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In a myocardial biopsy, the physician inserts the myocardial biopsy forceps into the heart
chamber with fluoroscopic guidance and operates the forceps to collect the myocardium. The tip
of the forceps has a gripper and a two-degree-of-freedom passive joint. The myocardial wall is
difficult to see through a fluoroscopic image, and sampling may be missed due to the weak
contact force and the large angle between the forceps and the myocardium. To solve these
problems, we propose a contact force and bending angle detection mechanism for the forceps
using optical fibers. The proposed mechanism has three built-in optical fibers and is connected
to light-intensity-modulation-type optical sensors. Before contact, the light of the fibers leaks
outside through the forceps shaft gap. When the forceps tip comes into contact with the
myocardial wall, the external force reduces the shaft gap and the leak light amount. The
physician can detect the contact force and bending state at the tip from the ratio of the three
measured values. We evaluated the proposed mechanism in in vitro and in vivo experiments. We
confirmed that the contact force under 1.4 N and bending angle over 30 deg can be detected.

1. Introduction
1.1 Background

The myocardial biopsy shown in Fig. 1 is a pathological examination performed when
cardiomyopathy or myocarditis is suspected or after cardiac transplantation in order to monitor

for allograft rejection. A physician performs this examination by sampling cardiomyocytes with
myocardial biopsy forceps. Figure 2 shows an example of myocardial biopsy forceps, and Fig. 3
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Fig. 1.  (Color online) Myocardial biopsy.
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Fig. 2. (Color online) Example of myocardial biopsy forceps.
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Fig. 3. (Color online) Myocardial biopsy forceps jaw.

shows an enlarged view of the tip of the forceps. Myocardial biopsy forceps have been used
unchanged since the original was developed by Sakakibara and Konno in 1962.(1:2) The forceps
have a mechanism with a gripper part called a jaw attached to the tip of a bendable shaft. We
assumed that the forceps tip has a two-degrees-of-freedom passive rotary joint since the
bendable shaft is a continuous flexible metal coil spring. The physician can open and close the
jaw by operating the handle. For the myocardial biopsy, the physician manipulates the forceps
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with fluoroscopy guidance. However, the myocardial wall is difficult to recognize with the
fluoroscopic device, and the contact response between the forceps and the myocardium is very
weak. Therefore, it is difficult to determine the contact state visually and tactilely. Such blind
work may cause serious complications,®~© including pericardial fluid retention and cardiac
tamponade by perforation of the myocardial wall, which can be lethal. In addition, sampling
miss, that is, the physician withdraws the forceps without sufficient contact between the jaw and
the myocardial wall, will also occur. These problems are caused by the fact that the contact
judgment between the jaw and the myocardial wall depends on the subjectivity of each physician,
and it is difficult to judge the contact state objectively and quantitatively. While much interest
has been placed in the diagnosis of cells collected by biopsy,©-7) there are few cases in which the
mechanism of the myocardial biopsy forceps itself has been improved and novel functions have
been added.

Moreover, in recent medical treatment, percutaneous surgery with an emphasis on the
patient’s quality of life is required. In surgical care, minimally invasive surgery tends to be
preferred. In the conventional surgical method, in order to reach the target site with surgical
instruments, a large incision is made in the normal site to make the surgical space. On the other
hand, minimally invasive surgery treats lesions while minimizing damage to normal tissue.®
This method is adopted in many surgical fields(!°~15) such as myocardial ablation, prostatectomy,
cholecystectomy, cystectomy, hysterectomy, and nephrectomy, owing to the advantages of
significantly reducing postoperative pain and shortening the recovery time of patients. Minimal
invasiveness is also important in biopsy diagnosis, and the method of percutaneously collecting
tissue is preferable to the method of collecting tissue by open surgery. The above-mentioned
myocardial biopsy forceps is one of the percutaneous surgical instruments. However, long
instruments such as the biopsy forceps contacts various sites along the vessel path before the
forceps tip reaches the target site. The contact friction force in the vessel path becomes noise and
impairs the force information of the small contact force at the forceps tip. For this reason, in
myocardial biopsy tasks, it is difficult for physicians to accurately control the contact force of the
forceps tip by the feel at hand. This issue leads to the prolongation of operating time and damage
risk to the target site.

1.2 Conventional research

In recent years, research on haptics, robotics, and computer-integrated surgery has been
actively conducted, and minimally invasive surgery has been considerably improved. Various
force information technologies have been proposed to solve the problem of lack of force
information in minimally invasive surgery.('-1®) For example, the force measurement range for
robotic forceps grippers is 0.5 to 10 N. The force measurement range with a catheter insertion
robot, such as for ablation, is generally 0 to 0.5 N. In addition, sensor-integrated tools have been
designed, such as force-sensing forceps,!%29 force-controlled grippers,!”-2122 and sensor-
integrated scalpels.?-2% For example, Tanimoto et al.®>) proposed a small-diameter force sensor
using strain gauges for a catheter surgery robot. This sensor has a diameter of 1.2 mm, a length
of 5 mm, and a resolution of 0.5 mN.
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However, these devices have limited applicability to the myocardial biopsy forceps in terms
of sensing ability, accuracy, cost, size, and disposability.(!®) In general, the myocardial biopsy
forceps is disposable and has a small diameter; therefore, a small and low-cost sensor is required.
Conventional force sensors include strain gauges and load cells that are commercially available
for robots and industrial use. However, these are generally expensive,(!® difficult to sterilize,
and difficult to apply to the myocardial biopsy forceps.

On the other hand, as a powerful solution to be installed in medical equipment, the force
detection method using optical fiber sensors in medical devices has been actively researched.(2%)
In principle, measurement using light is robust from electrical noise. In addition, the optical fiber
sensor has a simple mechanism, excellent corrosion resistance, and biocompatibility, and it is
lightweight and inexpensive. In medical devices where safety is important, the simplicity of the
structure is essential for reducing the risk of failure. Similarly, it is advantageous in terms of
safety that no current flows through the part to be inserted into the body. In addition, a low
manufacturing cost is required for the myocardial biopsy forceps, which is basically disposable
after one-time use in order to prevent infection. Thanks to these merits, force sensors using
optical fiber sensors have been developed.

Fiber optic sensors are broadly classified according to three measurement principles: light
intensity modulation (LIM),?739 fiber Bragg grating (FBG),*°-45) and Fabry—Perot
interferometry (FPI).#¢-33) The advantages and disadvantages of each measurement principle
are as follows. First, the advantages of LIM sensors are that the sensor has a cheap and simple
structure and is less affected by temperature change. The disadvantages are that the LIM sensor
is sensitive to fluctuation in the light source and misalignment between component parts, and
the measured value sometimes gets drift noise. Second, the advantages of FBG sensors are that
the sensor can measure small microscale strain and is sterilizable. The disadvantage is that the
signal processing system requires a relatively expensive light source and optical interrogator. In
addition, the FBG sensor is temperature-sensitive and needs compensation. Finally, the
advantages of FPI sensors are that the measurement range can be adjusted, they have high
sensitivity, signal processing is relatively simple compared with the FBG sensor, and the FPI
sensor can be sterilized. The disadvantages are that the assembly accuracy is important for the
FPI sensor and the manufacturing difficulty is high. Also, the FPI sensor has a cavity inside, so
it is easily damaged, and the sterilization process tends to be complicated.

As examples of LIM sensors, Yip et al.®?% proposed a compact uniaxial force sensor for use
in the beating heart during mitral annuloplasty. The diameter of the sensor is 5.5 mm and the
length is 12 mm. The deformation of the soft elastomer component is measured from the
reflected light intensity, and force of 0 to 4 N can be measured with a root mean square error of
0.13 N. However, since this sensor has a closed structure attached to the tip of the instrument, it
is difficult to apply it to myocardial biopsy forceps with a jaw at the tip of the instrument.
Puangmali et al.®V proposed a three-axis LIM-type force sensor for palpation. The sensor can
measure axial force of £3 N and radial force of £1.5 N with its resolution of 0.02 N. However, the
unique monolithic flexible tripod part is a complex-shaped component that is as large as 10 mm
in diameter, and it is difficult to attach to the myocardial biopsy forceps with a diameter of
approximately 2 mm.
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As an example of FBG sensors, Yokoyama et al.#) proposed a three-axis force sensor for an
open-irrigated radiofrequency (RF) ablation catheter. The sensor diameter was 3.5 mm, the
measurement range was 0 to 0.5 N, and the resolution was 10 mN. However, the FBG sensor is
more expensive than the LIM-type sensor.

As an example of FPI sensors, Liu et al.®) mounted a miniature needle-type force sensor
with an outer diameter of less than 1 mm on a vitreous retinal surgical instrument. The
maximum force of 6 mN can be measured with its resolution of 0.25 mN. However, FPI sensors
are also expensive and difficult to mount on disposable biopsy forceps.

On the basis of the above three measurement principles, we considered a method suitable for
mounting the sensor on myocardial biopsy forceps. The wire for manipulating the open and
closed positions of the jaw is located at the center of the myocardial biopsy forceps. Therefore, to
realize small-diameter forceps, it is rational to place multiple thin sensors on the outer
circumference instead of placing one thick sensor in the center of the forceps. The LIM-type
sensor’s diameter is easy to reduce, and it is advantageous for miniaturization. In addition, LIM
fiber components are inexpensive and can maintain the disposableness of the forceps.

1.3 Contribution of this research

Considering the issues mentioned above, in this study, we propose a novel contact force and
bending angle detection mechanism using LIM-type optical fiber sensors for the myocardial
biopsy forceps. The proposed detection mechanism utilizes the structure of the myocardial
biopsy forceps and mounts small-diameter and disposable optical fibers on the forceps. Thanks
to the explicit and quantitative detection, the proposed detection mechanism can be used to carry
out the biopsy task while ensuring safety, and we evaluated its clinical usefulness. The proposed
mechanism will prevent problems such as trial miss and fatal damage and reduce the physician’s
effort (number of trials) and incident risk (complications). The proposed mechanism incorporates
inexpensive optical fibers in the forceps and connects the fibers to the light intensity sensors
outside the patient’s body. With this configuration, it is possible to detect the contact force and
bending angle at the forceps tip while maintaining the disposability of the forceps part.

This paper is organized as follows. In Sect. 2, we describe the proposed mechanism and
experimental setups for evaluating the performance of the proposed mechanism. In Sect. 3, we
describe the experimental results. In Sect. 4, we discuss the results, and finally, in Sect. 5, we
draw the conclusions.

2. Method
2.1 Measurement principle of proposed mechanism
2.1.1 Deformation of myocardial biopsy forceps

In this paper, we propose a force sensing method that utilizes the deformation of the shaft due
to the opening and closing of the jaw of the myocardial biopsy forceps. Figure 4 shows a
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Fig. 4. (Color online) Deformation of shaft of myocardial biopsy forceps.

schematic diagram of the shaft deformation. In actual surgery, it is necessary to detect the
contact force when the forceps tip comes into contact with the myocardium in a jaw-open state.
The jaw opens by manipulating the handle and pushing in the wire connected to the jaw’s
linkage. Theoretically, the pushing depth required to open and close the link mechanism is about
1 mm, but in reality, it is necessary to push the handle about 10 mm since the shaft spring is
extended by the pushing force. The distortion caused by pushing the wire excessively is
eliminated by extending the close-contact spring-type shaft. In other words, there is a gap in the
shaft when the jaw opens in contact with the myocardial wall. Finally, when the jaw gets external
force by coming into contact with the heart wall, the spring gap near the forceps tip will change.
We considered utilizing the gap change for the contact state detection.

2.1.2 Concept of proposed detection mechanism

We propose a mechanism that can detect external force in any direction applied on the tip by
incorporating three pairs of LIM-type optical fiber sensors and a conical reflector. Figure 5
shows a cross-sectional view of the proposed forceps model prototype. The optical fibers are
built in the shaft of the forceps model, and the end face of the fiber that goes out of the patient’s
body is connected to the LIM sensor. The conical reflector is placed near the tip of the forceps
model and faces the ends of the optical fibers. This is the first development trial of the proposed
concept in this study, and we focused on realizing the contact detection function; therefore, we
manufactured a simple forceps model without the jaw and wire. To simulate the gap of the shaft,
a part near the tip of the close contact coil spring was plastically deformed and processed into a
compression spring, and this was used as a shaft model. One optical fiber sensor consists of two
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Fig. 5.  (Color online) Cross-sectional view of proposed forceps model prototype.

fibers, a light source fiber (orange) and a light detector fiber (blue), and the three sensors are
arranged to form an equilateral triangle on the radial cross section using the fixing part as shown
in Fig. 5. The three sensors are distinguished as A, B, and C. Thanks to this configuration, the
three-dimensional bending angles of the forceps tip rotating on the xz and yz planes can be
measured by the three sensors. The fixing part was fixed to the tip of the close contact coil
spring part and faces the conical reflector. The rear end of the reflector has a hemispherical
shape to prevent damage to the contact object due to the spring cross section at the tip of the
shaft.

Figure 6 shows the assumed contact states and the targeted detection information. We aim to
detect the external pushing force and bending angle of the forceps tip. By using the information,
we can distinguish the three contact states, namely, no contact, appropriate contact, and bad
contact. The no contact state should be detected to decrease the number of sampling misses. In
the appropriate contact state, the pushing force is suitable for a safe and stable sampling task,
and the forceps tip does not bend. When the forceps tip has a large bending, the sampling may
fail, and this state should also be avoided.

Figure 7 shows a conceptual diagram of the external pushing force detection. When there is a
gap in the shaft in a no contact state, the light reflected in the radial direction of the shaft leaks to
the outside through the gap. After the jaw contacts the myocardial wall, the gap in the shaft
shrinks due to external force, and the amount of light leakage decreases. By changing the
amount of light, the contact force at the tip can be detected continuously.

Figure 8 shows a conceptual diagram of the bending angle detection. When the tip of the
forceps bends due to contact, the size of the gap in the shaft differs between the inside and
outside of the bend. When there is only one optical fiber built into the forceps, it bends as a result
of contact, but there are cases where contact cannot be detected, such as when the gap near the
optical fiber after bending is the same as the gap not in contact. Therefore, by arranging three
pairs of optical fiber sensors isotropically, the measured value of either sensor changes regardless
of the bending direction, and contact detection is possible. Furthermore, as shown in Fig. 8, the
conical reflector is effective for detecting the bending state. By using the conical reflector, the
amount of reflected light increases in the inner fiber and decreases in the outer fiber with respect
to bending. This causes the difference in the amount of light for each channel, and the bending
posture can be detected.
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Fig. 8.  (Color online) Bending angle detection.

Although the proposed mechanism can continuously measure the vertical pushing force and
bending displacement, it is difficult to maintain a constant pushing force against the beating
inner wall of the heart; therefore, in this study, we target the following binary mode judgment.
The required specifications set as the contact judgment function are as follows.

(1) Binary judgment with and without contact is possible.
(i1) The mechanism can judge whether there is a large bend or not.
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Specification (i) intends to prevent sampling miss and fatal complications, and specification
(i1) intends to prevent certain bending conditions not suitable for sampling. Regarding
specification (i), if the spring at the tip of the mechanism is not deformed without applying an
external force, the measured value will be constant at 0% reflected light intensity. On the other
hand, when an external force is applied and the spring at the tip of the mechanism is deformed,
the measured value changes. In particular, when it is in contact with the inner wall of the heart,
periodic changes in the measured value will be observed along with the pulsation, and we judge
this state to be in contact. For specification (ii), a particular bend condition increases the
likelihood that the jaw will not point towards the inner wall of the heart when the contact angle
is large and myocardium sampling will fail. The sampling success rate will increase by judging
the suitable contact states when the bending is sufficiently small. Specifically, if there is a
change in all the measured values of the three sensors, we judge that a bending angle is small
and a contact state is desirable. If there is no change with some of the three sensors, we judge
that there is a large bending and a contact state will not be suitable for sampling.

2.2 External pushing force detection

We describe the power change of the reflected light using Fig. 9. To easily estimate the power
change of the reflected light caused by the external pushing force in the z-axis direction, we
consider the deformation of the coil spring shaft on the yz plane. In Refs. 28 and 29, the source
light is modeled as a cone shape. In this model, the farther the light projection distance, the
larger the irradiation area, and the light intensity per unit area is attenuated. On the other hand,

Lo

'f Coil spring shaft
o O O y

Source light
=N
Reflector Optical fiber T
L (Lo < L < Ly)

Fig. 9. (Color online) Enlarged view near the spring gap.
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in our model shown in Fig. 9, we considered that the change in the reflected light power is
dominated by the amount of spring gap rather than the projection distance. We assumed the
source light to be cylindrical in shape whose diameter is constant in order to simplify the light
power calculation. As shown in Fig. 9, the spring gap length is defined as L (L,, <L < Lg). Ly is
the initial gap, and L,, is the minimum gap length whose spring gap becomes almost 0. When the
spring gap is L, the reflected light power P is assumed as

P(L)=Ps (L /L), 1D

where Pg is the power of the source light. When L decreases, the spring gap decreases and the
reflected light power increases monotonically. In Eq. (1), L,, / L corresponds to the ratio of the
inner wall area of the spring shaft that reflects light to the projected area including the spring

gap.
2.3 Bending posture detection

We describe the reflected light power of the conical reflector using Fig. 10. The vertex of the
reflector is on the point z, of the z-axis at any bending angle. In the bending deformation of the
forceps tip, it is necessary to consider the rotation of the reflector on the xz and yz planes around
zo. Although there are three built-in fibers, they are arranged point-symmetrically at intervals of
120 deg from the center of the shaft; therefore, analysis of one sensor can be applied to the other
two sensors.

Initial position (top view from +¥ axis)

Top view from +¥ axis

Bottom view of the reflector

Source light 4

0 Optical fiber

lRotate around zp on the xz plane

zzzl 20

Fig. 10. (Color online) Enlarged view near the reflector when the forceps tip bend.
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In the initial position, we assume that the central axis of the reflector and the optical fiber is
on the yz plane, and the center of the optical fiber has offset y, from the z-axis as shown in Fig.
10 (left).

First, we rotate the reflector by ¢ rad around z, on the xz plane from its initial position. The
source light is reflected on the reflector surface and its y-component Py, is calculated as

> - P (r2 Zyg2 +(rtan¢)2)
Py ()= N(r@nd) + @

0. (r2 <yg2 +(rtan¢)2)
In the case of r* > ng +(rtan ¢)2, the source light irradiates the reflector surface and the
reflected light power Pg, changes with the angle ¢. In the case of r? < yg2 + (rtan ¢)2, the angle

¢ is too large, the source light will not irradiate the reflector, and Pg, will become 0. In addition,
the angle y of the reflector on the yz plane is also obtained as

G

We use Pg, and y in the following calculation.

Next, we rotate the reflector by 0 rad around z, on the yz plane as shown in Fig. 10 (bottom).
When the forceps tip bends with 6, the width of the source light is given from the fixed points y,,
and y,, and the irradiation area of the reflected light on the y-axis is given from the variable
points y, and y;. When the bending angle is 6, the reflected light power P measured by the LIM
sensor is assumed as

0, (1 <»2)
P(4,0)= - 4
(¢ ) PSy(¢)M’ (yZSylgy?ﬁ) ()
Y3—n
Vs =y +ztan(n—20-2y), y3=y +z;tan(n—-20-2y), ®)
Z=zg+yytan(n/2-0-y), z,=zy+ytan(n/2-60-y). ©6)

In the case of y; < y,, the reflected light will not enter the optical fiber, and P will become 0.
On the other hand, when the reflector bends and the condition of y, <y, < y; is satisfied, P
increases along with 6. When 8+ =7 /2 and y; = y3, P is maximized in each ¢.



4196 Sensors and Materials, Vol. 34, No. 11 (2022)

2.4 Manufacturing the prototype

We produced a prototype model of 3 mm diameter shown in Fig. 11 for detailed examination
in in vitro and in vivo animal experiments. For the model, the fixing part and reflector were
molded with a resin material using a stereolithography-type 3D printer (Formlabs, Form?2), and
metallic luster was given by a paint containing metal powder. An optical fiber of 0.5 mm
diameter was used in this model. The optical fibers are connected to a fiber amplifier (Keyence,
FU-NI1IMN) at the base of the forceps. The contact coil spring used for the shaft had a wire
diameter of 0.3 mm and a diameter of 3 mm (Accurate, L00S). The spring constant of the
compression spring part was about 1.4 N/mm. In the force sensing of intracardiac surgery in
conventional studies, the measurement is generally performed in the range of 0-0.5
N.(37:41.44.54.55) We considered that the myocardial biopsy task can be achieved if the contact
force is similar to those in these studies, and we constructed the mechanism to sufficiently
satisfy the measurement range of 0—0.5 N in this study as well.

2.5 Invitro experiments for performance evaluation
2.5.1 Change of light amount with respect to vertical external force

We carried out two in vitro experiments to confirm whether the proposed forceps prototype
can detect any external force at the tip. As the first experiment, we evaluated the relationship
between the vertical force and the amount of reflected light measured by the optical fiber sensor,
and we confirmed whether the vertical external force can be detected.

Figure 12 shows a schematic diagram of the experimental setup. We fixed the prototype shaft
on a desk and applied a force sensor (Imada, DS2-50n) perpendicular to its tip. We pushed the

(53 mm

Length: 500 mm
Weight: 10 g

Compression spring part
Fig. 11. (Color online) Proposed forceps model prototype (3 mm version).

Forceps prototype  r.ce sensor

Computer Fiber optic

AD board amplifier

s s S S s 7

Fig. 12. (Color online) Experiment of vertical force detection.
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forceps tip until the compression spring part was in close contact, and then we pulled the force
sensor to its initial position. Three pairs of optical fibers are extended from the rear end of the
prototype and connected to fiber optic amplifiers. The fiber optic amplifiers output the voltage
converted from the amount of reflected light, and the voltage is input to an analog-to-digital
(AD) board (National Instruments, NI-USB-6211). The measured voltage of the force sensor is
also input to the AD board. These measured voltages were recorded on a computer at a sampling
frequency of 100 Hz. The acquired data was filtered by a moving average filter in intervals of 10
steps to remove high-frequency white noise and thinned out in intervals of 10 steps to reduce the
data number.

The measured values of the three sensors vary depending on the individual differences of the
sensors and the assembly error of the mechanism. To compensate for these variations, we carried
out the normalization shown in Fig. 13 as a calibration process that gives the relationship
between the spring displacement and the sensor measured value. Specifically, we removed the
offset of the raw data by subtracting the minimum value of each data, and we normalized the
data by dividing each data range. The measured value in the initial state without deformation is
set to 0% light intensity, and the measured value at the maximum displacement where the
compression spring is completely compressed is set to 100% light intensity. The measured values
are normalized for each sensor. For vertical pushing, the amount of deformation and the force of
the compression spring have a linear relationship; therefore, we can obtain the amount of
deformation and the generated force from the measured values of the normalized sensor.

2.5.2 Change of light amount with respect to bending angle

In the second experiment confirming the change of the light amount with respect to the
bending angle, we measured the amount of reflected light when the forceps tip was pushed
laterally and bent. We confirmed the bending detection performance of the conical reflector.

Figure 14 shows a schematic of the experimental setup. We fixed the prototype shaft on the
desk and bent its tip by using a rotating jig shown in Fig. 15. After inserting the tip of the
prototype into the hollow section of part B, the tip was bent by inserting part A into the through-
hole opened in part B. We made three types of jig with the tip bending angles of 15, 30, and 45
deg.

As shown in Fig. 14, we rotated the jig around the axis of the prototype with its tip inserted in
the jig. The tip changed its bending direction while sliding on the outer wall of the hollow hole of

_—
L~
T T T T T T
(0) Raw data (1) Subtract initial value (2) Normalize by
of each data each data range

Fig. 13. (Color online) Sensor calibration process.
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Fig. 14. (Color online) Experiment of bending angle detection.
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Fig. 15. (Color online) Rotating jig.

the jig. The jig is mechanically connected to the rotational position sensor (ALPS ALPINE,
RDC501051A), and the output of the position sensor changes according to the rotation angle of
the jig. The measured voltages of the optical fiber sensors and position sensor were input to the
AD board and recorded on the computer at a sampling frequency of 100 Hz. The acquired data
was filtered by a moving average filter in intervals of 10 steps to remove high-frequency white
noise and thinned out in intervals of 10 steps to reduce the data number. We used the same data
calibration process described in the previous section.

2.6 Animal experiment using live pig

To confirm the feasibility of the proposed contact state detection in an actual in vivo surgical
environment, we carried out an animal experiment using a live pig. Figure 16 shows the scenery
and setup of the animal experiment. The prototype’s diameter of 3 mm is almost the same as the
real myocardial biopsy forceps’ diameter of about 2 mm. The configuration from the three pairs
of optical fiber sensors to the AD board was the same as in the previous section. In this
experiment, the measured voltage of the electrocardiograph was also input to the AD board. A
moving average filter in intervals of 50 steps was applied to the data acquired at a sampling
frequency of 1000 Hz to remove high-frequency white noise. A cardiologist who performs
myocardial biopsy as a daily task operated the forceps prototype and traced the actual biopsy
procedure in this experiment. The physician pushed the tip of the prototype against the
myocardial wall and observed whether changes would occur in the measured data.
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Fig. 16. (Color online) Setup of animal experiment.

3. Results
3.1 Invitro experiment: change of light amount with respect to vertical external force

The experimental results of the 3 mm forceps model are shown in Figs. 17 and 18. Figure 17
is time-series data. The values of optical fiber sensors A, B, and C are represented by the change
rate of the reflected light on the left vertical axis, and the force measurement value of the force
sensor is shown on the right vertical axis. Figure 18 shows the relationship between the measured
vertical force and the change rate of the reflected light. In Fig. 17, the change rate of the reflected
light of the three sensors showed almost the same curve. In Fig. 18, when the forceps tip was
pushed, the change rate of the reflected light increased linearly until the measured force reached
1.4 N. This performance satisfies the target measurement range of 0—0.5 N described in Sect.
2.4. The target force detection range of 0—0.5 N was measured on the basis of the change rate of
the reflected light of about 0-30% as shown in Fig. 18; therefore, the prototype will achieve our
target specification (i), that is, binary judgment with and without contact is possible.

We assumed that the reason why the change rate in the reflected light did not change
significantly even if the pushing force increased further was that the compression spring part of
the shaft was in close contact and reached the end of the motion range when the force of 1.4 N
was applied. In addition, the reason why the change rate of the reflected light differs between
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Fig. 18. (Color online) Relationship between vertical force and reflected light.

when the external force increases and when it decreases is assumed to be due to the hysteresis of
the spring. From the results, we found that the amount of reflected light changed in proportion to
the vertical external force until the spring reached the close contact state, and we confirmed that
the external force in the vertical direction can be detected by the proposed prototype.

3.2 Invitro experiment: change of light amount with respect to the bending angle

The experimental results of the 3 mm forceps model are shown in Figs. 19-21. The rotation
angle is shown on the horizontal axis, and the change rate of the reflected light is shown on the
vertical axis. In the cases of 30 and 45 deg bending, the change rate of the reflected light showed
almost the same outline for all sensors, and the angle values whose change rate became the
maximum differed by 120 deg in each sensor. The transition region was within +100 deg with
respect to the rotation angle whose change rate of the reflected light was maximum, and the
change rate was small in the other ranges. These measured trends seemed natural compared with
the reflected light power calculation described in Sect. 2.3. There was no rotation angle at which
the light change rates of all three sensors were equal. On the other hand, when the vertical force
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was applied as described in the previous section, all the sensors showed the same change rate of
the reflected light. As a result, we confirmed that it is possible to detect the bending angle
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change over 30 deg from the no-load state and the state with the vertical force. We confirmed
that the proposed forceps model satisfied the target specification (ii), that is, the mechanism can
judge whether there is a large bend or not.

In the cases of 30 and 45 deg bending, a first-order approximation of the transition region
from 0 to 100% light amount for a 100 deg rotation gave a resolution of about 1%/deg. Regarding
accuracy, the measured light amount contained white noise of about £10%. This noise level is
sufficiently small compared to 100% of the signal variation to enable binary bending mode
judgment. Regarding measurement stability, the measurement of the proposed mechanism
depends only on the relative positions between parts (geometric conditions) and external
environmental conditions. Therefore, if there is no mechanical failure or environmental change
during the measurement, highly reproducible results can be expected.

Note that there were some irregular changes as follows. In the case of 15 deg bending shown
in Fig. 19, the sensors’ signal-to-noise ratio was not good compared with the over 30 deg bending
cases. A first-order approximation of the transition region from 20 to 80% light amount for a 100
deg rotation gave a resolution of about 0.6%/deg. Regarding accuracy, the measured light amount
contained white noise of about £20%. This noise level is not negligible compared to 60% of the
signal variation. When the bending angle was small, the reflected light power became weak
considering Eq. (4), and the noise signal power caused by irregular reflection inside the coil
spring shaft became relatively large. However, we consider that the small bending angle will not
prevent the sampling task, and the proposed angle detection method will be effective in practical
use.

In addition, for the sensor B of near 100 deg in Figs. 20 and 21, the change rate of the light
became also large in the part other than the transition region near 280 deg. We assumed the
problem to be due to the misalignment between the reflector and the fixing part. We consider the
problem as not serious and can be solved by precise manufacturing,.

From the above results, we confirmed that the conical reflector was effective for the bending
angle detection over 30 deg. By using the conical reflector, the tip posture change can be
detected even for the external force in the bending direction other than the vertical direction in
the 3 mm model.

3.3 Results of animal experiment

The results of the animal experiment are shown in Fig. 22. These are time-series data of the
optical fiber sensor and the electrocardiogram voltage. The values of the optical fiber sensors A,
B, and C are shown on the left axis, and the values of the electrocardiogram voltage are on the
right axis. The physician estimated the contact state of the forceps tip subjectively from the
image on the fluoroscopic monitor, and we compared the physician’s comment with the
measured data. In the case of no contact, the fluctuation of the reflected light amount was small.
We considered that at the time between 3.5 to 13.5 s (Fig. 22), the forceps tip was in contact with
the myocardial wall. In the case of contact, the change rate of reflected light fluctuated in
synchrony with the change in the electrocardiogram. The sensor C showed the most clearly
synchronized change along with the electrocardiogram signal. The sensors A and B showed
relatively small changes in the contact state but showed large changes at the time of initial
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Fig. 22. (Color online) In vivo experiment results of optical fiber sensor forceps.

contact at 3.5 s. Using multiple sensor information will be useful for robust contact detection
such as initial contact and fluctuation signal. We considered that the absolute amount of the
reflected light of each sensor differs considerably depending on the bending direction, and the
relative amount of influence differs depending on the sensor even with the same magnitude
noise.

From the above results, we confirmed that the contact between the forceps tip and the
myocardial wall can be detected in an in vivo environment using the proposed mechanism
prototype.

4. Discussion

From our experimental results, we confirmed that the reflected light amount actually changed
due to the deformation of the compression spring part that received the external force. With the
prototype manufactured this time, it is possible to roughly judge the deformation state such as
the no-load state, vertical compression state, and bending state. The main focus of this study was
to propose and realize a detection mechanism that can be used in vivo and meets the
specifications for binary mode judgement described in Sect. 2.1.2. On the other hand, resolution
and accuracy, which are important indexes for continuous analog measurement, have room for
improvement in the current handmade prototype. Since improving the resolution and accuracy is
directly related to improving the detection performance of the proposed mechanism, we consider
this task as one of our future works. When considering the practical application of the proposed
mechanism in the future, the manufacturing process of the mechanism should be revised to
reduce individual differences during mass production so that detection with higher accuracy and
reproducibility is possible. For example, in this prototype, the compression spring part was
created manually to simplify the manufacturing process. Since the manual process causes large
individual differences, we will study a method for designing and manufacturing the mechanical
properties of the compression spring part so that the performance is suitable for the myocardial
biopsy task.
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In addition, the proposed forceps prototype manufactured in this study has a simple
mechanism without a jaw. As an experiment in the next stage, we will confirm whether the
change of the reflected light due to the external force at the tip can be observed using the shaft
deformation by the jaw opening and closing mechanism. Therefore, we plan to manufacture a
prototype with the jaw mechanism in the future.

5. Conclusion

In this paper, we proposed and manufactured a novel contact force and bending angle
detection mechanism using LIM-type optical fiber sensors for realizing an appropriate contact
state in a myocardial biopsy task. We manufactured a prototype of the proposed forceps model
and evaluated its characteristics through in vitro and in vivo experiments. In the in vitro
experiments, we evaluated the relationship between the vertical or bending force on the forceps
tip and the amount of the reflected light from the optical fiber sensor. In the case of the vertical
force, we confirmed that the amount of the reflected light changed linearly in the range of the
force under 1.4 N. In the case of the bending force, the light change curve with respect to the
bending angle over 30 deg showed the same outline for all three pairs of sensors. We confirmed
that the rotation angles at which the change rates of the reflected light become maximum differ
by 120 deg for each sensor. Through these experiments, we confirmed that it is possible to detect
the external force applied to the forceps tip in any direction. In addition, in the in vivo animal
experiment, we confirmed that changes in the amount of light synchronized with the
electrocardiogram. As the result, we confirmed the possibility of detecting the contact state
between the forceps tip and the myocardial wall in an in vivo environment.
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