable for increasing the data transfer rate for realizing
higher sampling frequency utilizing parallel data processing.

During the pressure measurements, the influence of
temperature change on the sensor output was observed.
Specifically, the zero level of the sensor output depends on
the ambient temperature. The problem is causcd by expansion
of the air in the sensor cavity [9]. For monitoring pressures
in vivo (i.e., in a human body or in an animal), the temperature
change can be neglected but careful calibration is required
before monitoring in a medium the temperature of which is
the same as that of the monitoring area. To avoid thermal
drift, a packaging process using soldering to keep the sensor
cavity in vacuum has been proposed and the development is
on going [15). Such an absolute sensor will be necessary for
long-term monitoring.

Considering the sensitivity of the sensor, the low visibility
of the reflection spectrum of the sensor, shown in figure 7,
degrades the sensitivity. The extent of the light beam from the
multimode fiber end at the sensor causes the geometric path
difference and degrades the sensitivity. Although making the
cavity length of the sensor small (about 2 um in our sensor)
reduces the effect of the path difference, it limits the increase of
sensitivity because of the large numerical aperture (NA) of the
multimode fiber. Consequently, utilizing a single-mode fiber
the NA of which is smaller than that of the multimode fiber
can increase the sensitivity. Moreover, the beam diameter of
the light from the single-mode fiber end is smaller. Therefore,
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a smaller mirror and a larger deformable area of the diaphragm
can be designed to improve the sensitivity of the sensor. The
fabrication process is exactly the same because the multimode
and the single-mode fibers have the same outer diameter.

For clinical use, the sensor must be packaged in suitable
medical tools {e.g., catheter, guide wire, needle) depending
on the purpose. This sensor can be packaged in small
medical tools because the diameter of the sensor is extremely
small. Furthermore, it is an advantage that the function of
the tools can be maintained even though the pressure sensor
is embedded in one. We will examine not only fundamental
sensor characteristics (e.g., thermal drift) but the packaging
and the biocompatibility as well. In particular, the surface of
the pressure sensor should be coated with suitable material to
achieve biocompatibility for long-term monitoring.

From an economical viewpoint, even the spectrometer,
which is the most expensive component in the sensor system,
is available at a comparabl> price to a normal laptop PC.
Consequently, the sensor system can be provided at arelatively
low cost.

7. Conclusion

We have developed an ultra-miniature fiber-optic pressure
sensor system for medical applications. The diameter of
the sensor is 125 pum. A Fabry-Perot cavity is formed at
the optical fiber end and a deformation of the diaphragm
induced by pressure varies the cavity length. The sensing
element is bonded to the optical fiber end utilizing a ring-
shaped polyimide layer. White light interferometry is adopted
to reduce error and noise caused by bending of the optical
fiber and fluctuation of the light source. A measurement
system for detecting the cavity length of the sensor has
been developed. The system directly detects the modulated
spectrum of the reflection light from the sensor interferometer
using 2 commercial high-speed spectrometer. By tracking
the shift of the peak wavelengths of the spectrum, the cavity
Iength is calculated and the measured pressure is continuously
displayed. Pressure has been successfully monitored in the
heart and artery of a goat in real time using the developed
Sensor system. _

Because of the ultra-miniature sensor head, this sensor
can be used in a small-diameter blood vessel or a stenosed
vessel. It can also be utilized for multi-point measurement
at the same time by setting more than one sensor in a tool.
Furthermore, the sensor is expected to be useful in multi-
functional interventional tools.
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Contactless power supply systems transmit electric power by electromagnetic induction with a pair
of coils. The efficiency and the output voltage depend on parameters of coils. We studied the best
parameter values that realize stable high efficiency contactless power supply. In the application with
low output voltage, the voltage drop of the diodes becomes dominant power loss. A synchronous
rectification was proposed as a solution of this problem. Our contactless power supply system for an
artificial heart operates at 190 kHz. We use planar coils with Mn-Zn ferrite cores. Highly stable
output voltage and 88% maximum efficiency were realized. © 2005 American Institute of Physics.

{DOE: 10.1063/1.1850852]

l. INTRODUCTION

Contactless power supply systems transmit electric
power by electromagnetic induction with a pair of coils. The
systems are applied to wireless power supply method for
artificial organs to prevent recipients from infection syn-
dromes and restraint of actions. We call thus a transcutane-
ous energy transmission system, TETS.'? Also contactless
power supply systems will make underwater vehicles free
from wire and connectors. And we can use walergroof elec-
tronic product such as cellar phones or shavers.” The effi-
ciency and the output voltage depend on parameters of self-
inductance L and muotua! inductance M of the coil. We
studied the best parameter values that realize stable high ef-
ficiency contactless power supply. In the application with
lIow output dc voltage, the voltage drop of the diodes be-
comes a problem of the loss. A synchronous rectification was
proposed as & solution to this problem.

Ii. DETERMINATION OF CIRCUIT PARAMETERS

Figure 1 shows the equivalent circuit of contactless
power supply system. If the operating frequency is decided,
the efficiency is calculated from the equivalent circuit

R
T ReRZI+ ALP
22

+ n+R

L, M, and r depend on the number N of windings of coils. If
we make coils with the uniform cross sections of coils, we
can assume each parameter proportional to the square of N,
then the efficiency is shown as functions of the number 7 of
windings of the secondary coil C,=0. The term, n is the
ratio of the winding number of the primary coil to the sec-
ondary coil. L and L are the values of one-turned self-

*Author to whom comespondece should be addressed; electronic mail:
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inductances for the primary coil, and the secondary coil re-
spectively. And r and r are the values of one-turned wire
wound resistances for the primary coil and the secondary
coil, respectively

L,=n’T2L,
L,=TL,
n= nszr,
ry= T'r,

N|=HT.

T, by which efficiency is assumed to be the maximum, is
decided from this expression

- rR?
r YL e +r WAL

The transformer formed by the coils is a loose-coupled one.
This results in high output impedance and output variance.
We use resonant capacitor C| in series. C, that minimizes
internal impedance Z; is determined and the change of out-
put voltage is suppressed when the load changes. In Fig. 2,
the Helmholtz equivalent circuit is shown. In most cases,
wire wound resistances ry and r; are negligible for output
voltage considerations. C, is determined by

F1G. 1. Equivalent circuit of contactless power supply system,

© 2005 American Institute of Physics
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FIG. 2. Helmholtz equivalent circuit.
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The number Ny of windings of primary coil is decided from
ratio of the voltage

Vout open

C|=

=
=15

LOT

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 & 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).

lll. 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 ¥y, V3, and gate voltages of 0y, 0. When V| is higher
than the threshold voltage Vth of 3.5 V and V, is lower than
Vih, the gate control circuit turns MOSFETs @, and Q, on.
In the case where contrary V, is higher and V| is lower, it
tuns MOSFETs ¢; and Q5 on. Both V| and V; are lower
than Vth, which tums all the MOSFETs off. This operation
has a very important role. The switching timings depend on
dicdes. This prevents the system from malfunctions, such as
shoot-through conditions.
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FIG. 3. Qutput voliage vs coupling factor k: 47 [nF] is the suitable value for
C,.
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FIG. 6. Contactless power supply system for an artificial heant. 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 wiilizing schottky
barrier diodes is 84%.

Output voltage[V]

Output current[A}

FIG. 3. Qutput voltage vs output current characieristics was measured at $
and 10 mm distances between coils.
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V. 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 (dc-dc). Effi-
ciency has been improved 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 ¥ 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 to eliminate the
capacitor C, and the inductor L, because these are huge com-
ponents.

PROCF COPY 366510JAP
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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 diodes in the long periods that all
the MOSFETs are tumned off. Also, we are making an effort
to miniaturize the rectifier unit with the elimination of the
huge inductor and resonant capacitor.

1J. €. Schuder, H. E. Stephenson, and J. F. Townsend, [RE lnt. Conv. Rec,
9, 119 (1961).

25, Matsuki, K. Nadehara, T. Watanabe, K. Murakami, and T. Yamamoto,
IEEE ‘Trans. Magn. 25, 3812 (1989).

*H. Sakamoto and K. Harada, [EEE Trans. Magn. 29, 3228 (1993).

*Y, Abe, T. Chinzei, T. Isoyama, T. Ono, S. Mochizuki, [. Saito, K. Iwasaki,
M. Ishimaru, T. Karita, A. Kouno, K. Baba, and K. Imachi, Artif. Organs
25, 69 (2001).



Artificial Organs
28(2):226-237, Blackwel! Publishing, Inc.
© 2004 International Center for Artificial Organs and Transplantation

Thoughts and Progress

Development of an Electro-stethoscope
System and Design of an Optimum Filter
Based on Tissue Sound Transmission for
Noninvasive Early Diagnosis of
Malfunction of an Implanted Mechanical
Total Artificial Heart

*Elji Okamoto, tTaku Inoue, *Takuya Hashimoto,
titsure Saito, $Yusuke Abe,
$§Tsuneo Chinzei, §Takashi Isoyama, $Kou Imachi,
and #Yoshinori Mitamura
*Department of Electronics and Information
Engineering, Graduate School of Engineering,
Hokkaido Tokai University, Sapporo, Japan;
tDepartment of Bioscience and Technology, School of
Engineering, Hokkaido Tokai University, Sapporo,
Japan; tDepartment of Biomedical Engineering,
Graduate School of Medicine, University of Tokyo,
Tokyo; §Research Center for Advanced Science and
Technology, University of Tokyo, Tokyo; and
#Department of System Information Engineering,
Graduate School of Engineering, Hokkaido
University, Sapporo, Japan

Abstract: Early diagnosis of the malfunction of a mechan-
ical artificial heart implanted in a patient who has been
discharged from hospital is very important. We have
developed an electro-stethoscope system that enables
the malfunction of an artificial heart to be detected from
the analysis of sound signals from the artificial heart. The
sound data can be transmitted to a hospital via a mobile
telephone or the Internet, so that doctors can examine the
condition of the artificial heart. The optimum frequency
characteristics of a low-pass filter for the elimination of
ambient sound through the electro-stethoscope casing
were obtained by simulating sound transmission through
tissue, We evaluated the usefulness of the electro-stetho-
scope system using a goat in which an undulation pump
total artificial heart had been implanted. A frequency
analysis of the sound signal provided information on the
degree of degradation of each mechanical component of
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the artificial heart. The results of this study showed that
the electro-stethoscope system is useful for the early
detection of the malfunction of an artificial heart at home,
and that the use of the system contributes to improvement
in the quality of life of patients. Key Words: Artificial
heart—Electro-stethoscope —Telemedicine—Stethoscope
—Tissue characteristics.

While a reliable method for the early detection
of the malfunction of an implanted artificial heart
is needed to ensure the safety of patients with
implanted artificial hearts, an early diagnosis system
of the implanted artificial heart has hardly been
researched.

Sound signals generated by an artificial heart may
be an index of the degree of mechanical deteriora-
tion, because characteristics of sound signals gener-
ated by an artificial heart are related to the condition
of each mechanical component of the artificial heart
(1,2). For detecting the malfunction of an artificial
heart, we have developed an electro-stethoscope sys-
tem, which enables sound from the artificial heart to
be detected on the surface of the patient’s body.

The object of this study was to demonstrate
the feasibility of the newly-developed electro-
stethoscope system by means of in vivo experi-
ments using a total artificial heart {TAH).

METHOD

The electro-stethoscope system consists of a pick-
up microphone built into a commercially available
stethoscope, an amplifier and a mobile computer.
Sound data, which are detected on the surface of
the body of a patient in whom a TAH has been
implanted, are fed into the mobile computer via an
A/D converter.

While tissue has the same frequency characteristics
of sound transmission as that of a low-pass filter, the
frequency components of the measured sound signal
involve higher frequency components, which come
from ambient sound around a patient.

In this study, we designed an optimum low-pass
filter that has the same frequency characteristics as
those of sound transmission through tissue, in order
to eliminate the high-frequency noise signal. The the-
oretical relationship between the pressure of the
sound source Py and the sound pressure P, measured
by the microphone is piven by
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where the density of air is p, = 1.18 kg/m’, the density
of tissue is p= 1000 kg/m®, the sound velocity in air is
¢, = 340 m/s, and the radius and heights of an air cav-
ity of the microphone are a,=17 mm and d =2 mm
(Fig. 1) (3). An undulation pump TAH (UPTAH)
with a radius of 38 mm was used as the sound source
a2 (4). The depth of the position of the UPTAH
implantation was measured as d = 170 mm using a
goat (body weight of 45 kg).

The frequency characteristics of a newly-designed
low-pass filter using results of tissue frequency char-

acteristics are also shown in Fig.1. The cut-off
frequency of the low-pass fiiter was designed to be
850 Hz, according to the frequency characteristics of
sound transmission through tissue,

RESULTS

The performance of the newly-developed electro-
stethoscope system for the detection of the malfunc-
tion of an artificial heart was evaluated in in vivo
experiments using an UPTAH. An UPTAH was
implanted into a goat weighing 45 kg and was driven
by an external controller through a percutaneous
lead. Sound data were fed into a personal computer
via an A/D converter (sampling frequency of 44 kHz,
data length of 16 bits). Frequency components in the
sound data were analyzed on a personal computer
ustng signal processing software (Matlab, Cybernet
System. Tokyo. Japan).

Ariif Organs, Yol. 28, No. 2, 2004
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FIG. 2. UPTAH's sound signal and fast Fourier transtorm {FFT) analysis in animal experiments.

Figure 2 shows the measured waveform of the
UPTAH’s sound signal detected on the goat’s body
and the result of a frequency analysis during the
higher motor velocity phase. While characteristics
of sound transmission through the skin had that

of a low-pass filter, as can been seen in Fig. 1, the

measured sound signal included high-frequency
components.

Figure 2 also shows frequency components of the
sound data after eliminating high-frequency compo-
nents by using a low-pass filter. The elimination of
the high-frequency components of the signal enabled
the sound of the UPTAH to be heard clearly, and it
contributed to an improvement in the early diagnosis
of mechanical malfunction in the UPTAH.

DISCUSSION

Early detection of the malfunction of a mechani-
cal artificial heart implanted in a patient who has
been discharged from hospital is important because
the malfunction of the implanted artificial heart
may be fatal for the patient. However, an early
diagnosis system for malfunctions has not been
developed.

Artif Organs, Vol 28, No. 2, 2004

We have developed an electro-stethoscope system
that enables the early detection of the malfunction
of an implanted mechanical artificial heart. The
motor current may also be a useful index for early
detection of a malfunction, but motor current data
only provide information on the overall degree of
degradation of the artificial heart. Sound data pro-
vide information on the degree of degradation of
each mechanical component of the artificial heart by
means of investigating the change in each frequency
component, because the frequency of sound and the
vibration of each mechanical part depend on the
rotational velocity and structure of each mechanical
component (1,2).

Results of a fast Fourier transform (FFT) analy-
sis showed that sound from the UPTAH includes a
frequency component of 8.33 Hz and its harmonics,
corresponding to a left motor speed of 500 rpm
during the high-velocity phase. The sound also
includes a frequency component of 13.3 Hz and its
harmonics, corresponding to a right motor velocity
of 80O rpm. Similar results were obtained during
the low-motor-speed phase. The time series change
of amplitude in each frequency component pro-
vides information on the degree of degradation of

—166—



THOUGHTS AND PROGRESS

each mechanical component of the artificial heart’s
actuator.

In this article, we have proposed a new design
method for eliminating high-frequency noise in the
sound from an artificial heart. Optimum characteris-
tics of a low-pass filter can be obtained by simulating
sound transmission through tissue. The newly-
designed low-pass filter, whose cut-off frequency is
850 Hz, showed an improvement in the quality of the
measured artificial heart sound, allowing doctors to
detect a change in the condition of the artificial heart.

CONCLUSION

We have developed an electro-stethoscope system
for detecting the malfunction of an implantable arti-
ficial heart by means of measuring sound from the
artificial heart on the surface of the patient’s body.
The results of this study showed that this electro-
stethoscope system contributes to the early detection
of a malfunction in the artificial heart of a patient,
and also use of this system promises an improvement
in the quality of life of a discharged artificial heart
patient.
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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 (10kHz) magnetic field transmitted by a two-axis source coil is proposed. A
2 mm x 2 mm X% 3 mm three-axis M1 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.

Keywonrds: Ml 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 systemn 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

* Corresponding author. Tel.: +81-222176937; fax: +81-222176935.
E-mait address: wotsu@mems.mech.tohoku.ac.jp (K. Totsu).

(924-4247/8 — see front matter © 2003 Elsevier B.V. All 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 cuter diameter of the endoscope is about
12 mm. The other application is electrophysiological 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-
tem. 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, €.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 correspond 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 orthog-
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 Buler's angles, measurements of two
ac magnetic fields are used to obtain the remaining one of
Fuler’s angles and a 3D position of the sensor [11].

%-y-z orthogonal senso

3-axis
Catheter

meagnetic sensor

3. Sensor
3.1. Principle of sensor

Concerning the sensor characteristics, the three-axis
magnetic sensor detects the earth's magnetic field and the
ac magnetic field simultaneously 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 (107101,
high response speed (MHz), low power consumption
(10mW using CMOS IC) and small size (1~2mm) [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 electrically 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
1Z1% 35 ﬂRane
where a is a radius, { a length, pa resistivity, g 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 g is sensitively
changed by the external magnetic field parallel to the MI
$ensor.

2-axis source coil

Circuit unit

Fig. 1. Schematic of sensor system.
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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 pm in diameter and
of 1.5mm 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 pm 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 10 kHz equal to the frequency of the trans-
mitted ac magnetic field was obtained and processed at the
circuit. The characteristics of the sensor using z differential

amplifier is shown in Fig. 3. The impedance curve has as-

sumed a minimum at 0 T without bias coil current. As the
bias cotl current shifts the impedance curve, polarity of the
external dc magnetic field can be determined.

iy : Bias coil current [mA

v

Qutput
QS = N W bk A N~

2 -15-1 950 05 1 15 2
External DC magnetic field [x10°T)

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

Cutput [V]
h o & =

08 -04 0 04 08
External DC magnetic field [x10™T)

Fig. 4. Characteristics of MI sensor for extemal dc magnetic feld.

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 d¢ 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 magnretic 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 in 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 three 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

Qutput {V]
o

Q
%]
T T T

4 e,
20 -1¢ 0 10 20
External AC(10 kHz) magnetic field [x107T)

Fig. 5. Characteristics of MI sensor for external ac (10kHz) magnetic
field.
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Polymer structure

(@) J Through hole

Fig. 6. Fabricated three-axis MI sensor on polymer structure: {a} and
covered with silicone rubber tube (b).

structure can be obtained as the base structure of the sensor
by using injection molding. A smatler 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 I mm x 1 mm x | 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 solenocid 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.

Digital
Output
it !
PC
AD
e ~ Cireuit 2 I+ | Convener
— 12bit
Sesor 1 o Circun 3
| W | v
6MHz
Onciliator

Fig. 8. Configuration of sensor 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 resclution was about 1°.

A measurement was performed in a blood vessel model.
The model consisted of polymer tubes of which outer

L T e N TR &)

Fig. 9. "y" Branch shape of blood vesset model with inserted three-axis
MI sensor.
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Blood vessel model
Dircction
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Fig. 10. Sensor position and orientation image superimposed on 3D image
of blood vessel 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 a 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 vessel 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 2mm. The performance of the fab-
ricated smaller three-axis MI sensor (1 mm x 1 mm x 1 mm)
was the same for the 2mm x 2mm 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 transmiited from the source
coil, which differ from the ideal distnbution. 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 1o 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 vesse! 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 I mm 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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