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Functional Evaluation of an Artificial Anal Sphincter Using
Shape Memory Alloys
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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 (i.e, 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.

Inconlinence, 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 neosphincter 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.t? 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 experiments and clinical trials.>-9
These impfantations 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.10-12

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 various com-
pact actuators and sensors in industrial products, daily appli-
ances, and medical applications.’3.14 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-
80O consists of three actuation required parts: an inflatable
silicone cuff, a pressure regulating balloon, and a manual
pump. The proposed 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.

Our previous resuits 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 contro!
inside bodies. Results of chronic animal experiments with the
improved device are reported.

Materials and Methods

A typical SMA material with two way shape memary effect
(TWSME), Ti51at%Ni, was adopted in this work. 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. Another 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 jumen 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
naturat cooling, closing the intestines again. A prototype of the
developed artificial sphincter is shown in Figure 2. It is 80 mm
long, 15 mm wide, and 20 mm high. The SMA material in its
rhombohedral phase, which exists at body temperature, has a
lower 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.
If we deform the SMA ribbons to are shapes to have a lumen in
the artificial sphincter, this open state would be maintained as
long as the SMA artifictal sphincter is deactivated, After several
days, thermal activation or deactivation can be used to 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 artificial hearts,® was then
adopted for our attificial anal sphincter. Integrating the TET
systems into the SMA actuator can facilitate the complete
implantation of an antificial 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-
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Figure 1. Schematic drawing of the proposed artificial anal
sphincter using shape memaory alloy.
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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
transtormation,

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 obtainakle gap between the middle
points of two deformed SMA plates large enough to allow a
bowel 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
relation with the curvature p for a specific thickness t, e = /2.
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. Tfansformation accompanied straln bhanges inaTi51 at
%Ni plate underwent a aging tréatment 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 ribbons, 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
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Figure 4. Inbi..lt poWér_gIependences of the reéponse timein anin
vivo e?(pariment.

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 transiemt
heat conduction. The difference in their responses is attributed
to the difference in the thickness of thermal 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.?9-2! 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
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Figure 5. Thermal response of the artifictal anal sphincter in an in
vive experiment. SMA, shape memory 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 coils (defined as coil separation} and
the materials of the coil core. A detailed discussion on these
topics is beyond the focus of this article. Here we investigated the
possibility of power transmission to drive the artificial anal
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 coil 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 8
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 15 V, 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 a 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 surnmary, although in animal experiments the secondary
coil is implanted under skin with a distance ranging from 5-8
mm from the primary coil, the developed TET system exhibits

Skin

Y

L1 L2

Cl C2 RHuuwr

Outside body

Figure 6. Schematic drawing of a transcutaneous energy trans-
mission system for driving the artificial anal sphincter (indicated by
Ryeated: L1, primary coil; L2, secondary coil; C1, primary capacitor;
G2, secondary capacitor.
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Figure 7. Gap dependency of energy transmission efficiencies
with different coil gaps.

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

Thermal Control

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 T minute, was not
long enough for the bowel movement. This concern motivated
us to develop an approach to control 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 antificial sphincter. The best way is to use
a switch directly attached on the SMA to control its tempera-
tures. However, the size of commercially thase 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 drawing of the electrical clrcult of the pro-
posed system. SMA, shape memary 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
confirmation of the proposed approach were conducted. To
confirm the robustness of the contro! 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 is controlled, the
surface temperatures of the artificial sphincter can be con-
trolled below a certain value by increasing the thickness of the
thermal insulation matetials. An in vivo example is shown 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 8. Temperature responses of the shape memory alloy
(SMA) plates, the reed switch, and surfaces of the artificial sphincter
with applied voltages of 25 Vand 15 W.
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Figure 10. Thermal responses of the artlficial sphincter inside the
body but with corrected parameters. SMA, shape memary 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 colastomy before the implantation of the device is a procedure
conducted only to create a situation of complete fecal incontinence
in animal models rather than a necessary preoperation to implant the
device. For the practical use of the device, the colostormy would, of
course, not be required. So, even though this pratocol 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 maximum pressure of 55
mm Hg, severe postoperative complications were found. Problems
observed in these experiments were then impraved 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—off operation of the power supply. Although at
the beginning, fecal continence was regularly observed, con-
stipation was found several 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 [atest 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-
vated 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 antificial 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 artificial anal sphincter as a new solution for severe fecal
incontinence. However, the assessment of its biocompatibility
requires longer animal experiments. Concerning the biocompat-
ibility of materials used in the current work, 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 surface 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?? that have been
proven to have good biocompatibility should be effective in
resisting the corrosion of Ni and making the device biocompat-
ible. In our future work, long-term animal experiments with the
SMA artificial anal sphincter implanted will be repeated to con-
firm the biocompatibility of the device.
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Abstract

The *Pockemon shock” is the most famous accident in thc history of the broadcasting industry i in Japan, Based on the expeériences of this
unfortunate accident from famous-animation program “Pocket Monster”, this study focused on the psychology and psychosomatics of the
pauents A head-mounted display was used as the three-dimensional image presentation device and “Descent”, a free software shooting game,
was used ds the software. Ten healthy adult male volunteers were used in this experiment after obtaining their informed consent, The oxygen
‘metabolic thange in the anterior lobe of the brain was measured by near infrared spectroscopy and recorded on an electrocardiogram. The
mental scaling tendency of the objcct was analyzed using the type A behavior pattern and the hostility scaling. The Cook and Medley hostility
HO) scale from the Minnesota multiphasic personality inventory (MMPI) was also used in this experiment. From this scaling methodology,
the paranoid scale, cynicism scale, lie scale, social support quality and social support quantity were calculated. All measured time series data
were kept in the normal range, and no fatal arthythmia or epilepsy were observed during experiments. In some cases, the brain oxygen
metabolism may completely différ for the objects of Type A and Type B behavior patterns. On the whole, correlation did not become significant
in type A scaling and hostility scalmg In a comparison of the percent changes of the HF in HRV with lie scaling, significant negative
correlation was observed. The social support quantity was calculated from Cook and Medley, and significant negative correlations were
observed with percent changes of LF/I{F in HRV. The lie scale and social support quantity are opposite scaling. The sympathetic nervous
"system and parasympathetic nervous system have an opposite function also, Therefore, our results showed an interesting phenomenon, when
con51denng the rclauonshlp between the autonomic function and the pathophysiological reaction to the audiovisual stimulations. As for the
photo sensitive epxlepsy, it was reported to be only 5-10% for all patients. Therefore, 90% or more of the cause could not be determined in
patients who started a morbid response. The results in this study suggest that the autonomic function was connected to the mental tendency of
the objects. By examining such d:rectmty, it ig expected that subJects, which show morbid reaction to an audiovisual stimulation, can be
séreened bcforehand

.© 2003 ﬁdmons sacnuﬁqucs et médmales Elsevxer SAS. Allri ights reserved.
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1. Introduction.

The “Pockemon shock” is the most famous accident in the
history of the broadcasting industry and audiovisual equip-
ment society in Japan [1]. After it happened, the Japanese
people started countermeasures immediately. A project team
was inaugurated in the several agencies. In Japan, Animation
and Television games are progressing at the world’s fastest
rate. The performance of audiovisual equipment is also No.
1in the world. The Japanese people regarded the problem to
be so serious that they supported the research work on the
study for evaluating the responses to audiovisual stimulation
such as TV, game machines and newly developed virtual
reality (VR) machines [1-4]. In Tohoku University, the auto-
nomic nervous system responding to VR was evaluated [2].

Among the large number of people watching the TV
program “Pocket monster”, only a small number showed a
pathological reaction, but it is necessary to determine the
factors for such pathological reaction. This paper focused on
the psychology and psychosomatics of the patients [5-8].

2. Materials and methods

An analysis method from the perspective of multiple di-
mensions is required to analyze a living body response to-
ward VR. A head-mounted display was used as the three-
dimensional image presentation device for VR and
“Descent”, a free software shooting game, was used as the
software for the virtual three-dimensional game. In the game,
the game player flies in the three-dimensional virtual space,
striking down one enemy one after another through move-
ment. The movement of the head does not correspend with
the rotation of the view in the three-dimensional image.

An unpleasant sensation is thus created because input to
the central nervous system does not correspond with the
three-dimensional images. It is well known that a pathologi-
cal response is started by this game.

Ten healthy adult male volunteers were used in this ex-
periment after obtaining their informed consent approved by
the Ethical committee in Tohoku University Graduate School
of Medicine.

During the three-dimensional game with VR, the oxygen
metabolic change in the anterior lobe of the brain was mea-
sured by near infrared spectroscopy (NIRO-300, Hamamatsu
Photonics) [9,10]. An electrocardiogram was recorded at the
same time to evaluate the heart rate variability (HRV).

The time series data were recorded in the digital data
recorder. After the experiments, recorded data were inputted
into the personal computer system through the AD converter.
Quantified evaluation and statistical handling were per-
formed in the personal computer system. Spectral analysis
was performed with fast Fourier transform to evaluate the
fluctuations in the time series data.

The mental scaling tendency of the object was analyzed
using the type A behavior pattern and the hostility scaling.
The Cook and Medley hostility (HO) scale from the Minne-

sota multiphasic personality inventory (MMPI) was used in
this experiment. From this scaling methodology, the para-
noid scale, cynicism scale, lie scale, social support quality
and sccial support quantity were calculated.

Responses to the three-dimensional shooting game were
compared with the mentality tendency by the quantified
value of scaling.

3. Results

All measured time series data were kept in the normal
range, and no fatal arrhythmia or epilepsy were observed
during experiments. Satisfactory measurements were ob-
tained during experiments in 10 subjects.

Examples of the time series data of a volunteer, who
showed a type A behavior pattern, is presented in Fig. 1,

"Examples of the time series data of a volunteer, who showed

a type B behavior pattern, are presented in Fig. 2.

A volunteer with type A behavior showed stable time
series data during the three-dimensional VR shooting game
in oxygen metabolism of the anterior lobe of the brain.
However, the example of a volunteer with type B behavior
showed significant alteration in the time series data of oxy-
gen metabolistn in the brain.

Responses to the three-dimensional VR game were calcu-
lated with percent changes of the heart rate and tissue oxy-
genation index (TOI) measures with near infrared spectros-
copy. Type A behavior scaling and hostility scaling were

fnl_ﬂ;/ y:

beats
Fig. 1. Anexample of the time series data of a volunteer, who showed a type
A behavior pattern during resting condition and VR game immersion. Trial

A showed the data from first experience of this gume and trial B showed the
second.
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Fig. 2. An example of the time series data of a volunteer, who showed a type
B behavior pattern during resting condition and VR game immersion. Trial A
showed the data from first experience of this game and trial B showed the
second.

calculated and compared with the percert changes of these
parameters. However, no significant correlation was ob-
served...

HO scale showed the hostility scale, paranoid scale cym-
cism subscale, lie scale and several kinds of social support
scaling. These scalings were compared with the - percent
changes of the parameters, and the lie scale showed signifi-
cant negative cormrelation with the percent changes of the
heart rate during an experiment.

Spectral analysis was performed for the HRV, LF and HF,

and LF/HF were calculated from the analyzed data. Fig. 3
shows the percent changes of the HF in HRV with lie scaling.
Significant negative correlation was observed.
- The social support quantity was calculated from Cook and
Medley Fig. 4 showed correlation with the percent changes
of LF in HRV. Significant negative correlation was calcu-
lated. ‘ .o

4. Dlscussmn L

i

Ttis estlmated that over 10 mﬂhon _people watched the
Pocket Monster teIev1510n program in 1997. Among these
watchers; over 700 children were taken to hospital by ambu-
lance with severe sickness. It is possible that more children
went to hospital by car or on foot—the govcmment does not
know the exact number. :

Itis also possible that the occurrence rate of children, who
felt nauseous during the Pocket Monster program, was not so
large. Though the percentage may not have been so high,
severe convulsions were reported in some patients; thus, the
problem was regarded as setious.

1.2

0.4°

0.2

o 5 10 15
' Ilcm}’a

Fig. 3. Relationship between the percent changes of the HF in HRV and lie
scaling. Significant negative correlation was observed.

25

c 1z 3 4
social snpport quantity

tn

Fig. 4. Relationship between the percent changes of the LE/HF in HRV and
social support scaling. Significant negative cotrefation was observed.

As for the photo sensitive epilepsy, it was reported to be
only 5-10% for all of the patients. Therefore, 90% or more of
the cause could not be determined in patients who started a
morbid response. _

What divided the television viewers?

This paper focused on mental characteristics.
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In this research, the technique of mental scaling was
newly introduced. For mental scaling, the type A behavior
pattern and the hostility scaling were used. Various experts
have reported on the relevance of a type A behavior pattern
and a hostility scaling,

In some cases, the brain oxygen metabolism may com-
pletely differ for the object of Type A and Type B behavior
patterns. On the whole, correlation did not become signifi-
cant in type A scaling and hostility scaling. There is argument
regarding the relation of the hostility scale and the type A
behavior pattern among Japanese people. This concerns the
various kinds of low rank scaling in the hostility scaling.
Various scaling, such as a cynicism scale, a paranoid scale, a
lie scale and a social support quantity, have been reported.
Generally, a paranoid scale, a cynicism scale, a lie scale, etc.
suggest the directivity of a comparatnvely negative reaction,
A social support quantity is a scale in which an opposite
ditection is shown,

Significant correlation was observed in the low rank mea-
sure of a hostility scaling. Correlation with the lie scale,
which is a low rank measure of a hostility scaling, was
suggested as the spectrum component of the HRV at the time
of the VR game. As for the HRV, the social support quantity
also showed significant correlation, tco.

The lie scale in Cook and Medley showed a tendency for
negative reaction to the responses. The HF component in
HRYV showed the parasympathetic function. So, the results in
this study suggest that the object, which shows a negative
reaction, has the high reactivity of a parasympathetlc nervous
system to the audiovisual stimulation.

The social support quantity is a scale in which an opposuc
reaction is shown, Generally, the social support quantity is
low when the hostility scale is large. LE/HF in HRV showed
the sympathetic nerve function. So, results in this study
suggest that the object, which shows a positive reaction, has
the high reactivity of a sympathetic nervous system to the
audiovisual stimulation.

The lie scale and social support quantity are opposite
scaling. The sympathetic nervous system and parasympa-
thetic nervous system have the opposite function also. So,
our results showed an interestirig phenomenon, when consid-
ering the relationship between the autonomic function and
the pathophysiological reaction to the aud.lowsual stimula-
tions.

These results suggest that the autonomic functlon in the
three-dimensional game by the VR was connected to the
mental tendency of the objects. By examining such directiv-

- ity, it is expected that subjects that show the morbid reaction

to an audiovisual stimulation can be screencd beforehand,

After estabhshmg standard guidelines for audiovisual
content risks, mental scaling of an object may becomc an
1mportant factor in the future.
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Development of Totally Implant Artificial Heart Muscle
Using Thermoelectric Actuator

Ryuta IBUKI', Shigenao MARUYAMA', Seigo SAKAT', Tomoyuki YAMBE*
and Masud BEHNIA?®

Abstract

Thermoelectric actuator consists of shape memory alloy (SMA) and Peltier elements.
Assemblage of these two functional materials is expected to realize compact and higher efficiency
actuator, Utilize of thermoelectric cooling achieves quicker response.  We made prototype actuator and
evaluated its moving performance on both experiment and numerical simulation in order to apply
thermoelectric actuator to heart pumping assist system. The actuator experimentally realizes. | Hz
motion in a circumstance assuming thermal condition in a human body. Numerical simulation using
heat conduction equation including Peltier effect is carried out. Moving performance is expected to
enhance if a junction between the Peltier element and electrode is improved. Realization about both
structure with mechanical flexibility and resistance reducing on the junction is required in future
improvement.

Key Words: Thermoelectric Actuator, Thermoelectric Semiconductor, Shape Memory Alloys,
Heat Conduction, Peltier Effect, Numerical Analysis
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Abstraét

We have developed a fiber-optic Fabry—Perot interferometric pressure
sensor of 125 pm in diameter and a detection system 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 systermn. 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
clectromagnetically 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 um 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 interventionat
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 vive
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 pm, 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 mirror spaced by the cavity constitute a

0960-1317/05/010071+05330.00 © 2005 IOP Publishing Ltd  Printed in the UK ) 71
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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 utilized
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 2n0a - )

where 1 represents the refractive index of the material of
the sensor cavity, A, and X, 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 optica) fiber end utilizing patterned polyimide
layer 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 film is deposited on both sides of a 200 #m
thick silicon wafer by plasma-enhanced chemical vapor
deposition (PECVD) using a tetracthoxysilane (TEOS)

72

(@) $i02 TEQS CVD and patterning  (d} Photosensitive-type polyimide
top:2.3pum, bottom:1.2um coating and patterning

R r(SiO'z Polyimide 3um
Si
NSiOz ke

(b} Si02 APCVD and pattering
Si02 0.7um

() Si deep RIE and release

(¢} Al evaporation and patterning  (f) Bonding and Si etching by XeF2

1 100nm p -
( T
\

Optical fiber

b —

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

Figure 3. Photograph of fabricated silicon columns with sensing
element.

source. The film thickness of the top side is 2.3 pm 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} Siticon dioxide film (0.7 um 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 pm 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 pm, which is almost equal to the wafer
thickness. Approximately 100000 pieces of sensor elements
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