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FIG. 9. Shown is a prototype artificial sphincter.

We developed an artificial sphincter to meet this
need using an SMA to the stoma as shown in Fig, 9
(4). When the temperature is raised by electricity, the
artificial sphincter opens, which allows patients to
control their evacuations. A photograph of a proto-
type artificial sphincter is shown in Fig. 9. Long-term
animal experiments are now being conducted on this
device. ‘

Electric power was supplied to the artificial sphinc-
ter by the use of the transcutaneous energy trans-
mission system (TETS) as shown in Fig. 4.

Basic. performance of this artificial implantable.
device is now under discussion. However, we are
still evaluating different coating materials for the
implantable part, because Silastic material for an
tmplantable device is difficult to import.

FiG. 10. A pig with antificial sphincter is shown,
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The objective of the design concept is to enable
patients to go to the bathroom whenever they
choose. And then, when ready, they would take the
TETS and attach it to their abdomen so that they
would be able to control the implanted sphincter
easily.

At present, the development of an artificial sphinc-
ter is at the stage of long-term animal experiments.
Figure 10 shows a pig with a stoma and artificial
sphincter. We are currently conducting a long-term
endurance test for an artificial sphincter with TETS.
When this test is completed we aim to begin preclin-
ical trials. ‘

CONCLUSION

This article reports on various artificial organs
developed by Tohoku University and evaluates them

“for clinical applications.
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Abstract: It is desirable for the dynamic behavior of the
drive rate of the artificial heart to be as similar as possible
to that of the recipient’s heart rate (HR) before implanta-
tion. This requires a model which can simulate the behavior
of HR on the basis of only the information measured with
the limited number of approvable implanted sensors. This
article provides a linear time series model for explaining
the behavior of HR only with aortic pressure and right
atrial pressure. This could be obtained from open-loop
analysis using a total artificial heart, which was introduced
for measuring in vive and for eliminating its effect
on blood pressure. The model was identified in a goat
equipped with a spectal biventricular assist device called
the effectively total artificial heart (ETAH). The ETAH
was introduced to make an open loop and awake situation
in the animal with almest intact autonomic nerves, which
could enhance the accuracy and reliability of the identifi-
cation of the model. The adequacy of the proposed model
was ascertained in several data sets measured in two goats,
which were different from the data set used for identifica-
tion. Most of the mean estimation errors were less than
3 beats/min and auto-correlation analysis showed approv-
able statistical appropriateness. However, it was clarified
through comparison with the 1/R control method that the
proposed model has a few problems still to be solved
before its future implementation as an automatic con-
troller of the TAH. Key Words: Heart rate variability—
Total artificial heart—Peripheral vascular resistance—Sys-
tem identification—Autoregressive exogenous model.
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INTRODUCTION

One of the most important problems in controlling
the total artificial heart (TAH) is how we should
determine the cardiac output, i.e., the low pumped
out from the TAH to the vascular system. Although
many methods for solving this problem have been
proposed, no decisive methods have yet been found
(1-4).

We may have two keys to solving this problem.
One key is to clarify the total mechanism of the car-
diovascular center determining the cardiac output.
However, even if the mechanism is completely clar-
ified, we will not be able to implement a controller
with a similar mechanism because we can only mea-
sure a small part of the physiological information,
while the cardiovascular center can use the whole
information. The other key is to mimic the dynamic
behavior of the cardiovascular center for regulating
the cardiac output on the basis of the limited number
of measurements that we can obtain in the realistic
situation.

One of the simplest methods for simulating the
dynamic behavior of the cardiovascular center is to
create a controller so that the drive rate (DR) of the
TAH can behave as similarly as possible to the recip-
ient’s heart rate (HR) on the basis of only the infor-
mation measured with the limited number of
approvable sensors. This requires a certain mathe-
matical model which can express the dynamics of HR
variability and an assumption that the stroke volume
can be regarded as being constant.

The “1/R control method” proposed by Abe et al.
(5) is a candidate of such mathematical models rep-
resenting the behavior of the HR. Ir this method, the
DR at the next step is determined as a function of
the current DR, aortic pressure (AoP) and right atrial
pressure (RAP), subject to a constant stroke volume
regulated by an automatic controller. This method
could achieve the long survival of animals equipped
with TAHs driven by the fully automatic controller.
However, the method requires a searching process of
a control parameter depending on individual differ-
ences and external conditions, such as the response
time of the pump output. This process prevents us
from applying the method to clinical use because the
process must be done in a trial and error manner,

The substantial feedback information used by the
1/R method must be included in the AoP and RAP.
Thus, it may be possible to find another, better model
which can simulate the dynamic behavior of the HR
as a function of these pressures.

One of the simplest methods for finding such a
model is to apply the system identification technique

Ariif Organs, Vol. 28, No. |, 2004
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to the dynamic system from AoP and RAP to the
HR. In the case of an awake animal or human, how-
ever, this identification is not easy because the car-
diovascular system is a closed-loop system, i.e., the
HR is fed back to vascular pressures. Theoretically,
it is proved that we should make the closed-loop
system open to identify its subsystems as accurately
as possible (8,9). However, it will, of course, be diffi-
cult to directly cut the feedback loop, for example by
blocking autonomic nerves, unless we introduce
some special experimental conditions to maintain the
subject’s blood perfusion (8,9).

To realize an approximately open-loop situation,
in this study, a special animal model equipped with a
kind of biventricular bypass system, called an effec-
tively total artificial heart (ETAH), has been intro-
duced, as shown in the next section.

The ETAH can be expected to provide an accurate
identification of the system from blood pressures to
the HR because the ETAH enables us to observe the
HR under conditions in which the HR has little effect
on the blood pressure, in spite of an awake animal
with an intact autonomic nervous system.

METHODS

Animal experiment

Figure 1 shows a schematic illustration of the ani-
mal experiment using the ETAH. Two pneumati-
cally-driven blood pumps (TH-7, Tohoku University,
Japan} were used aga biventricular bypass, withdraw-
ing blood from the right and left atria and transfusing
it to the pulmonary artery and the aorta, respectively.
The right pump bypassed 100% of blood flow of the

HR HR

Cardiovascular
center

| Systemic
circulation

mp)

Pulmonary
circulation

FIG. 1. A schematic illustration of animal experiments.
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right ventricle and the left pump bypassed about
80% of that of the left ventricle by clamping the
ascending aorta. Thus, the effect of the HR on blood
pressure could be sufficiently reduced while the HR
still remained because the coronary circulation was
maintained by the rest, about 20%, of the systemic
circulatory flow. This situation could be regarded as
nearly open loop because the paths from the HR to
blood pressures were nearly cut off However, the
HR was still determined by the cardiovascular cen-
ter, depending on the artificial variation of blood
pressures driven by the two blood pumps.

In the experiment, two adult goats were employed
to apply the ETAH. The HR was obtained from
ECG, measured with electrodes implanted at the
pericardium. The AcP and RAP were measured
using pressure transducers through fluid-filled side
catheters at the outlet port of the left pump and the
intake port of the right pump, respectively.

After implantation, the ETAH was manually con-
trolled so that blood flow and pressure could be on
roughly normal physiological levels. Because the cir-
culation had been unstable immediately after the
operation, data acquisition was started a week later.
ECG, AoP, RAP and the drive signal of the ETAH
were measured at 500 Hz on a personal computer
with an A/D converter. The DR and HR were
obtained from processing the drive signal and ECG,
respectively. The AoP and RAP were averaged over
a drive period of the ETAH, and their averaged val-
ues and the DR were recorded at every drive beat.
Independent of these values, the HR was recorded
at every natural heartbeat.

To keep the characteristic of the persistent excita-
tion (10) for increasing identifiability, the DR was
randomly changed according to a rectangular signal,
as shown in Fig. 2(a).

Data processing and system identification

It is necessary to sample at a fixed rate to identify
the system dynamics. Therefore, each beat-to-beat
data series was resampled at 2 Hz after smoothing by
means of the cubic spline function because the max-
imum drive rate was less than 120 bpm. Then the
time series data was linearly detrended and normal-
ized to have zero mean and unit variance.

To estimate coefficient parameters and delays, the
cross-correlation coefficients between the AoP and
the HR, and the RAP and the HR were calculated.

The model of the HR regulator was indicated as a
general linear model. According to the general pro-
cess of system identification, the autoregressive exog-
enous (ARX) model, which can be estimated easily,
was selected as follows:
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where HR,, AOP, and RAP, are sampled values of
the HR, AoP and RAP, respectively, and n, o, and
Mmgap are orders of HR,, AOP, and RAP,, respec-
tively. L.pp and Lg,p are delays from AOP; to HR,
and from RAP, to HR,, respectively. ¢, is a residue.

First, Lop and Lg,p were determined from the first
peak of the cross-correlation coefficient, and then all
of the combinations in which the order of each
parameter was from 1 to 10 were fitted to the data
set with the chosen delays. The total number of mod-
els was 1000. For each of these models, the sum of
the squared prediction errors and the resulting loss
functions (normalized sum of the squared prediction
errors) were computed. n, mop and mg.p were cho-
sen such that the structure could have the smallest
loss function.

Evaluation of identified models

To ascertain the adequacy of identified models, the
output of the model was compared with measured
data by using the following data sets.

A. The same data set as that used for the identifica-
tion obtained from a goat.

-B. Another data set obtained from the same goat as
data set A in a different interval.

C. The data set obtained from another goat for
which the DR was changed according to a ran-
dom rectangular signal,

D. The data set obtained from the same goat as data
set C for which the DR was kept constant,

E. The data set obtained from a goat not equipped
with blood pumps but with only sensors, while
10 mg methoxamine hydrochloride was injected
for changing blood pressure.

Data sets A and B were used to evaluate the ade-
quacy of the parameter estimation. Data sets C-E
were used to evaluate generality for individua!l dif-
ferences. It is important to use data set E because the
situation of the goats equipped with the ETAH may
be very special.

If the system is correctly described, then the resid-
uals associated with the data and a given model will
ideally be white and independent of the input given
to the mode! (10). To check these characteristics, the
auto-correlation function of e, and the cross-correla-
tion function between e, and the inputs, AOP; and
RAP,, were computed.

RESULTS

Figure 2 shows an example of the time series data,
It can be seen that the HR, changed depending on
variations of AOP; and RAP, caused by the change
in DR, However, it can be considered that AOP; and
RAP, were only slightly affected by HR, because
HR, seemed to change to suppress the variation of
these pressures, that is, HR, increased with decreas-
ing AOP, and with increasing RAP,, and vice versa.

“This implies that the baroreflex function of the car-

diovascular center expressed in HR, could work nor-
mally, even under almost the same condition as the
TAH.

Figure 3(a,b) show the examples of the cross-cor-
relation coefficients between AOP, and HR, and
between RAP, and HR,, respectively. Note that HR,
is strongly correlated with AOP, and RAP,. The
average lags at which the coefficients achieve their
maximum are 3s (the 10th sample) for AOP, and
2.5 s (the 5th sample) for RAP,.

As aresult, L,or and Lg4pin Eq. 1 were chosen as
follows:

Laop=10, Lgap=5. (2)

Then, after computing the loss function using Eq.2,
the orders of Eq. 1, n, maop and mpg,p, were chosen
as follows:

n=2 Muop=2,Mgap=2. (3)

Ariif Qrgans, Vol. 28, No. 1, 2004

—-100—



12 THOUGHTS AND PROGRESS

Cross-correlation coefficient

03

Tise of Lag [s]

FIG. 3. The cross-correlation coefficient (a) from -AOF, to HR,,
and (b) from RAP, to HA..

Finally, the parameters of the model were estimated
using the least-squares method. Hence, Eq.1 is
expressed as follows:

- HR,=032HR,_, + 0.48HR, ; — 0.19A0P, 1
- 0.0SA.OPk_u +0.10RAP; ¢ (4)
+ 0.02RAP,¢_7 + €.

Figure 4(a,b) show the variations of HR; and its
estimate with time. The estimates of Fig. 4(a,b) were
calculated from data sets A and B, respectively. It can
be seen that the linear model could estimate HR
variability well, mainly at low frequencies up to the
respiratory rate. The root-mean-squared value of the
estimation error e, was less than 2.0 beats/min.

Figure 5(a) shows the result of HR estimation in
which the input data set was measured on a different
goat from Fig. 4 (data set C). It can also be seen that
the slow variation of HR is similar to the change in
HR,; with AQP, caused by the change in DR,. The
mean estimation error was less than 3.2 beats/min.

Figure 5(b) shows the result of the estimation in
which the input data set was measured on the same
goat as that of data set C but DR, was kept constant
(data set D). Hence, the change in AOP, was not
caused by the change in DR, but in the characteristic
of the systemic circulation and/or venous return. The
estimation error was less than 3.1 beats/min.

Figure 6 shows the estimation results in which the
input data set was measured on the different goat
from Figs.4 and 5, not equipped with blood pumps
but with only sensors {data set E). In this data set,

Artif Organs, Vol 28, No. I, 2004
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FIG. 4. The variation of the measured HR; and its estimate for
(a) data set A, and (b) data set B.

AOP, was changed by injection of methoxamine
hydrochloride (10 mg) at t =100 s.

The auto-correlation function of e, the cross-cor-
relation function between AOP, and e;, and the
cross-correlation function between RAP, and ¢, are
shown in Fig. 7(a,bc), respectively. In each figure a
99% confidence interval, represented by dotted lines,
is used to ensure that the residue e, is indeed white
and independent of the inputs. Almost all functions
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FIG. 6. The variation of the measured HA, and its estimate
based on data set E.

stay inside the interval, except for a few lag points
This result shows that the estimated model expressed
by Eq. 4 may be statistically appropriate,

DISCUSSION

The present results of animal experiments have
shown that the response of the HR to two kinds of
blood pressures caused by the baroreflex function
still remained under the awake and open-locp con-
dition produced by the ETAH. Sugimachi et al. (8)
and Kawada etal. (9) have already revealed the
transfer function from the arterial pressure to the

autonomic nervous activity under an open-loop con-.

dition in rabbits. However, these animals were anes-
thetized and their autonomic nerves were not
perfectly intact. Moreover, the effect of preload was
not considered because atrial pressure has never
been analyzed.
. As shown in Fig. 3, the values of the two delays,
one is from the AoP to the HR and the other is from
RAP, were different from each other. This suggests
that the HR regulator has at least two control loops.
One works depending on the afterload of the left
heart and the other on the preload of the right heart.
This indicated that the AoP and RAP should be fed
back to the DR of the TAH with different delays
rather than the same delay.

On the other hand, the 1/R control method manip-
ulates the DR on the basis of the AoP and RAP with
the same delay. Thus, the method leaves room for
improvement, at least in adjusting delays in feedback
loops.

The results of Figs. 4-6 mean that the identified
ARX model could simulate the dynamic behavior of
the HR at low frequencies up to respiratory rate,even
in the three cases where the model was applied to
different data sets obtained from the same goat, the
different goat equipped with the ETAH and the dif-
ferent goat without the ETAH. Moreover, Fig. 6 sug-
gests that it is possible to use the ARX model for
estimating the HR to some extent on the basis of
constant coefficient parameters, even when the peri-
pheral vascular resistance is considerably changed.

This characteristic is important because it means
that the functional relationship between blood pres-
sures and the HR is roughly robust to the change in
the peripheral vascular resistance and individual dif-
ference. It is a matter of course that this robustness
is also desirable for general application of the auto-
matic controller for the TAH because the structure
or the parameters of the function determining the
DR should be invariant for different hemodynamic
states or different recipients.

As shown in Fig. 7, the results of the residual apal-
ysis showed statistical appropriateness of the identi-
fied ARX model. Thus, we cannot expect to improve
the estimation accuracy any more as long as we use
linear ARX models whose inputs are only the AoP
and RAP.

2 (a) Autocorrelation function of residvals with respect to HR

(b) Cross-correlation function between AOP and residuals of HR

005

0.1

a0 TE T 0 3 R

(c) Cross-correlation function between RAP and residuals of

01 T} 4 3

— 0 10
Time of lag [s)

FIG. 7. The results of the residual analysis with respect to e,
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However, this does not deny the existence of
other better models with other additional kinds of
inputs, for example, metabolic products (11) or the
respiratory rate. In particular, the introduction of
the respiratory rate may improve the estimation
accuracy at high frequencies, which could not be
estimated by the proposed model because it is well
known that the HR variability has a high frequency
component related to respiratory arrhythmia.
However, its usefulness and significance are still
unknown.

Furthermore, it may be impossible for the identi-
fied model to estimate a quick change in the HR
caused by external factors such as emotion and men-
tal stress, which are not directly related to blood
pressure. However, this problem may not be so
important for the achievement of long survival with
the TAH at the present time.

If the sampling interval can be modified appropn-
ately by interpolation using a linear or a spline func-
tion, then Eq.4 will be able to be theoretically
applied to TAHs as an automatic control algorithm.
To implement such a controller in an actual implant-
able TAH, however, the following problems must be
solved.

1. In the same way as the 1/R control method, use
of blood pressure as input information is not suit-
able for the implantable and durable TAH
because pressure sensors are apt to drift and have
low bioadaptability.

2. Since Eq.4 holds only for normalized data with
zero mean and unit variance, it is necessary to
calculate the mean values and the standard devi-
ations of input and output signals every time when
these values seem to change.

3. In the case of the 1/R control method, it can be
predicted that the AoP and RAP will, if they can,
converge to the corresponding setting points.
However, Eq. 4 does not have such setting points
or reference values of blood pressures.

CONCLUSION

To develop a new control algorithm of the cardiac
output of the TAH, a linear time series model repre-
senting heart rate variability as a function of the aor-
tic pressure and right atrial pressure was proposed.
The model was identified in an open-loop situation
produced by the effectively total artificial heart
implanted in a goat. Hence, it can be expected that
the reliability and accuracy of the identified model
were sufficiently high. Furthermore, the model could
estimate the dynamic variation of the heart rate of

Artif Organs, Vol 28, No. 1, 2004

the different goat as well as the response which was
obtained due to a drastic change in the peripheral
vascular resistance caused by a drug administration.
As mentioned in the Discussion, however, a few seri-
ous problems are still to be solved before implement-
ing the proposed model as a practical automatic
controller for the TAH.
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Functional Evaluation of an Artificial Anal Sphihcter Using
Shape Memory Alloys

Yun Luo,* TosHIYUKi TAKAGH* TakesHI OKUYAMA,* SHINTARO AMAE,+ MoTosH Waoa,t KoTaro Nisti, +
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This article describes an implantable artificial anal sphincter
using shape memory alloys and its in vivo assessment in
porcine models. The new design  was developed as a low
invasive prosthesis with a simple structure to solve the prob-
lem of severe fecal incontinence in patients with hypoplastic
sphincters or without anal sphincters and especially for osto-
mates. The artificial anal sphincter consists of two shape
memory alloy (SMA; plates as the main functional parts to
perform two basic functions when the SMA artificial sphinc-
ter is fitted around intestines (ie., an occlusion at body
temperature and an opening function on heating). Our pre-
vious assessments with short-term animal experiments re-
vealed promising properties with the occlusion function of
the device, although some complications, such as overpres-

sure induced ischemia, heat burn, and infections, remained..

This article addresses the concerns related to the practical use
of the device, the power supplement to drive the actuator,
and overheating protection of the device inside bodies. Re-
sults of chronic animal experiments of up to 4 weeks sug-
gested great potential for the improved device, ASAIO Jour-
nal 2004; 50:338-343,

Incontinence, generally classified into urinary incontinence
and fecal incontinence, has negative physical, psychologic,
social, and economic effects on patients. Medical treatments,
such as surgical reproduction of a necsphincter or electrical
stimulation, have proved effective for selected patients. Artifi-
cial urinary sphincters have been developed and implanted in
patients and have had a high success rate.’:2 Meanwhile, little
attention has been given to research on artificial anal sphinc-
ters. Prostheses with a structure similar to an inflatable circular
cuff fitted around the anorectal bowel have been developed
and studied in both animal expetiments and clinical trials.3-2
These implantations have improved incontinence, but they
remain a controversial treatment, mainly because of reported
mechanical failure and structures using a liquid drive mecha-
nism. In addition, to be proportional to the dimension of the
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intestines, larger sizes of the cuff, balloon, and pump are
required.

We proposed a novel artificial anal sphincter with a simple
structure using shape memory alloys (SMAs). The purpose of
this work was to reduce the number of parts of the device and
to develop a compact design for a less invasive prosthesis,'0-12

SMAs are functional materials with the unique characteris-
tics of the shape memory effect (SME} and pseudo elasticity
{PE). The features in the mechanical behavior of SMA materi-
als, the high ratio of recovery force to weight, and large
recoverable strains enable their applications for variovs com-
pact actuators and sensors in industrial products, daily appli-
ances, and medical applications.’* The use of SME allows
freedom in the design of medical actuators such as artificial
muscles,s active catheters,’® and SMA valves for urinary in-
continence.'” The commercialized artificial sphincter AMS-
800 consists of three actuation requiréd parts: an inflatable
silicone cuff, a pressureé regulating balloon, and a manua!
pump. The propgsed artificial anal sphincter has only one
deformable part'(i.e,, the artificial sphincter itself), which is,
therefore, expected to reduce the possibility of mechanical
failure. 7 _

Our previous results from animal experiments on the pre-
liminary evaluation of the SMA artificial anal sphincter showed
promising properties for the occlusion of intestines, .12 How-
ever, postoperative complications and thermal burn were ob-
served in tissues around the implanted device. The reasons for
the problems have been attributed to the percutaneous lines
connected to the external power supply and a lack of an
overheating control in the device. In the current study, we -
made improvements (1) to decrease the potential for infection
by incorporating a transcutaneous energy transmission (TET)
system to realize complete implantation, thereby eliminating
the potential for infection, and 2) to develop a thermal control
inside bodies. Results of chronic animal experiments with the
improved device are reported,

&
»

Materials and Methods

A typical SMA material with two way shape memery effect
(TWSME), Ti51at%Ni, was adopted in this werk! SMA plates
were subjected to a solution treatment {850°C, 20 minutes)
followed by an aging treatment (400°C, 100 hours) with re-
strained arc shapes, The transformation temperatures were
measured by the differential scanning calorimetry (DSC) tech-
nique. At temperatures higher than body temperature, the
material revealed only transformations between a rhombohe-
dral phase (R-phase) and an austenite phase {A-phase). The
start and finish temperatures are obtained by DSC measure-
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ments: A’ = 47°C, A/ = 52°C for A-phase and M,’ = 49.5°C,
M, = 44.5°C for R-phase,

A schematic drawing of the proposed artificial anal sphinc-
ter is shown in Figure 1. The actuator consists of two SMA
plates jointed by hinges at their ends and foil type heaters
attached on the SMA plates. Each SMA plate is 65 mm long, 15
mm wide, and 0.7 mm thick. Silicone pillows are placed on
the surfaces of the SMA plates to prevent the pressure concen-
tration on intestines that causes ischemia, Anather function of
the silicone pillows is for thermal insulation, because the
highest temperature for the complete reverse transformation of
the SMA might be higher than Af, although the maximum
tolerable temperature for tissues of living bodies is approxi-
mately 42°C. The artificial sphincter can be fitted around
intestines and act with an occlusive force on the intestines at
body temperature. On heating, the reverse R-phase transfor-
mation occurs in the SMA plates, accompanied by the shape
changes from a flat shape to an arc shape. The shape change
results in a lumen between two SMA plates, which allows
bowel movement, After switching off the electrical power for
heating, the SMA plates recover to their initial shapes on
natural cooling, closing the intestines again. A protatype of the
developed artificial sphincter is shown in Figure 2. It is 80 mm
[ong, 15 mm wide, and 20 mm high. The SMA material in its
rhombehedral phase, which exists at body temperature, has a
Tower Young's modulus than that in its austenite phase, and is
easy to deform mechanically. This characteristic enables an-
other function for healing the intestines after the implantation,
I we deform the SMA ribbons to arc shapes to have a lumen in
the artifictal sphincter, this open state would be maintained as
long as the SMA artificial sphincter is deactivated. After several

“days, thermal activation or deactivation can be used ta open or
close the intestines.

The power to heat the SMA plates can be provided percu-
taneously by a DC/AC external power supply, but in our
previous animal experiments, it was difficult to avoid infection
along the electrical lines.’* The TET system, a technology
developed for the power supply of adtificial hearts,'® was then
adopted for our artificial anal sphincter. Integrating the TET
systems into the SMA actuator can facilitate the complete
implantation of an artificial anal sphincter and can eliminate
the potential for infection.

The basic design of the device has two elements implanted
inside the body: an SMA based artificial sphincter and a sec-

Secondary eoil
(Inside body)

Primary coil

{Outside body) | Thermal insulation

Shape memory alloy platles
vith attached heaters

Portable high frequency
power supply

Figure 1, Schematic drawing of the proposed atificlal anal
sphincter using shape memory alloy.

Figure 2. A prototype of the proposed artificial anal sphincter
clipping an artificial intestine {Upper) and deformed for releasing
function (bottom). T, temperature; A/, finish temperature of reverse
transformation,

ondary coil. Although the former has a comparable dimension
to the silicone cuff in the AMS-800, the latter is disklike and
drastically reduces the volume of the implant. This promotes
the new device as a low invasive prosthesis. In addition, the
simple mechanism of the driving principle of the device is
expected to enhance its reliability and durability.

Results and Discussion
Deformation Under Thermal Cycles

The thermomechanical properties were investigated to de-
termine the maximum cbtainable gap between the middle
points of two deformed SMA plates large enough to allow a
bowe! movement. The gap was indirectly evaluated by mea-
suring the strain on the surfaces of the SMA plates. The tem-
perature dependence of the strain is presented in Figure 3, As
seen in Figure 3, on heating, the strain increases slightly from
the 43°C because of the local transformation and exhibits a
sharp rise from 47°C, corresponding to the start temperature of
the reverse transformation, followed by saturating at a maxi-
mum value of strain. On cooling until the temperature de-
creases to the start temperature of the R-phase transformation,
the strain remains at the maximum value. The time for this
temperature drop allows for the bowel movement. In addition,
complete shape recovery was obtained when the temperature
dropped to the initial value. The maximum strain ¢ has the
refation with the curvature p for a specific thickness t, e = ¢/2p.
Therefore, for the maximum strain of 1.2% and thickness of 0.7
mm, the curvature is calculated to be approximately 30 mm,
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Figure 3. Transformation accompanied strain changes Ina TI51 at
%N plate underwent a aging treatment with a restrained shape,

The initial strain of the SMA plates is generated by the silicone
pillows attached on their inner surfaces, The maximum strain
leads to a lumen between two SMA plates of around 30 mm.
The practical lumen for opening the intestines should subtract
the thickness of silicone pillows 10 mm (5 mm for each one).
This lumen was proved adequate for providing appropriate
pressure on intestines in our animal experiments. For clinical
trials in the future, this lumen should be set to fit the dimension
of the intestines of individual patients through a careful design,
taking into account the mechanical interaction between the
SMA ribbans, silicone pillows, and natural intestines,

Transient Thermal Responses of the Artificial Sphincter

In our previous study, in vitro investigations were conducted
on the time response of SMAs and the temperature dependent
occlusive properties.’? At room temperature, the artificial anal
sphincter exhibited a good occlusive function against hydro-
static pressures of up to 75 mm Hg, although the mean inner
pressure of intestines is estimated to be around 50 mm Hg for
human bodies. In vivo experiments were performed in the
current work to investigate the relationship between the input
electrical power and response time. Preliminary tests were
carried out, heating the SMA plates from the body temperature
to around 60°C by a DC power supply. The transient temper-
ature of the SMA plates was measured by a thermocouple
sandwiched between SMA plates and thermal insulations. The
input voltage of the power supply was setto 8V, 12V, and 16
V for three cases. Because the electrical resistance of the
heaters is 22 Ohm, the power for each case becomes 2.9 W,
6.5 W, and 11.5 W. As shown in Figure 4, the time responses
were 122 seconds, 33 seconds, and 19 seconds for corre-
sponding cases. To obtain a shorter response time, more power
is required. The temperatures on the contacting surfaces of the
silicone pillows with intestines (inner surface) and the sur-
rounding tissues (outer surface) were measured by thermocou-
ples for confirmation purposes because surface temperatures
of the device should be maintained lower than the maximum
tolerance value of tissues, 42°C. Figure 5 shows the results of
a representative case with electrical power of 6.48 W (0,54 A,
12 V) and 33 seconds for heating. The power was applied to
heat the SMA plates to 60°C and then switched off. The

8
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=
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Figure 4. Input power dependences of the response time In an /n
vivo experiment.

response time was found to be around a half minute. Slight
temperature rises were observed on the inner and outer sur-
faces, but the highest temperatures were lower than 40°C. The
peak of the temperature rises on surfaces appeared with a time
delay compared with that of SMA plates because of transient
heat conduction. The difference in their responses is attributed
to the difference in the thickness of therma! insulations: 3 mm
for the outer surface and 4 mm for the inner.

Transcutaneous Energy Transmission System

To power implantable devices, TET systems are most suit-
able for achieving complete implantation, thereby reducing
the potential for postoperative infections that are usually diffi-
cult to avoid in applications with percutaneous power supply
leads. Ventricular assist devices are well known applications of
the TET system.19-2 A typical TET system setup consists of an
AC power supply connected with a primary coil providing an
alternating field and a secondary coil in which the AC current
can be induced and coupled with a load.

For medical applications of TET systems, the thermal effect of

65
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Figure 5. Thermal response of the artificial anal sphincter in anin
vivo experiment. SMA, shape memary alloy.
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the implanted secondary coil on the contacting tissues should be
taken into account. Enhancement of energy transfer efficiency is
also a common concern in this technology. The thermal effect of
the coils on the contacting tissues should be lower than 42°C by
reducing the electrical resistance of the coils.20 However, the
optimization of the profile of coils to obtain higher energy transfer
efficiency depends on many factors, such as the distance between
the primary and secondary cails (defined as coil separation) and
the materials of the coil core. A detailed discussion on these
topics is beyond the focus of this anicle. Here we investigated the
possibility of power transmission to drive the artificial ana!
sphincter with adequate coil separations for practical uses. The
system, with its block diagram illustrated in Figure 6, consists of
a high frequency power supply connected to the primary coil L1,
a secondary coll L2 connected to the SMA artificial anal sphinc-
ter, and spacers with corresponding thickness sandwiched be-
tween two disc shaped coils, The coils were made from a twisted
bunch of 100 thin copper wires, each with diameter of 0.1 mm.
The primary coil has 10 turns of the bunch and has outer and
inner diameters of 60 mm and 30 mm. The secondary coil has §
turns, and its outer and inner diameters are 40 mm and 20 mm.
Preliminary experiments have been demonstrated in vitro for
three cases with the coil separations being 5 mm, 10 mm, and 15
mm. The power with a frequency of 100 kHz was applied in the
primary coil with 15V, 18V, and 22 V for each case. The power
factors depend on the configuration of the experimental setup
{here, mainly the coil separation}; therefore, the values of power
obtained in the coils increase with the decrease of coil separa-
tions, and the obtained efficiency exhibits a similar tendency as
that seen in Figure 7. In 2 case with a coil separation of 15 mm,
the energy transfer efficiency is 56%, and it increases to 70% for
a coil separation of 10 mm and to 88% for 5 mm. For a case with
a coil separation of 10 mm, which is comparable with cases in
practice and power of 10 W, the response time is shorter than half
a minute,

In summary, although in animal experiments the secondary
coil is implanted under skin with a distance ranging from 58
mm from the primary coil, the developed TET system exhibits

Skin
L1 L2
D L L
i Cl C2 RHcab.-r
\J
Outside body Inside body

Figure 6. Schematic drawing of a transcutaneous energy trans-
rmission system for driving the artificial anal sphincter (indicated by
Reator: L1, primary coll; L2, secondary coil; C1, primary capacitor;
C2, secondary capacitor.
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Figure 7. Gap dspendency of energy transmission efficiencles
with different coll gaps.

a capability in energy transfer to the adtificial anal sphincter
with the coil separations over a range of 5-15 mm with satis-
factory responses,

Thermal Controf

As previously mentioned, a simple switch off control of the
applied power can prevent the SMA plates from overheating
after a complete deformation. With the maximum temperature
being controlled, the temperatures on the contacting surfaces
of the silicone pillows with intestines (inner surface) and the
surrounding tissues (outer surface) were controlled success-
fully to be lower than the maximum tolerance value of tissues,
42°C. Because there is no deformation in the temperature
range from Af to the start temperature of R-phase transforma-
tion Ms, the deformed shape could be maintained for a short
period as long as the temperatures were higher than Ms.
However, the short period, usually less than 1 minute, was not
long enough for the bowel movement, T his concern motivated
us to develop an approach to controi the temperature of SMA
plates at around Af, automatically, to elongate the open time
without overheating the surrounding tissues.

For this purpose, we introduced a temperature sensitive reed
switch (normally closed) into the electrical circuit of the inside
part of the device. The switch consists of two permanent
magnets and a thermal sensitive ferrite tube, forming a mag-
netic circuit. A ferromagnetic contacting pair closes normally
under a balance between an elastic force and a magnetic force
induced by the magnetic field. Heating the ferrite tube reduced
its magnetization, and as the temperature exceeded its Curie
point, the magnetization dropped to zero, leading to the open-
ing of the magnetic circuit. Without the magnetic force, the
contacting pair was opened by the elastic force. It is expected
that such a switch will be used to perform on-off control of
power applied in the artificial sphincter, The best way is to use
a switch directly attached on the SMA to control its tempera-
tures. However, the size of commercially those available in-
hibits such a design. In this work, an additional heater was
used to heat the reed switch. The switch was electrically
connected with the SMA sphincter in series, A schematic
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Figure 8. Schematic drawirg of the elsctrical clrcult of the pro-
posed system. SMA, shape remory alloy.

drawing of the proposed set is illustrated in Figure 8. A thermal
sensitive reed switch with a 55°C operating temperature was
adopted in the control circuit. To ensure the temperature of the
SMA plates could be controlled at A, a variable resistor,
connected with the additional heater in parallel, was used to
bypass the current in the reed switch. Experiments for the
cenfirmation of the proposed approach were conducted. To
confirm the robustness of the control scheme, a demonstration
of the temperature responses under a variation of applied
power was conducted, with a fixed value of the variable
resistor. Results of the cases with applied voltage of 15 V and
25 V are shown in Figure 9. In each case, the temperature of
the reed switch was successfully controlled with an on-off
switching at approximately the operating temperature of 55°C.
Meanwhile, the average temperature of the SMA plates was
successfully controlled at approximately 60°C. This suggests
that once the overheating of the SMA plates s controlled, the
surface temperatures of the artificial sphincter can be con-
trolled below a certain value by increasing the thickness of the
thermal insulation materials. An in vivo example is shawn in
Figure 10; the temperature of SMA plates was successfully
controlled within a range from 58°C to 65°C, which ensures
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Figure 9. Temperature responses of the shape memory alloy

{SMA) plates, tha reed switch, and surfaces of the artificial sphincter
with applied voltages of 25 V and 15 V.
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Figure 10, Thermal responses of the artificial sphincter insida the
body but with corrected parameters. SMA, shape memory alloy.

the open function of the artificial sphincter. During the oper-
ating period of 10 minutes, the surface temperatures did not
exceed 43°C. The inner surface, defined as the contact area
with the intestines, was found to be much lower than the outer
surface because of the difference in the thickness of the ther-
mal insulation. A further reduction of the surface temperatures
of the artificial sphincter can be realized easily by increasing
the thickness of insulation materials covering the SMA plates.

Animal Experiments

A series of animal experiments, including acute and chronic ex-
periments, were performed on porcine models with weights ranging
from 15 kg to 20 kg. All animal experiments were performed with
permission issued by the Committee on Animal Experiments in
Tohoku University. In our acute experiments, basic functions of the
artificial sphincter (e.g, the open occlusion function, the resting anal
pressure after implantation, and the thermal behavior of the device)
were investigated. Chronic experiments were conducted in two
stage operations: a colostomy on the abdomen through the oblique
muscles, followed by implantation of the artificial anal sphincter.
The colostomy before the implantation of the device is a procedure
conducted only to create a situation of complete feca! incontinence
in animal models rather than a necessary preoperation to implant the
device. For the practical use of the device, the colostomy would, of
course, not be required. So, even though this protocol is very inva-
sive, the device itself should not be considered invasive because of
the colostomy. In a previous paper, we reported preliminary results
on two animal models."" Although the occlusion function as a
sphincter was completely confirmed with a maxirmurm pressure of 55
mm Hg, severe postoperative complications were found. Problems
observed in these experiments were then improved with the new
design. For example, the incorporation of the TET system is expected
to eliminate postoperative infections and the overheating protector to
reduce the thermal impact on surrounding tissues.

With the improved devices, we performed three chronic
animal experiments. Two lasted 2 weeks, and one lasted 4
weeks. The occlusion pressures were measured after each
implantation. Average values were found ranging from 40 mm
Hg to 50 mm Hg. In the former two experiments, without
overheating protection, activation of the device was performed
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by a simple on—olf operation of the power supply. Although at
the beginning, fecal continence was regularly observed, con-
stipation was found severa! days after operation. A possible
reason was considered to be the relatively short open time of
around 1 minute, which may be not enough for complete
evacuation. This problem was solved in the latest experiment.
By incorporating the thermal controller into the device, the
open time was lengthened to 10 minutes. During the 4 weeks
of the experiment, fecal movements were regularly observed
when the artificial anal sphincter was activated, and the evac-
uvated feces was confirmed as being normal by comparing with
that of controls. At autopsy, postoperative infection was found
in a pocket containing the thermal controller, perhaps because
of some failure of the silicone coating. Slight burns were found
on the surfaces of tissues contacting with the secondary coil
and the side face of the artificial sphincter, where the thermal
insulations are relatively thin. Nevertheless, neither ischemic
anomaly nor heat burn was found in tissues that underwent
occlusion pressure most of the time, suggesting the good func-
tionality of the developed artificial anal sphincter.

Conclusion

In summary, an SMA artificial anal sphincter actuated by a TET
system has been developed for complete implantation. The use of
Ti51 at %Ni, which exhibits TWSME, enables a compact design
with simple structure. Fundamental thermomechanical behaviors
of the SMA actuator have been investigated in both in vivoand in
vitro experiments, Satisfactory occlusion and release functions of
the artificial sphincter were confirmed. Thermal control using a
thermal sensitive reed switch was incorporated into the device to

-prevent the temperature of the SMA plates from overheating. This
approach proved effective, allowing a long enough open time of
the artificial sphincter for evacuation, and the overheating pro-
tection was found to be robust against possible changes in the
values of the applied power. The developed SMA artificial
sphincter has been implanted in animal models for chronic ex-
periments of up to 4 weeks and has exhibited good performance
in maintaining fecal continence.

Results obtained in the current work suggest the possibility of
the SMA antificial anal sphincter as a new solution for severe fecal
incontinence. However, the assessment of its biocompatibility
requires longer anima! experiments. Concerning the biocompat-
ibility of materials used in the current waork, the TiNi SMAs may
give rise to a problem of the possible dissolution of Ni, which is
considered toxic. It was reported that an adequate surface treat-
ment such as laser sufface melting could dramatically increase
the corrosion resistance of the alloys.22 Moreover, coating the
TiNi alloy with polyurethanes followed by 2-methacryloyloxy
ethyl phosphorylcholine (MPC) polymers?3 that have been
proven to have good biocompatibility should be effective in
resisting the corrosion of Ni and making the device biocompat-
ible. tn our future work, long-term: animal experiments with the
SMA antificial anal sphincter implanted will be repeated to con-
firm the biocompatibility of the device.
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Abstract

We have developed a fiber-optic Fabry-Perot interferometric pressure
sensor of 125 pm in diameter and a detection systern for medical use.

A Fabry-Perot cavity is formed at an optical fiber end. A deformation of the
‘diaphragm of the Fabry—Perot cavity induced by pressure varies the cavity
length. White light interferometry is used to avoid error and noise caused
by bending of the optical fiber and fluctuation of the light source. The
reflection light of the sensor cavity is detected by a commercial high-speed
spectrometer. A pressure change has been detected by using the developed
sensor system. Animal experiments using a goat have been carried out and
dynamic pressure changes in the internal pressure of heart and aorta have

been successfully monitored,

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In medical diagnosis and treatment, pressure measurement
is essential for monitoring the condition of a human body.
Furthermore, the spread of minimally invasive therapy (e.g.,
percutaneous coronary intervention) requires monitoring local
pressure in a very narrow space. To meet the demands, a
miniaturized pressure sensor has been developed {1-6]). The
pressure sensors utilize piezoresistive and optical detection
using optical fibers. . In particular, fiber-optic pressure
sensors have the advantages of not only high potential
of miniaturization but also applicability to use in such
electromagnetically harsh environments as in an operating
room in a hospital. Although small fiber-optic sensors have
been commercialized, still it is difficult to meet the demands
of the size and the shape. To realize the smallest and finest
shape, a pressure sensor of 125 pm in diameter was developed
in our research {7, 8). The Fabry—Perot interferometric sensor
the cavity length of which was changed by pressure was
formed at the tip of the optical fiber. However, though the
pressure sensor was small enough to install in interventional
tools (e.g., catheter, guide wire), bending of the optical

fiber and fluctuation of the laser diode used as the light
source affected the sensor output. To reduce the effects
of bending and fluctuation on the sensor output, a real-time
measurement system which used spectrum modulation shifted
by the distance change of the mirrors of the sensor cavity has
been utilized. In this paper, we describe an ultra-miniature
fiber-optic pressure sensor and a detection system for in vivo
blood pressure monitoring.

2, Sensor system

The structure of the fiber-optic pressure sensor is shown in
figure 1. The sensing element of 120 um in diameter is
composed of a thin silicon dioxide diaphragm with a mesa,
an aluminum mirror on the mesa and a spacer fabricated by
micromachining. Itis bonded to the end of a multimode optical
fiber. The outer diameter and the core diameter of the optical
fiber are 125 pm and 50 pem, respectively. A chromium half-
mirror is formed at the fiber end. A ring-shaped spacer made
of polyimide (2 um thick) is formed. The aluminum mirror
and the chromium mimor spaced by the cavity constitute a

0960-1317/05/010071+05$30.00 © 2005 IOP Publishing Ltd  Printed in the UK "
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Figure 1. Schematic of sensor system.

Fabry-Perot interferometer (FPI) at the fiber end. The initial
cavity length of the FPI is about 2 um.

‘The deformation of the diaphragm induced by the pressure
varies the cavity length. White light interferometry is vtilized
to detect the deformation of the diaphragm [9]. Low-coherence
light from a white light source passes through the optical fiber
to the sensor, and then the light is modulated at the FPI of
the sensor. The light reflected by the sensor passes through
the optical fiber again and is detected by a spectrometer. The
cavity length d corresponding to applied pressure is determined
by measuring the spectrum of the reflection light of the sensor.
The cavity length d can be obtained by using

M
T 210k — 1)

where n represents the refractive index of the material of
the sensor cavity, Ay and A represent adjacent peaks in the
reflection spectrum [10].

Since the bending loss of the optical fibers and the
fluctuation of the light source do not change the peak
wavelengths of the spectrum but vary the total intensity
of detected light, white light interferometry can reduce the
influence of the bending loss and fluctuations on the output of
the sensor system [11-14].

3. Sensor fabrication

The sensing element with a silicon column is batch fabricated
on a silicon wafer by micromachining and is bonded to the half-
mirror-coated optical fiber end utilizing patterned polyimide
tayer by thermocompression as shown in figure 2. After the
bonding, unnecessary silicon column parts are removed by
xenon difluoride (XeF;) etching [8).

(a) Silicon dioxide filmis deposited on both sides of 2200 um
thick silicon wafer by plasma-enhanced chemical vapor
deposition (PECVD) using a tetracthoxysilane (TEOS)
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(@) SiQ2 TEOS CVD and patterning (d) Photosensitive-type polyimide
top:2.3um, bottom:1.2pum coating and patterning
o e 302 Polyimide 3um
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3502

(5) $i02 APCVD and pattering
5i010.7um

(e} Si deep RIE and release

= [
(c) Al evaporation and patterning (/) Bonding and Si etching by XeF2

Lo Ty

Optical fiber

— ————

Figure 2. Schematic of the process for micromachined sensor
structure,

Fignre 3. Photograph of fabricated silicon columns with sensing
element. '

source. The film thickness of the top side is 2.3 um and
that of the bottom side is 1.2 um. These silicon dioxide
films are patterned for the mesa (top side) which keeps
the aluminum reflecting mirror flat and the etching mask
(bottom side) used in the later silicon deep reactive ion
etching (deep RIE) process (e).

(b) Silicon dioxide film (0.7 pra thick) is deposited
by atmospheric pressure chemical vapor deposition
(APCVD) and is patterned.

(c) Aluminum is evaporated in vacuum and is patterned by a
lift-off process for the reflecting mirror.

{d) Photosensitive-type polyimide (3 tem thick) is spin-coated
and is patterned for the bonding layer and the spacer for
the sensor interferometer.

(e) The silicon wafer is etched by silicon deep RIE. Then the
sensing elements are released from the wafer.

(f) A thin chromium transparent layer as a half-mirror is
coated on the end of the optical fiber in advance and the
sensing element with the silicon column is bonded to the
fiber end. Then the silicon part supporting the sensing
element is etched by XeF.

As the result of the fabrication process, many sensing
elements with silicon column are batch fabricated as shown
in figure 3. The diameter of the silicon column is 120 pm,
and the length is 200 pem, which is almost equal to the wafer
thickness. Approximately 100000 pieces of sensor elements
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Figure 4. Schematic of the bonding process of sensing element to
optical fiber end.

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-mirror-coated 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 paraliel to the
fiber end in the glass capillary. The inner diameter of the
capillary is 127 gm. The sensing element with silicon column
and a micro glass ball of 120 pm 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.

? .
N

L]
_-.-‘.
?: -
x
.
L

PC (B3 size)

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

4. Experimental setup

The experimental sctup 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 KEIKI,
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.

1740
— 1720}
E, 1700}
J\:Sn 1680}
=
[+
= 1660}
2
z 1640}
Q
1620}
li] " i 1 N i N
16005 0 100 200 300 400
Pressure [mmHg]

Figure 8. Detected sensor cavity length as a function of pressure.

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

5.2. Experiments on animals

Experiments on animals have been carried out. The developed
sensor systern was applied for monitoring blood pressure in
the left ventricle, left atdum, right atdum 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. Figures9and 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 caused by expansion
of the air in the sensor cavity [9]). For monitoring pressures
invivo (i.€., in a human body or in an animal), the temperatitre
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 zm 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, ncedle) 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 comparable 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 um. 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 a commercial high-speed spectrometer. By tracking
the shift of the peak wavelengths of the spectrum, the cavity
length 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 dcveloped
$ENnsor 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 mulii-
functional interventional tools.
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_Contactless power supply systems transmit electric power by ¢lectromagnetic 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 soliition of this problem. Our contactless power supply system for an
artificial heart opérates 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.

[DOL: 10.1063/1.1850852]

1. 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 water?roof elec-
tronic product such as cellar phones or shavers.” The effi-
ciency and the output voltage depend on parameters of self-
inductance L and mutual inductance M of the coil. We
studied the best parameter values that realize stable high ef-
ficiency contactless power supply. In the application with
low output dc voltage, the voltage drop of the diodes be-
comes a problem of the loss. A synchronous rectification was
proposed as a solution to this problem.

li. 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
B rn +R 2 + 2112
2 M2

+ r+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-
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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,

r=nT?,
R= T’r N

N| =nT.

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

rr?
r UL v +r WALLC

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. €| 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 circnit is shown. In most cases,
wire wound resistances r| and r, are negligible for output
voltage considerations. C; is determined by

11 LM LM 1§

FIG. 1. Equivalent circuit of contactless power supply system.
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