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Chapter 1

Introduction

1.1 Background
1.1.1 Historical Transition of Medical Technology

Medical science has fascinated scientists from time immemorial. Medical science has a long history
and its roots go back to the four great civilizations of the world. With the development of civilization,
medical science improved, and anatomical descriptions were followed by investigation methods to de-
termine the cause of diseases. Artists in the Renaissance created anatomical drawings. For instance, the
anatomical studies and drawings of Leonardo da Vinci are well known. The progress of medical tech-
nologies over the centuries has made the treatment of several diseases possible, contributing immensely

to healthy living of people.

1.1.2 Highly Advanced Medical Treatment with Robotic Technology

In modern society, the demand for advanced medical technology is growing due to the decreasing
birthrate and aging population. Especially, people are interested in medical technology that can improve
their daily lives. In other words, today’s medical technology is required to take account into how to
improve the quality of life (QOL) of people. Now, the use of several medical technologies has become
common. However, surgical operations have limitations in many cases and there a constant need to
improve the medical technologies used. For instance, in invasive surgeries, surgeons open parts of the
patients’ bodies. In such traditional open surgeries, the human cannot recognize their motion quanti-

tatively. Therefore, even if the doctor demonstrates the same medical operations, the motion would be
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CHAPTER 1 INTRODUCTION

different for each operation. Individual differences and the diagnosis results would be different for each
medical doctor. To overcome these problems, surgical operations are expected to be performed increas-
ingly using robotic technologies in the future. The two major advantages using robots for performing
surgeries are as follows.

First, robots can perform complex tasks compared to human. This advantage is useful in performing
minimally invasive/non-invasive surgical operations. These surgical techniques minimize patients’ re-
covery time and pain due to the very small incisions made during the surgical procedures[1]. Currently,
the master-slave tele-operation system is becoming a hot research topic world-wide. The system con-
sists of a master robot and a slave robot. When the operator operates the master robot, the slave robot
synchronizes to the master robot’s motion at the same time. Consequently, the doctor can demonstrate
the medical operation as if he/she puts their hands inside the patient’s body and operates the bio-tissue
directly. ZEUS, developed by Computer Motion, Inc.[2], and da Vinci developed by Intuitive Surgical,
Inc., are famous tele-operational systems used for medical applications. These robots were exclusively
developed for performing laparoscopic surgeries. In the case of these tele-operational systems, the doctor
only makes a small hole in the patient’s body to facilitate the insertion of medical instruments used in
the laparoscopic surgical procedure. Hence, these systems perform better in terms of non-invasiveness
compared with laparotomy. In addition, tele-operational systems are used for performing natural orifice
transluminal endoscopic surgery (NOTES)[3]. The NOTES technique is commonly employed to remove
tiny tumors such as cancerous tissues or other malignant tumors. In addition, the technique is applied to
surgical suturing. The biggest advantage of NOTES is that the doctor does not make an incision in the
abdomen. Generally, three medical tasks are required for both MIS procedure: (i) palpation; a doctor
uses a palpation probe under an endoscope to detect a tumor, (ii) tumor removal; the doctor uses long
flexible tools such as a forceps with a flexible cable for removing the tumor, (iii) suturing; the doctor
uses long flexible tools such as a forceps with a flexible suture for keeping the tissues together.

Second, robots can obtain their motion quantitatively. This advantage is often applied to diagnosis
systems such as cancer tissue measurement methodologies. Kawahara et al. measured the displacement
of abnormal tissues by using air pressure[4]. Cao et al. analyzed the liver fibrosis by using an Ultrasound
Images[5]. Oshiro et al. analyzed the property of the bio-tissue by using an MR Elastography[6]. Like-
wise, Austere ef al. measured the live fibrosis by using a ’Fibroscan” which is a medical development to
evaluate the condition of liver[7]. These researches are helpful to realize a precise diagnosis judgement

and operator can measure the physical property more easily.
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Operator Master Robot Position signal Petient

(a) No Force Feedback Surgical System

Patient

Operator Master Robot Position signal

(b) With Force Feedback Surgical System

Fig. 1-1: Remote Surgical Operation System

1.1.3 Importance of Force Information for Medical Science

The studies introduced above only use position information. From the point of view the human’s per-
ception, position information is recognized as visual information. Hence, the doctor only knows their
motion as a visual information. This constraint would be an obstacle for performing surgical operations.
For instance, the surgeon does not understand how much grasping force is added to the bio-tissue like
Fig. 1-1(a). Indeed, some medical errors caused by the lack of the haptic information have been reported.
Besides, the visual judgement of diseases such as cancer is difficult. In particular, the abnormal tissues
hidden inside organs are almost never detected like Fig. 1-2(a). CT or ultrasound scans can detect abnor-
mal tissues even if they are hidden inside the organs but these diagnostic methods are easily influenced
by the patient’s body conditions such as the amount of water in the tissues.

The application of haptic sensation for laparoscopic surgery and NOTES could be an effective so-
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Perhaps,

(b) Palpation with Haptic Technology

(a) Palpation with Operator’s Perception

Fig. 1-2: Scheme of The Palpation

lution to improve the performance of palpation, grasping, and suturing. Therefore, haptic technology
has emerged as a key factor in aiding human - robot interaction. This technology recreates the sense of
touch by applying forces, vibrations, or motions to the user. This mechanical stimulation can be used to
assist in the creation of virtual objects in a computer simulation, to control such virtual objects, and to
enhance the remote control of machines and devices (tele-robotics). Consequently, by using haptics for
medical instruments, a doctor can feel the reaction force from the bio-tissue and surgical operations can
be performed more safely like Fig. 1-1(b). Bilateral control, which is one of the haptic technologies, can
achieve a force and a tactile feedback with very high performance during tele-operations.

Likewise, force information is very important to understand the physical structure of the bio-tissue
quantitatively like Fig. 1-2(b). Majira et al. measured the stiffness of breast cancer tissue by using an
atomic force microscope (AFM)[8]. The AFM is a microscope system that measures the displacement of
the sensing probe by using the atomic force generated between the measurement sample and the probe.
Thus, the detailed structure of the surface shape can be scanned. In addition, the reaction force of the
measurement sample is also available. The measurement results indicated that the structure of breast
cancer tissues is different from that of normal tissues in terms of the physical characteristics. In addition,

Moreira et al. measured the stiffness and the viscosity of a pig’s heart[9].




CHAPTER 1 INTRODUCTION

1.2 Orientation of this research

This research discusses the integration of haptic technology into medical applications to improve the
QOL of patients.

First, a one-DoF haptic medical instrument is developed based on the electro-hydraulic transmission
system (EHTS). This research focuses on applying the haptic tele-operation system for NOTES surgery.
The biggest characteristics of developed instruments are the fluid energy is used to transmit the position
and force to the end-effector. In addition, the size of the instrument is less than 2.6 mm and hence the
instrument can be easily inserted into an endoscope. Haptic sensation with bilateral control under a
very narrow area, which a human cannot easily access, can be achieved by the developed instrument. In
conventional research on medical applications with force feedback, a flexible actuator, which consists of
a metal wire, a metal tube, and a linear actuator, is often used[10, 11]. Position and force information are
transmitted to the endpoint of the metal tube. As a conventional method for medical applications, Phee et
al. proposed master and slave surgical system by using a flexible actuator[12]. However, the transmission
performance depends on the wire’s shape due to the nonlinear friction. Thus, the precise reaction force
from the bio - tissue is difficult to obtain by the flexible actuator. Correspondingly, Do et al. proposed a
master - slave surgical system by using the flexible actuator with nonlinear compensation[13]. However,
the position encoder needed to be mounted on the endpoint. Therefore, the size of the endpoint became
large. For these reasons, the release-type medical instruments cannot transmit a clear haptic sensation.
In the case of the EHTS-based mechanical applications, the transmission loss does not depend on the
wire’s shape. Therefore, good transmission performance is guaranteed irrespective of the wire’s shape.
The validity of the transmission performance was confirmed through the experiment.

Second, the quantitative index with force information for non-obstructive azoospermia (NOA) judge-
ment is proposed[14]. This research focuses on NOA that is a male infertility condition in which the
spermatogenic function deteriorates. As a sperm-extraction method for NOA patients, the micro dis-
section testicular sperm extraction (MD-TESE) is a commonly used method[15, 16]. However, the low
sperm-collection rate and the large individual differences are considered as problems associated with
MD-TESE. These problems are caused by the visual information which the surgeon is obtained by a
microscope camera. To overcome this problem, the stiffness of the testicles is applied as a quantitative
index. The testicles of Syrian hamsters are measured and compared with the normal testicles. In addi-

tion, the stiffness of the seminiferous tubule is also measured. Further, a morphological analysis was also

—5_



CHAPTER 1 INTRODUCTION

[ Chapter 1 ]
Introduction

‘ Cpapter 2 ‘
Motion Control
\ 4

Chapter 3
Bilateral Control

4

Chapter 4 Chapter 5§
Development of EHTS- A Quantitative Evaluation
BASED Medical Instruments Method for Non-Obstructive
for the NOTES Operation | Azoospermia Judgement )

A

\1

Conclusion

L Chapter 6

Fig. 1-3: Chapter Organization

performed.

1.3 Chapter organization

The flowchart shown in Fig. 1.3 explains how the content of this thesis is organized.

Chapter 1 provides the introduction of this research. In addition, the problems to be addressed in
conventional researches are explained.

Chapter 2 describes motion control based on robust acceleration control[17]. As a method to realize
robust acceleration control, a disturbance observer (DOB) is explained[18]. Besides, reaction force
observer (RFOB) is described to estimate force information [19]. Then, position control and force control
based on acceleration control are described.

Chapter 3 describes bilateral control. Acceleration-based four-channel bilateral control is explained
as a method to transmit clear force and position information. First, a basic strategy of the four-channel
bilateral control is explained. Next, a modal space bilateral control method to describe the role of the
actuator function is explained. In addition, the oblique coordinate bilateral control method, which is pro-
posed by Sakaino et al., is described[20]. This control method is based on modal space bilateral control

and eliminates the interference generated by different mass actuators or scaling control. Chapter 4 de-
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scribes one-DoF flexible haptic medical instruments based on the EHTS. The chapter presents the details
of the two medical instruments developed: (i) a palpation probe and (ii) a pair of forceps. The main char-
acteristic of these instruments is the fluid energy used to transmit the position and force information to
the end-effector. The position/force transmission performance is dramatically improved compared with
that of release-type medical instruments, without depending on the wire’s position. In addition, oblique
coordinate bilateral control implemented in both the instruments as well as the experiments performed
to confirm the efficacy of the haptic sensation are described.

Chapter 5 describes the quantitative evaluation for NOA judgement. NOA is one of the male infertility
diseases in which the spermatogenic function is deteriorated. As a sperm-extraction method for NOA
patients, the MD-TESE method is widely used. However, the low sperm-collection rate and the large
individual differences are considered as problems of the MD-TESE method. These problems are caused
by the visual information that the surgeon obtains by using a microscope camera. To overcome this
problem, a quantitative index for spermatogenesis evaluation is constructed. As a quantitative index, the
stiffness of the testicle and the seminiferous tubule is measured. This stiffness is compared with that of
a normal testicle. The validity of the index is analyzed by a static approach as well as a morphological
approach.

Finally, Chapter 6 drawn conclusions.




Chapter 2

Motion Control

Motion control is the fundamental control theory at work behind a mechatronic system [17] that
produces desired motions. In this research, an acceleration control method is applied to motion control,
and the details of the process are described. First, the actuator’s model is described in Section 2.1.
Next, the detailed structure of the acceleration control scheme is described in Section 2.2, along with the
acceleration-based position and force control techniques. A method to create robust acceleration control
through the use of a disturbance observer (DOB) is subsequently explained in Section 2.3. The structures
of two types of DOBs and the stability conditions are also described. This section additionally discusses
the confirmation of the performance of both DOBs by using Bode plot simulations and explains the robust
position control method and the confirmation of its performance through experiments. Furthermore, a
reaction force observer (RFOB) used to obtain a reaction force estimation is described, along with the
acceleration-based force control technique with the DOB and the RFOB and the confirmation of its

performance through experiments.

2.1 Actuator’s Modeling

This section describes the actuator’s modeling. In this research, two different types of actuators are

used. Each actuator’s model is described in 2.1.1 and 2.1.2.
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2.1.1 Liner Actuator

A linear actuator is a type of actuator that produces a forward and backward motion. The linear

actuator’s force, f,, can be derived as
fa = KtIa' (2.1

where K is a torque coefficient and I, is the inflow armature current. I, is controlled by a current minor
loop to control the actuator’s force precisely. Here, the relationship between the inflow armature current

(1) and the current reference (7, ;ef) is derived as

Iret 1
= 2.2
I, 1+T!s’ (22)
where T is the total time constant expressed as
K. T,T,
T, = —=—>=° 2.3
e Ky (2.3)

where K., is the coefficient of the back-emf constant, 7}, is the mechanical time constant, the 7T is the
electric time constant, and the K is the gain for armature current control. Generally, Ky can set at a
large enough value to ignore the influence of K., Ty, and T,. Therefore, I, is almost the same as the

current reference value, [ ;ef. From this reason, Eq. (2.1) can be rewritten as

fa= K I (2.4)
On the other hand, f, can be derived by using the following mechanical model:

fa=Mq™, (2.5)

where ¢ is the actuator’s position and the ()*® is the response value. By using Eq. (2.4) and Eq. (2.5),

the electrical and mechanical system integration model is expressed as
MG = K I (2.6)

Therefore, the linear actuator is one of the mechatronic systems. In actual situations, a load force, fioad,

is added to the linear actuator, and Eq. (2.6) is rewritten as

Mg = KI5 — fioaa. 2.7)
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Fig. 2-1: Block Diagram of the Actuator’s Model

Eq. (2.7) is the motion equation of the linear actuator, wherein fi,,q is the load force. In the case of the

1-DoF linear actuator, fioaq is defined as

fioad = fext + fg + (fesgn(q) + Dg), (2.8)
wehre sgn(-) is a signum function. In Eq. (2.8), each parameter is described as follows:
e fot External force from the environment,
e f,0 Gravity force, and
o (fesgn(q) + D)0 Coulomb friction and viscous friction including the actuator.

Here, block diagram of Eq. (2.7) is shown in Fig. 2-1(a).

2.1.2 Rotary Actuator

A rotary actuator is used to produce a rotary motion. The motion equation of a rotary actuator is

expressed, similarly to that of a linear actuator, as
JO = K[y — Toaa, 2.9)

where J is a moment of inertia,  is the angle, and 7 is the torque. In the case of a geared rotary actuator,

the motion equation is
G JGL0™ = G K I — 14, (2.10)
where G is the gear ratio and 74,4 is the load torque expressed as

e 7yt Internal torque such as Coriolis force and centrifugal force,

10—
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Fig. 2-2: Block Diagram of An Acceleration Control ( fgis = 0)

o T External torque from environment,
e 7,01 Torque from gravity force, and

e (7esgn() + DO)O Coulomb friction and viscous friction including actuator.

2.2 Acceleration Control

This section describes an acceleration control method. In acceleration control, a reference signal
inputted to the actuator is produced by the acceleration information. In the case of a linear actuator, the
acceleration control of which is shown in the block diagram in Fig. 2-2, the transfer function from the
acceleration reference to the acceleration response is expressed as

q‘res _ MnKt
q‘ref B MKtn’

2.11)

where (O, is the nominal value. If M), and Ky, equal M and K, the ideal transfer function between éjref

and §"* is

~res

q
q‘ref

=1. (2.12)
Therefore, precise control is achieved by the acceleration control method.

2.2.1 Position Control

Position control is the most fundamental control method for matching the position command and

the position response. The transfer function from a acceleration command, ™4, and an acceleration

response, ¢, is

~ref -res

q q .
L‘jcmd q’ref -

(2.13)

—11 =
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Here, an acceleration reference ™ is expressed as

G = ™+ Cp(s), (2.14)

where C},(s) is the position controller and ¢ is the position error. If PD control is applied to position

control, both parameters are expressed as

Cp(s) = Kp + Kys, (2-14a)

qe _ qcmd _ qres’ (2-14b)

where K, is the proportional controller and K is the differentiation controller. Eq. (2.14) describes
the position error convergence performance depends on two controllers. Here, when the position error
convergence performance depends on two controllers. Here, when K, and K satisfy the relation shown
in Eq. (2.15), the attenuation becomes 1. Thus, the response value becomes the critical damping value

and converges with the command value without vibration.

K, =2\/K,. (2.15)
2.2.2 Force Control

Force control is a control method for controlling the force and reaction force generated between a

robot and its environments. The transfer function of force control is expressed as

fref fres

e et = 1 2.16)
The force reference is
Fret = £+ f°Ca(s), (2.17)
where C¢(s) is the force controller and f€ is the force error described as
Ct(s) = K, (2-17a)
fo=fomd - fre, (2-17b)

where Kt is the proportional controller. Unlike in the case of position control, the force controller does

not apply a damping gain due to the avoidance of a noise effect from the differential value of 5.

—12 =
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2.3 Robustness Improvement Techniques Using the Disturbance Observer

In actual situations, the disturbance force, such as an uncertain force or variation in the parameters,
would occur during the actuator’s movement. These factors contribute to the deterioration of the position
and force tracking performance. A Disturbance Observer (DOB) is an observer that suppresses the
influence of the disturbance force through feedback compensation [18,21]. This section describes the
basic ideas behind the DOB and the parameters tuning method and presents an analysis of the stability
and robustness of the DOB. In 2.3.1, the disturbance force is defined. In 2.3.2, the basic idea behind the
disturbance force estimation is explained. Further, two types of DOBs are described and the stability and
robustness are analyzed in 2.3.3. Finally, the performances of both DOBs are compared by using Bode

plot simulations in 2.3.4

2.3.1 Definition of Disturbance Force

Before describing the structure of the DOB, this section provides a definition for disturbance force.
When an actuator is actuated, mass M and torque coefficient K can be altered by changing the robot

posture. The variation of each parameter can be expressed as

M = M, +AM, (2.18)

K, = Kin + AK,. (2.19)

In Eq. (2.18) and Eq. (2.19), the AQ is a parameter’s variation. If the influence of the parameter
variation is included in the motion equation expressed as Eq. (2.7), the motion equation can be rewritten

as
Mu™ = Ky = ft = fioad, (2.20)
where fr is a fluctuating force described as
fr = AMLG§" — AK I 2.21)

In Eq. (2.21), AM,{§" indicates the inertial force by the variation of inertia, while the A K4, [, ;ef indi-

cates a torque ripple. The summation of the load force, fio.q4, expressed as Eq. (2.8), and the fluctuating

— 13—
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force, f¢, is defined as a disturbance force and expressed as

fais = floaa + ft
= foxt + fo + (fo + DG) + AMG® — AK I (2.22)

2.3.2 Basic Idea of the Disturbance Force Calculation

From the motion equation described as Eq. (2.22), fq;s is derived by using Kij;Ef and M,G"® as

follows:
fais = KenIFH — M. (2.23)

Consequently, the disturbance force is calculated from the difference between the actuator’s input force

and the actuator’s output force.

2.3.3 The Full-Order DOB

The Plant Model and the Observer Design

As shown in Eq. (2.23), the acceleration response information is needed to calculate the disturbance
force. If the position sensing device such a position encoder has only one system mounted, the accelera-
tion signal needs to be estimated from the position information. A state observer is a system that provides
a state estimation; it can estimate the acceleration signal. The state observer is designed from the state

equation. A state space equation of a linear actuator’s model with a disturbance force is derived as

{ M0 — Ax(t) + Byu(t) + Bpd(t) (2.24)

y(t) = Cpa(t) ’
where @ is the state vector, A is the square matrix, B is the row vector, C'is the column vector, O, is
the plant, d(t) is the disturbance force, u(t) is the input signal and y(t) is the output signal. Then, the
state observer is constructed as

di(t)
dt

= Ap@(t) + Boptia(t) + LCob(x(t) — &(1)), (2.25)

where (O, is the observer’s variable, u,(t) is the actuator input, L is the observer gain and O is the

estimated signal. The state vector, x, can be expressed as

a(t) = & (t) — zo(t), (2.26)

14—
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where x.(t) is the error of the state vector. By using Eq. (2.25) and Eq. (2.26), the state observer can be

written as
dfh(f) = Api(t) + Bpu(t) + Bpd(t) + dx;t(t) — Apo(t). 2.27)
dwdi(t) can be rewritten, by using the state space equation, as
dw;t(t) = Ape(t) + Bpde(1), (2.28)

where d,,(t) is the error signal of a disturbance force. The relationship of d(t), de(t) and d(t) is expressed

as
d(t) = d(t) — de(t). (2.29)
Using Eq. (2.28) and Eq. (2.29), Eq. (2.27) can be rewritten as
dz(t) A

= = Aya(t) + Byu(t) + Byd(t). (2.30)

Also, if Ay = Agp, Bp = By, and Cp = C,, the estimated disturbance force can be derived by
using Eq. (2.25) and Eq. (2.30) as follows:

d(t) = ua(t) — u(t) — B¥, LC g (t). (2.31)

In particular, the estimated disturbance force for the SISO system is expressed as

fdis = K‘rnla - I(‘rnlref - B#obLCobme(t)a (232)
e = b g (2.33)
dis S+ Gdob is»

where

0 T

B, = (By,Bo,) "By, = [M] : (2.32a)
n
qres R gGres qres — gres

T= 1 res| T = | cres| 7 Pe = | .res _ tres |’ (2.32b)

q q q q

1 1

Ap = [8 0] y Aob = [g 0] ; (2.32¢)

— 15—



CHAPTER 2 MOTION CONTROL

o] o[ 2]
)i i
1]t 1"
C, = [o ,Cop = H , (2.32¢)
L= h] . (2.32f)
l2

A transfer function from ¢ to ¢ is described as

res  E(s(s” + sl + o) + lagdob) er 1

— TDOB . __ mDOB -noise' 2.34
MS(52 + Sll + l2) +512.gd0b M SEN fdls CosenS9 ( )
Where, &, the THQB, TROB and LPOB(s) are described as
K. M,

= ) (2.34a)

€ Ky
T = ! 2.34b
SEN = 1 { [,DOB(5)’ (2.34b)

LDOB(S)
DOB __

TCosen 1 + LDOB(S)’ (2.34¢)

l
LPOB(g) — §l2gdob (2.34d)

- Ms(s2+sly +1o)
If ¢ =1, Eq. (2.2) can be simplified as

. . 1 1ol
qres — qref _ MTSDEONdeiS _ ngglsqnolse‘ (235)

A block diagram of the full-order DOB is shown in Fig. 2-3. TS%SB, which is called a ”Sensitivity
function”, is an index for disturbance suppression property. Further, T&ggp which is called a ”Comple-

mentary sensitivity function”, is an index for noise response property. Both functions are satisfied in the

following equation:

TROB(5) + TRB (5) = 1. (2.36)

Sen Cosen

Eq. (2.36) indicates that there is a trade-off between the disturbance suppression property and the noise
response property. In other words, the disturbance and noise cannot be eliminated completely in all
frequency domains. Commonly, an external force such as the friction force exists in the low frequency

domain while noise exists in the high frequency domain. Thus, the operator has to decide the optimal

—16 -
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Fig. 2-3: A Block Diagram of Full-Order DOB

observer gains, L, for each system in order to produce a robust control system.

Stability and Robustness Conditions

The stability of the full-order DOB can be analyzed by the stable margin theory. The stable margin is

analyzed by the transfer function of LPOB. The gain and the phase of LPOP are derived as follows:

‘LDOB(8)| — fgdobZQ 7 (237)
M\/(—l1w2)2 + (wlg - w3)2
M (wly — w?
ZLPOB(s) = arctan( — arctan ]\W (2.38)

According to gain margin theory, when a gain equals 1, and a phase is larger than -180°, the system will

be stable. Then, the relationships among the gain crossover frequency, w,. and the observer gain [ and

Wee = %gdob =/2ly — 1}, (2.39)

0 < wye < Vo (2.40)

the [y are described as

—17 -
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Further, according to phase margin theory, when a phase equals -180°, and a gain is lower than 1, the

system will be stable. Then, the relationships among Iz, wy., W are expressed as

wpe = /1o, (2.41)
Wge < Wpe- (2.42)

Robustness against an uncertain disturbance force is evaluated by using a closed loop transfer function

ngggl. Generally, robustness is evaluated by the H norm expressed as
DOB DOB
”TCosen| |OO = Sup ‘TCOSGII : (2.43)
w

Therefore, the H norm equals a peak gain. A peak gain can be derived by calculating the condition of

the extremal value as follows:

d(|TEgeen (7))

Cosen

=0. 244
T (2.44)

By calculating Eq. (2.45), a peak frequency can be obtained as follows:

\/wgc + \/wgc — 3wpe + Bwgewe (4 /2wpe2 w2, )
wp =

7 . (2.45)
Finally, a peak gain can be obtained as follows:
DOB | : WecWpe
| TGosen (Jwp)| = : (2.46)
b+ ) + e — B — o)

When a peak gain is lower than 1, robust stability is especially guaranteed because of a small gain

theorem.
ITEE (jwp)| < 1. (2.47)

2.3.4 The Minimum-Order DOB

If the position signal, ¢ can be measured by a sensing device, and the velocity, ¢, is calculated by
the differentiation of the position signal, ¢ and ¢ would not need to be estimated using the observer.
Therefore, the disturbance force estimation can be obtained in a simpler way. However, differentiating

the value of the position signal amplifies the noise in the high frequency domain because of quantization

— 18—
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Fig. 2-4: Block Diagram of Minimum-Order DOB

error. Therefore, in order to decrease amplified high frequency noise, pseudo-differentiation is applied.
Pseudo-differentiation can suppress high frequency noise by the low-pass filter. Then, the disturbance

force estimation by the minimum-order DOB is expressed as

fdis = I('rnlglj;ef - Mngdobija (248)
(LPF Jdob 2

. = TP £ 2.49
dis S + Jdob dis ( )

A block diagram of the Eq. (2.48) and Eq. (2.49) is shown in Fig. 2-4 The transfer function of acceleration

control with the DOB is expressed as

sres _ 5(5 + gdob)(s + .gpd) sref TSDegB o gcgganise? (2.50)
5(5 + gpd) + £9dobIpd
where Lpog is
Loop(s) = —2Jdebdpd (2.51)
s(8 + gpa)

As shown in Eq. (2.51), the disturbance force compensation performance depends on ggo, and gpq.
TDOB

In addition, Tg,;

equals a one-order high pass filter. Analysis of the stability and robustness of the

minimum-order DOB [22] by using a characteristic polynomial of by using a characteristic polynomial

19—



CHAPTER 2 MOTION CONTROL

50 — w 50
—casel —casel
J —case2 0 —case?)|
0 s case3 T 50/ case3||
@ @-100 r
5 Z-150
= i
8 g
100+ & -200}
-250+
-150 : : -300 : :
10" 10? 10* 10° 10° 107 10* 10°
Frequency[rad/g] Frequency[rad/q]
(a) Gain Plot (b) Phase Plot
Fig. 2-5: Bode Plot of Full-order DOB’s Tgo(ggl
of TSDegB (or Tgo(gfn) can be expressed as
Ch(s) = 5"+ 9pdS + gpdJdob- (2.52)
The natural frequency and damping coefficient of Eq. (3.3) are
Wn = y/9pdYdob, (2-52a)
S [ — (2-52b)
2,/9pdgdob
If { > 0.707, then
9pd
Gdob < %- (2.53)

2.3.5 Perfomance Comparison

The performances of the co-sensitivity function, ngsl‘g“ for both types DOBs are compared using the

simulations. Both simulations are created using Matlab under three different gains. Table 2.1 shows

the simulation parameters while Fig. 2-5 and Fig. 2-6 show the simulation results. As shown in the

simulation results, stability is guaranteed by using the aforementioned stability conditions. However, the

gradient of the plots in the full-order DOB is larger than that in the minimum-order DOB. This is because

the filter is designed as a second-order high-pass filter. Thus, the noise effect suppression performance

—20—
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Fig. 2-6: Bode Plot of Minimum-order DOB’s T2OB
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Fig. 2-7: Block Diagram of Acceleration Control Based Position control with a DOB

is improved by the full-order DOB. However, the stability conditions are severe compared to those of
the minimum-order DOB. Thus, both types of DOBs have advantages as well as disadvantages, which

means that the operator would need to choose a type for application.

2.3.6 Robust Acceleration Control Based Position Control

After the DOB is applied to the position control method to improve robustness, acceleration control
is implemented. A block diagram of a robust acceleration-based position control method with the DOB
is shown in Fig. 2-7. In Fig. 2-7, low frequency disturbance is compensated by the DOB while high
frequency disturbance is attenuated by the pole calculated by position gain K, and velocity gain K. If

the full-order DOB is used for robust position control, the transfer function from the position command
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Table 2.1: Simulation Parameters for Two Types DOB

Descriptions Parameters Values Units
Casel Case2 Case3
Design Parameters for Full Order DOB
weiremepon S0 red e
Gain Cross Over Frequency — wgc 300 rad/sec
Phase Cross Over Frequency — wpc 550 300 60000 rad/sec
Peak Gain ITEOB |(wy,)  -0.0032 00 -45.3 rad/sec
Observer Gain L 751.7 200 8485.3 %10  s7!
Observer Gain ly 3025.0 % 10 4000.0 * 10 3600.0 * 106 572
Cut-Off Frequency Weut 408.8 271.2 200.0 rad/sec
Design Parameters for Minimum Order DOB
t(}:ll:;tfg:l:fr;q;in];};)(])gf 9dob 289 1000 100 rad/sec
pueado Ditoentaton 78 red e
Cut-off Frequency Weut 408.7 760.3 240.4 rad/sec
Mechanical parameters
Actuator Mass M 0.5 kg
Actuator Nominal Mass M, 0.5 kg
Torque Constant K 33.0 N/A
Nominal Torque Constant Kin 33.0 N/A

to the position response is expressed as

_ Es2AB(K, + Kps + 82)
 A(EKlas + EKuB) + s(la + Kus + 52)(Egaoblz + Ms(lo + s + )

Sres

q

where

A = gaopla + s5(ly + sly + %), B=1Iy+ s°.

--CIML 1 +1N0is
omd _ MTSPECNfdis — TESens™ ™, (2.54)

(2.54a)
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The open loop transfer function of the robust position control method can be expressed as:

& (gaoble (Kp (o + 8%) + 5 (Klo + Kys + 1o+ 5%)))  &(s(li + 5) + o) (Kp (o + 82) + Kylas)

LPC(s) =
Ms? (s (Ky+s)+12) (s(lh+s) +12) Ms(s(Ky +5) +12)(s(li +5) +12)

. (2.55)

Likewise, if the minimum-order DOB is used for position control, the transfer function from the position

command to the position response is expressed as

§(5 + gaon) (s + Kas + Ky) cemd _ L ppo fais — ToSon 84" (2.56)

i = ; ] -
M 525+ Egdob) + £(5 + Egaon) (Kas + Kp) 27 Lse Cose

The open loop transfer function of the robust position control method can be expressed as

_ éhgpdgdobs2 + 5(5 + gpd)(s + gdob)(KdS + Kp)
$3(s + gpd)

LYC(s) (2.57)

Bode plots of the co-sensitivity function, T, ggsen, for both types of DOBs are shown in Fig. 2-8 and
Fig. 2-9. Simulation parameters are shown in Table 2.1. From the both bode plot results, the robustness
of ng;’en is also guaranteed in case 1. Correspondingly, the noise suppression performance is confirmed
through the experiment. Position control is applied to an oil pressure-based actuator. Generally, the oil
pressure-based actuator has a head loss and a friction force as the disturbance force. Therefore, the total

disturbance force is expressed as
fais = fise + Kindsgn(q) + Ksind”. (2.58)
A position command signal for position control is set to a sin wave expressed as
¢4 = Ampsin(2.07 f1), (2.59)

Where, Amp is the amplitude, f is the frequency, and ¢ is the moving time. Each parameter is set to
Amp = 0.0005(m), f = 1.0(Hz), and 1.0 < t < 6.0(sec) respectively. In addition, a white noise is
included in the simulation with an amplitude of 1.0 - 10~%(m). Control parameters are set to those in
case 1, as described in Table 2.1. Experimental results of position control using the full-order DOB
and the minimum-order DOB are shown in Fig. 2-10(a) and Fig. 2-10(b). The upper part shows the
position response, the middle part shows the velocity response, and the bottom part shows the estimated
disturbance force. From the results, it appears that both DOBs can control the position even if the
disturbance force is included in the system. However, the noise suppression effect of the full-order

DOB is better than that of the minimum-order DOB due to the second-order low-pass filter. In addition,
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Fig. 2-8: Bode Plot of Full-order DOB’s Co-sensitivity Function for Position Control
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Fig. 2-9: Bode Plot of Minimum-order DOB’s Co-sensitivity Function for Position Control

the noise effect also influences the estimated disturbance force. From the results, it appears that the

noise suppression performance improves with the use of the full-order DOB. However, the stability and

robustness conditions are severe compared with those of the minimum-order DOB.

2.3.7 Robust Force Control based on the DOB and RFOB

Force control is required to measure the reaction force from the environment. Generally, a force sensor

is used for force sensing and determining whether force control is achieved. However, it is difficult to

use the force sensor for certain industry applications such as medical operations or operations in civil

engineering fields. Force control without the use of a force sensor is an effective solution for avoiding
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Fig. 2-11: Block Diagram of an RFOB

constraints to applications. In this section, the RFOB [19, 23], which can facilitate force estimations

without the use of a force sensor, is introduced, followed by descriptions of the robust force control

strategy, the bode plot simulations, and the implementation of the force control experiments.

Reaction Force Observer (RFOB)

The reaction force estimation is similar to the disturbance force estimation. If the reaction force

consists of only the load force from the environment, the reaction force estimation using the full-order
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Fig. 2-12: Block Diagram of Acceleration Control Based Force control with a DOB and an RFOB

RFOB is calculated as

o N N LAt o o

fload = KTIa - KTIref - BobLCObwe(t) - ffric - finta (260)
FLPF __ Jrfob fl . 2.61)
load s+ Grfob oad> .

where K. - s the identified torque coefficient, Bobis the matrix of the identified actuator mass, fint is the

internal force, and ffric is the friction force. Here, K - and Bob are defined as

K. =K. — AK;, (2.60a)
0 o]"
Bobzlll,éob:[A ] , (2.60b)
A My
M = M, — AM. (2.60c)

Likewise, the minimum-order RFOB can be expressed as
fload = KTIa - an-res - ffric - fint- (262)

Block diagrams of both types of RFOBs are shown in Fig. 2-11.
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Table 2.2: Force Gains for the Bode Plot Simulation of T5C

Cosen

Descriptions  Parameters — o 0cS Unit
escriptions rameters nits
P Casel Case2 Case3
Parameters for the force controller

Force Gains K 50.0 100.0 1.0 s72

Controller Design

If the mass variation, AM, and the torque ripple, A K¢, are small enough to be ignored, both parame-
ters become equal to the nominal values of M), and K. Furthermore, if the friction compensation was
applied to the control system, the influence of the friction force can be ignored. Then, the estimated load

force, fioad, Will be the same as the environment reaction force defined as

fload - Kenv(‘]env - qres) + Denv (Qenv - qres>7 (263)

where gepy 1S the equilibrium point of the environment and ey is the velocity of the equilibrium point.
A load force value is obtained by the RFOB instead of the force sensor’s measurement. The transfer

function from the force command to the load force can be expressed as

5 f
Jload e _ _Ldon (2.64)

d - fc
g T+ L,

In the case of the full-order RFOB, the open loop transfer function of force control can be expressed as

f(SA + l2grfob)Cngrf0bZenv

LFC _
®) s(Ms?(A?B + £g*Cla(s + 1)) + (A(s + grtob) — Getob€Cr8(s + 1)) (AZeny + sl2griob))
(2.64a)
Zenv = Denys + Keny. (2.64b)
A= +lis+1ls, B=3s+ gop. (2.64c)
In addition, the open loop transfer function of the minimum-order RFOB can be expressed as
LFC(S) o Cngg(Denvs + Kenv) 7 (2.65)

" s(Ms(s+£9) + (Denys + Keny))

where ¢ = gytob = gdob- A block diagram of an acceleration control based force control strategy with

the DOB and the RFOB is shown in Fig. 2-12.
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Table 2.3: Virtual Impedances for the Bode Plot Simulation of 75

Cosen

Descriptions Parameters Values Units
Casel Case2 Case3
Virtual Environment Parameters
Virtual Stiffness  Kepy 500.0 2000.0 500.0 N/m

Virtual Viscosity — Depy 20.0 20.0 1000.0 N -sec/m

Bode Plot Simulations and Experiments

TFC

Cosen

Bode plots of are confirmed through the simulations. Three different force gains and environ-
mental impedances are set for the simulations. Each simulation parameter is described in Table 2.2 and
Table 2.3. The design parameters for the DOB and the RFOB are the same as those used in case 1 as

described in Table 2.1. Fig. 2-13 shows the simulation results of T gocs)gl in the full-order DOB/RFOB

TDOB

Cosen 10 the full-order

under three different force gains, and Fig. 2-14 shows the simulation results of
DOB/RFOB under three different environment impedance. Also, Fig. 2-15 shows the simulation results
of TROB in the minimum-order DOB/RFOB under three different force gains, and Fig. 2-16 shows

Cosen
the simulation results of TROB

Cosen 1N the minimum-order DOB/RFOB under three different environment

impedance. In the case of Fig. 2-13, there is a peak when the force gain is set to Ky = 100.0 unlike in
the case of Fig. 2-15. Thus, the robustness of the force control method depends on the force gain. On
the other hand, the simulation results of Fig. 2-14 and Fig. 2-16, the environmental impedance does not
increase the peak gain. Therefore, no relationship exists between the environmental impedance and the
robustness of the force control system.

The performance of the force control experiments using both types of DOBs and RFOBs is confirmed
through the experiments. Force control is installed to the oil pressure-based remote actuator. A linear
actuator implementing impedance control is mounted on the endpoint side instead of in an actual envi-
ronment. Experimental results are shown in Fig. 2-17 and Fig. 2-18. In terms of noise effect suppression,
the full-order RFOB shows good performance compared with the minimum-order RFOB in relation to
each environment impedance. This result depends on the DOB’s filter design. However, the robustness
of the force control method with the full-order DOB and RFOB depends on the force gains. In addi-
tion, the stability conditions are severe compared with those of the minimum-order DOB and RFOB.

Consequently, the operator would need to choose a type for each application.
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Fig. 2-13: Bode Plot of Full-Order DOB and RFOB’s Co-sensitivity Function of Force Control under
Different Three Force Gains
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Fig. 2-14: Bode Plot of Full-Order DOB and RFOB’s Co-sensitivity Function of Force Control under
Different Three Environmental Impedance
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Fig. 2-15: Bode Plot of Minimum-Order DOB and RFOB’s Co-sensitivity Function of Force Control

under Different Three Force Gains
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Chapter 3

Bilateral Control

This chapter describes an acceleration-based bilateral control method. Bilateral control is a remote
control method to synchronize the information between a master robot and a slave robot. An operator
operates a master robot, which transmits the position and force information to the slave robot. The slave
robot also transmits the position and force information to the master robot. Fig. 3-1 shows an outline

of the bilateral control method. Details of the bilateral control structure are described in the following

sections.
\ F'@'/u ]
©
Operator Master Robot Slave Robot Environment

Fig. 3-1: Outline of The Acceleration Control Based Bilateral Control
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3.1 Bilateral Control

The control goal of a bilateral control method is expressed as

dm — Qqs = 0,
fou + fs =0, (3.1

where (O, means a master robot and () means a slave robot. Eq. (3.1) shows how the slave position fol-
lows the master position. Additionally, the reaction force of the master robot and the slave robot achieves

the action-reaction law. Likewise, the control goal of a scaled bilateral control method is expressed as

qm — Qs = 07
fum + Bfs =0, (3.2)

where « is the position scaling coefficient and [ is the force scaling coefficient. By using the scaled
bilateral controller, the operator can amplify the master side position and the reaction force from the
environment however he/she wants. This method is effective for operations involving a small target,

such as a cellular tissue.

3.1.1 A Bilateral Control with a 4-ch. Controller

Fig. 3-2 shows a 4-ch. controller-based bilateral control method [24]. The DOB is implemented in the
master and slave robots. ¢, qis and ¢s gis are the acceleration disturbances, and C1, Ca, C3, Cy, Cs, Cs, Cr
and Cy are the controllers for the master and slave robots. The purpose of the bilateral control method is
to transmit the position and force information between the master and slave robots. Thus, each controller

is set to

Cp = C1 = —Cy = Cg = Cy,
Cr=0Cy=C3=C5 =Cs. (3.3)

The 4-ch. bilateral control structure is shown in Fig. 3-3.
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3.1.2 Bilateral Control in Modal Space

A modal space coordinate is a mapping function that describes the role of the actuator’s function. The

coordinate transformation from the joint space to the modal space is realized by a Hadamard matrix as

follows:
H,, H
H — 11 12
Hy  Ha
1 -1
= ) 34
. o4
In the case of a bilateral control method with scaling, the coordinate transformation matrix is described
as
1 -«
T = . 3.5
L 59

Then, the coordinate transformation from the joint space to the modal space is expressed as

Q="Tq. (3.6)

I -« qm fm

1 B ds fs ’
dm — Qs ]fm - O‘jjs
qm + B¢s  fm + Bfs

Qair  Faig
QCOIII FCOIII

. (3.7

The above equation describes the modal space of the position and the force response, where Qcon is the
common mode position, Qq;g is the differential mode position, Fiop, is the common mode force, and

Fyig is the differential mode force. Then, the bilateral control command in modal space is expressed as

Eillrflfd =0,
Femd = 0. (3.8)

Further, the acceleration references in modal space can be expressed as

2 yref d
5" Qair = Cp(Qait — Qaife)

SQQref _ Cf(FCInd + [res ) (39)

com com com
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Finally, the acceleration references in joint space are derived as

2 Href 2 ref
[8 Qm] _ T_l [5 Qcom] . (310)

s2QL Qi
3.1.3 Oblique Coordinate Bilateral Control

The 4-ch. bilateral control scheme is a kind of hybrid control scheme that achieves position and
force control. In an ideal situation, each control is achieved with no interference. However, if position
scaling and force scaling are applied to the slave robot, then interference would occur. This interference
increases the operational force generated from the master robot. An oblique coordinate bilateral control
method, proposed by Sakaino et al.[20], is one of the methods used to suppress the interference. The
hybrid control method implementing oblique coordinate control uses a* Task Jacobian matrix " instead

of a coordinate transformation matrix. Here, the task Jacobian matrix is expressed as

T = |t O‘]. G.11)

1 —p

The mass matrix in modal space called* Task mass matrix ” is expressed as

(3.12)

Myq M,
My =JM;J " = [ a qF] ,

Mgy Mrypr
where M is the mass matrix in joint space. In the case of the oblique coordinate bilateral control between
a 1-DoF master robot and a 1-DoF slave robot, the task mass matrix is calculated as

1 [—ﬂMsn —a]

M= ————
! oMy + BMsn Mmn -1

(3.13)

The oblique coordinate 4-ch. bilateral control scheme is shown in Fig. 3-4.
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Chapter 4

Development of EHTS-Based Medical
Instruments for the NOTES Operation

4.1 Introduction

As technology progresses, human-robot interaction becomes a popular research topic worldwide. In
this research domain, there are strong research activities in the development of medical robots due to
their many potential advantages and the cooperation between researchers in the medical and engineering
fields. Robotics-assisted surgery offer many advantages; for example, robots can obtain the information
of bio-tissues more easily, thereby allowing doctors to detect diseases more easily. Moreover, robots
can penetrate areas that humans cannot easily access. In addition, robots can achieve a very precise
and accurate motion compared to humans. The advantages of tele-operational medical robots have not
only motivated researchers around the world to conduct work in this interesting and promising scientific
area [25] but also led to the fast-growing research on the specific use of tele-operational medical robots
for minimally invasive surgeries (MIS). The MIS is a surgical technique that minimizes the patient’s
recovery time and pain due to the very small size of the incisions during the surgical procedures [1]. One
of the MIS methods is the well-knowrt Natural Orifice Transluminal Endoscopic Surgery” (NOTES) [3].
Usually, the NOTES technique is utilized to remove a tiny tumor such as cancer tissues or other malignant
tumors. In addition, the NOTES method is applied to a suturing operation. The biggest advantage of the
NOTES method is that the doctor does not make an incision in the abdomen. In the NOTES procedure,
the following three tasks are required for tumor removal: (i) palpation: the doctor uses a palpation probe

under an endoscope in order to detect the tumor; (ii) tumor removal: the doctor uses long, flexible tools
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such as a forceps with a flexible cable for tumor removal; (iii) suturing operation: the doctor uses long,
flexible tools such as a forceps with a flexible cable for suturing. However, the NOTES procedure is
only applied to remove a tumor that is near the surface of bio-tissues because its required use of visual
information prevents the recognition of tumors hidden within bio-tissues. In addition, the procedure
includes some risks in terms of possible damages to the tissue from a large grasping force. Likewise, a
large ligating force might break the suturing thread

As the application of haptic sensation to the NOTES method could be an effective solution for im-
proving the performance of palpation, the grasping task, and the suturing task, haptics emerged as a key
factor in aiding human-robot interaction. Haptic communication recreates the sense of touch by applying
forces, vibrations, or motions to the user. This mechanical stimulation can be used to assist the creation
of virtual objects in a computer simulation, to control such virtual objects, and to enhance the remote
control of machines and devices (telerobotics). Consequently, by using haptics for medical instruments,
a doctor can feel the reaction force from the bio-tissue and conduct the medical operation more safely
[26-29]. Bilateral control, which is one of the haptic technologies, can achieve a force and a tactile
feedback with very high performance during tele-operations [24, 30].

In addition, position control and haptic sensation through a bilateral control method in a very narrow
area, which humans cannot easily access, can be achieved by a remote actuator. A flexible actuator, which
consists of a metal wire, a metal tube, and a linear actuator, is a kind of remote actuator [10,11]. The metal
wire and the metal tube are connected to the linear actuator, and both position and force information are
transmitted to the endpoint of the metal tube. This system is adopted for many applications. Discussing
conventional methods for medical applications, Phee ef al. [12] proposed a master-slave surgical system
using a flexible actuator. However, the transmission performance depends on the wire’s shape due to
non-linear friction[31]. Thus, the precise reaction force from the bio-tissue is difficult to obtain through
the flexible actuator. Correspondingly, Do et al. proposed a master-slave surgical system using a flexible
actuator with non-linear compensation[13]. However, the position encoder needs to be mounted on the
endpoint, which increases the size of the endpoint. As a result, the use of the remote actuator leads to the
deterioration of haptic sensation.

In order to overcome these problems, Bechet et al. proposed a novel remote actuation system called
th¢' Electro Hydraulic Transmission System (EHTS)” [32]. This actuation system transmits the position
and force information at a remote place by using fluid energy. The friction generated by the EHTS is

not influenced by the wire’s shape. Thus, the transmission performance can be constant for any wire’s
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Fig. 4-1: Mechanical Structure of EHTS-based Palpation Probe

shape. Nevertheless, the current study uses a large-sized syringe and force control to confirm the control
performance.

In this paper, EHTS-based medical instruments for the NOTES procedure are proposed. The palpation
device and slider crank mechanism (SCM)-based forceps are developed, and the position and force trans-
mission system is analyzed. The validity of the proposed forceps is confirmed by the position control,
force control, and bilateral control methods, respectively.

The rest of this paper is organized as follows: in Section 4.2, the mechanical models of developed
instruments and the modeling of the EHTS are described. This section also describes how the position
and force transmission loss of the EHTS does not depend on the wire’s posture. In Section 4.3, a con-
trol method and the experimental procedures of the position, force, and bilateral control methods are
described. In Section 4.4, experimental results of the control performance of both developed instruments
are described. In Section 4.5, the discussion of the experimental results is presented. This paper ends

with conclusions and recommendations based on the experimental results.
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Fig. 4-2: Mechanical Structure of EHTS-based Forceps

4.2 Modeling

In this section, the developed force sensor-less palpation device is described. In 4.2.1, the mechanical
design of the developed device and the selection of transmission liquid are explained. In 4.2.2, the EHTS
modeling is described. In 4.2.3, the kinematics of the developed forceps is explained. Finally, the design

parameters and model identification of the EHTS-based palpation device/forceps are described in 4.2.4.

4.2.1 Mechanical Design

Fig. 4.1 shows the mechanical design of the developed organ palpation device. This device consists
of two differently shaped syringes and a rubber tube. The hydraulic transmission system is represented
by the scheme in Fig. 4.1(a), where the D is the diameter of the syringe, d is length, Osyr1 is Syringel,
Osyr2 is Syringe2, Oxube is the tube, (OP describes the pushing motion and OP is the endpoint side.
When the motor applies a force, fi,, on Syringe 1, the oil transmits an effort, f,,1, to Syringe 2 as
fsyr2, and a force, fgp is applied. The position and velocity of the motor side, respectively, gi, and ¢ip,

follow the position and velocity of Syringe 1, respectively, gsyr1 and ¢syr1, Which follow the position and
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velocity of Syringe 2, respectively, gsyr2 and ¢syr2, which follow the position and velocity of the endpoint
side, respectively, giip and ¢ip. The first syringe, shown in Fig. 4.1(b), is connected to the actuator (i.e.,
a linear motor). (A) represents the inner part of the syringe and (B) is the outer part of the syringe.
The second syringe (Syringe 2), shown in Fig. 4.1(c), is used for environmental probing. (C) represents
the part connected to the rubber tube, (D) is the outer part of the syringe, and (E) is the inner part of
the syringe. In particular, (D) is designed so as to refrain (E) from popping out. The real view of both
syringes is shown in Fig. 4.1(d) and (e). Both syringes are made from stainless steel (SUS303) and can
move through an endoscope. The diameter of the outer syringe (i.e. part (B)) is 2.6 mm.

Further, the mechanical design of the EHTS-based forceps is shown in Fig. 4.1, while the whole
system of the developed EHTS-based forceps is shown, in particular, in Fig. 4.1(a). Where, ()# describes
the grasping motion. The forceps assembly consists of the EHTS and the cylindrical forceps. The
liquid is transmitted by the linear actuator in the same way as by the EHTS-based palpation device.
Fig. 4.1(b)shows the mechanical outline of Syringe 1, which is utilized. Fig. 4.1(b) is utilized. Fig. 4.1(c)
shows the outline of the forceps. The SCM is applied to perform the grasping motion. (I) represents the
part connected to the rubber tube, (II) is the outer part of the syringe, (III) is the inner part of the syringe,
(IV) is a link that connects part (III) and part (V), (V) is the upper jaw of the forceps, and (VI) is the
lower jaw of the forceps. Linear motion is converted into rotary motion by parts (III), (IV), (V), and (VI).
Fig. 4.1(d) and Fig. 4.1(e) are the real views of Syringe 1 and the forceps. The syringes and forceps are
made from stainless steel (SUS304).The diameter of the forceps (i.e. part (VI)) is 2.6mm

In this research, olive oil is chosen as a transmission liquid for both systems for the following reasons:
(i) olive oil is used for medical operations such as those involving fungal infections [33] and umbilical
cord care [34]; (ii) olive oil includes vitamin E, which is a natural antioxidant, and thus the human body
has a high affinity for it [35]; and (iii) olive oil has a high viscosity, which helps against leakage from the

syringes.

4.2.2 Electro-Hydraulic Transmission Modeling

The motion equation of the EHTS for a pushing motion can be derived as

2 2
Dgyr Dz, . . . . .
fsyrl - (7},1) fSyrQ + z Sy lp(qs2yr2 - qs2yr1) + Klin‘]syrl + Ksinqurl ) Sgn(strl)y (41)

Dsyr2

where the second term is the force transmission loss by the velocity gradient, the third term is the force

transmission loss by the liquid viscous friction, and the fourth term is the force transmission loss by the
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shape of the flow path called " Singular loss.” Here, the coefficient of the viscous friction loss, Kji,,

and the coefficient of the singular loss, K, are expressed as
1 Doy \? 1 1
Ky, = 8D« + ( QA ) + , 4.2)
" syrl a (Dsyrl Dtube Dtube Dsyr2

D2 ., pm D 4 D
K. _ syrl syrl syrl 43
Sin 8 é.SC Dtube gse Dsyr2 b ( )

where &, means the rapid-expanding loss coefficient, {scmeans the rapid-contracting loss coefficient,

means the viscous coefficient of the olive oil, and p means the density of the olive oil. In the case of a
pulling motion (i.e., Gsyr1 < 0), Osyr1 and Osyr2 should be exchanged. Then, fsyr1 and fsyr2 can be

rewritten as

fsyrl = fin + ffric,syrla (44)

fsyr? = ftrip - ffric,syr2a (45)

where firicsyr1 and firic syroare the Coulomb and viscous friction force generated by Syringe 1 and Sy-

ringe 2. In this research, the Coulomb friction model expressed as the following Eq. (4.6) is adopted:
fiviei = [35 + 074, (4.6)

where i is the number of syringes (i.e., Osyr1 0r Osyr2), fs is the static friction, o is the viscous coefficient
and the OF expresses the pushing(+) / pulling(—) motion. In addition, the relation of each velocity can

be expressed as the following Eq. (4.7) according to the law of conservation of mass:

. Agyra\2 . Deyra\2 . .
qi = Gsyr1 = ( = ) Qsyr2 = ( = ) Qsyr2 = o, (47)
Asyrl Dsyrl

where A is the cross-sectional area of each syringe. In the end, Eq. (4.1) can be rewritten as

71-l)s2yr1p (

3 72q'i2 - q12) + (7ffric,syr2 + ffric,syrl) + (Klinq'i + Ksind?sgn(q'i))v (48)

where v = (%)2. In Eq. (4.8), the second term represents the force generated by the difference of
the velocity head in Bernoulli’s principle, the third term represents the force generated by the friction in

both syringes, and the fourth term represents the force generated by the loss in fluid energy. The force
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transmission 1oss, fioss, represents the sum of all these terms. At last, fi,, can be simplified as

fin = 7f§p + floss- 4.9

The details of the motion equation in Eq. (4.8) are as follows:

max <0, ftlp (fs syrl T s syr2 sgn fm )
(if Gin = 0)

fgp + (fv,syrl + fv,syr2)
+(Uv,syr1 + O'V,syr2)q.in + KiinGin
fin _ +Ksin q12n

(if gin, > 0, i.e. pushing motion)
fgp - (fv,syrl + fv,syr2)
+(Uv,syr1 + O'V,syr2)q.in + KiinGin

. G2
sin Qin

(if ¢; < 0, i.e. pulling motion)

(4.10)
4.2.3 Cylindrical Forceps
Forward Kinematics

SCM is used on the developed forceps. Fig. 4-3 shows the outline of the SCM, where 6y;,i, is the angle
of the link, 6y, is the angle of the tip, fgp is the force on the syringe side, ffip is the grasping force on
the tip side, T¢o is the torque at the center of rotation, ()rpc is the top dead center, and ()ppc is the

bottom dead center. The relationship between 6y;,x and 0;;, can be expressed as
Ohink = OTDC — Otipy- 4.11)

In this mechanism, gt;, can be expressed as

1 .
Gip = (71 <m + cos 91ink> — qrDC), 4.12)
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Fig. 4-3: Slider Crank Mechanism

where p = % Additionally, the velocity of the linear motion, ¢, can be expressed as

(jtip = Jacoelink

= -1 (Sin Oink + Sm?h“kcoseh“k> Dink- (4.13)

/ -2
p—Q—sm Oink

In addition, the relationship between the force on the syringe side, fgp and the torque at the center of the
link, T}, can be expressed as

Teor = acoftpi)p~ 4.14)
Further, the grasping force on the tip side can be derived as
ftgip = TeorTs. (4.15)

Attention has to be paid in this research to the point of rotation singularity. When J,., is equal to

zero or infinity, the singular point, 6, can be obtained. If J,., = 0, there are three singular points

. 2-1 .. . . .
0 =0,00, =7,60%, = +arcsin(y/2—).In addition, if J,, = 00, there are two singular points
spl » Yspl » Vsp3 ri—1 g p
co  __ : 1
Ogp1 = T arcsin(s)).

Inverse Kinematics

The inverse dynamics of the SCM are described in this section. Using the cosine rule, the length, 7o

can be expressed as

5 =11 + (qtip + groc)? — 271 (gtip + gTDC) €OS Ok (4.16)
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Table 4.1: Design Parameters of The Palpation Probe and The Forceps.

Parameters Descriptions Values Units
Specifications of the Palpation Probe
Dgyr1 Diameter of Syringe 1 23 mm
Dgyro Diameter of Syringe 2 2.1 mm
Asyrl, Asyr2 Length of Syringe 3.5 mm
Mgyr1, Mgyro  Mass of Syringe 0.0837 kg
Diube Diameter of Tube 1.0 mm
diube Length of Tube 2000 mim
Specifications of the Forceps

Dgyr1 Diameter of Syringe 1 2.3 mm
Dgyro Diameter of Syringe 2 2.3 mm
l Stroke 0.7 mm
r1 Length of Link 1 0.75 mm
r9 Length of Link 2 0.9 mm
r3 Length of Link 3 5.75 mm
qBDC Bottom Dead Center of Slider 1.65 mm
OBDC Bottom Dead Center of Rotation Angle 180.0 deg
qTDC Top Dead Center of Slider 0.9 mm
Otpc Top Dead Center of Rotation Angle 114.6 deg

Then, the rotation angle 6y;,can be expressed as

Orink = arccos(
Moreover, the angular velocity, B1ini can be expressed by using the inverse Jacobian as follows:

Otink =

r3 — (qip + grDC)? — T3

2r1(qtip + gTDC)

-1 - .
Jacoqtlp

1 a2
1//)—2—5.1n Oink

- - T __ 2 " ] ’
1 (bln Olink y / -7 —sin Oink+sin Orini cos Glink)

where J ! is the inverse Jacobian.

aco

4.17)

(4.18)
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Table 4.2: Identified Parameters for the EHTS-based Palpation and Forceps

.. Values .
Descriptions Parameters Units

Palpation Forceps

Static Friction in Pushing/Grasping Motion 1+ 0.19 0.17 N

Static Friction in Pulling/Opening Motion fe -0.24 -0.14 N

Viscous Coefficient in Pushing/Grasping Motion o 83.94 76.18 (N -sec)/m
Viscous Coefficient in Pulling/Opening Motion o~ 33.20 84.14 (N -sec)/m
Frictional Head Loss Term Kiin 40.30 kg - s~1
Singular Head Loss Term Kqn 0.0401 kg -m~!

0.25 T T 0.5
Exp.data(Palpation) O

Approx.(Palpation)

0 Exp.data(Forceps) B ) /
2 Approx.(Forceps z o 99—
% Ppprox.( Ps) % 025 L0 :/
é £ E /g/ Exp.data(Palpation) O
-0.25 & & .
0 O - Approx.(Palpation)
M o— i . Exp.data(Forceps)
[
Approx.(Forceps)
-0.5 0 I |
-0.0025 -0.002 -0.0015 -0.001 -0.0005 0 0 0.0005 0.001 0.0015 0.002 0.0025
Velocity [m/s] Velocity [m/s]
(a) Pulling/Opening Cycles (b) Pushing/Grasping Cycles

Fig. 4-4: Identification Results of Transmission Loss

4.2.4 Design Parameters and Transmission Loss Model Identification

Mechanical parts of the EHTS and the forceps are designed as shown in Table 4.1. The transmission
loss, which is defined in Eq. (4.9), is identified by the constant velocity test with 11 different velocity
inputs. Transmission loss is measured by the full-order RFOB. Furthermore, the viscous coefficient, (o),
is identified by the least square method. Fig. 4-4 shows the experimental results, where the plots indicate
the results of the actual transmission loss, and the line indicates the identified transmission loss model.
In addition, the results of the identified parameters are shown in Table 4.2. Both results show that the
identified model is well fitted to the actual transmission loss value for each constant velocity test. Hence,

each experimental result of the developed model has satisfied the desired objectives.
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4.3 Method

This section describes the control methodologies for the palpation device and the forceps, as well
as the system configurations and procedures of the experiments. The control performance of both de-
veloped instruments is confirmed by the position control, force control, and bilateral control methods,
respectively. The control design for each control method is described in 4.3.1. In addition, this research

conducts a set of six experiments, the setup and procedure of which are described in 4.3.2.

4.3.1 Control Design

Position Control

The goal of position control in this research is to control the tip’s position gt;,. However, the developed
instruments does not mount on the position sensing device at the tip’s side. Therefore, the desired tip’s

position is achieved by using following equation:

g =gt (4.19)

gl = ygemd, (4.20)

where ()9 is the desired value. A block diagram of the position control method for the EHTS is shown

in Fig. 4-5. Where, "FO-DOB” means Full-order DOB described in chapter 2.

Angle Control of the Tip

The goal of angle control is to control the angle of the tip, 0;;,. However, the developed system does
not rely on a rotary encoder to measure ¢,. Thus, the coordinate transformation by the Jacobian as
defined in Eq. (4.13) is required to transform the actuator position, gy;p, into the tip angle, 0,. The
whole structure of the position control scheme is diagrammatically shown in Fig. 4-6, where @ is a

value on the tip side.

Force Control

The goal of force control in this research is to control the tip’s side force. As mentioned in 4.2.2, in
order to achieve the desired force on the endpoint side, the transmission loss force, (fioss) needs to be

compensated. In this research, fios is compensated by a feed-forward-based compensation using the
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Fig. 4-5: Block Diagram of the Position Control Method for the EHTS-Based Palpation Probe
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Fig. 4-7: Block Diagram of the Force Control Method for the EHTS-Based Palpation Probe
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Fig. 4-8: Block Diagram of the Force Control Method for the EHTS-Based Forceps

—49 —



CHAPTER 4 DEVELOPMENT OF EHTS BASED MEDICAL INSTRUMENTS FOR THE NOTES

A, . A
qur\!
‘, « Operator’s Impedance = .
|5 !
) )
rozcs = .
nC (5] |ve - {e $ j:“.,“_,
, M_+M] i g™ e
" e — + Master Actustor l“, q
1 1+ (S0-DOB/ SO-RFOB | [
WM 2
- v fm}.nd
3 2| ey
¥oAC () e f'.—..:"'fm. 7~
o | V| Fo
T M, | - roeps
Comtreller YT | e or
- oy Shave Acti
. ol q el i+~ Palpation Probe
¢ SO-DOB / SO-RYOB |,
Ty +] -

Oblique Coordisate ] hons
Tranvformatiea Sisns Traasmissisn Loss
Compematica

Fig. 4-9: Block Diagram of Bilateral Control for the EHTS-Based Palpation Probe and the Forceps

RFOB, according to Eq. (4.9), as follows:

fin = ’Yfgp + (floss - floss)
~ fi 4.21)

where flossis an identified force transmission loss model, as mentioned in 4.2.4. A block diagram of the

force control method for the EHTS is shown in Fig. 4-7.

Grasping Force Control

The goal of the force control technique in this research is to control the grasping force at the tip of the
forceps, ftgip. The coordinate transformation by the Jacobian is utilized to achieve this task. In addition,
the feed-forward-based friction compensation is applied to suppress the transmission loss of the EHTS.
A block diagram of the grasping force control method is shown in Fig. 4-8. Where, "FO-RFOB” is the
Full-order RFOB described in chapter 2.

Bilateral Control

In this research, an oblique coordinate bilateral control method, which is explained in Chapter 3, is

applied. The whole structure of the 4-ch. bilateral control system is shown in Fig. 4-9.
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Table 4.3: Control Parameters of Six Experiments.

Position and Force Transmission Performance

Sampling Time (st) 0.1 msec
Cut off frequency of the DOB (gqgop) 300rad/s
Cut off frequency of the RFOB (g,¢o1) 300rad/s
Actuator Nominal/Actual Mass (M, M) 0.5kg
Nominal/Actual Torque Constant (K, K;) 33.0N/A
Position Proportional gain (K,) 2500.052
Position Differential gain (K) 100.0s!

Tip’s Position Control / Tip’s Angle Control Experiment

Tip’s Force Control / Tip’s Grasping Force Control Experiment

Sampling Time (st) 0.1 msec
Cut off frequency of the Full-Order DOB (gq05) 100rad/s
Cut off frequency of the Full-Orer RFOB (g,fop) 100rad/s
Observer Gain (I1) 383.1
Observer Gain (l) 78400.0
Actuator Nominal/Actual Mass (M,,, M) 0.03kg

Nominal/Actual Torque Constant (K, K;) 0.57N/A

Position Proportional gain (K,) 10000.0 52
Position Differential gain (K) 200.0s!
Force Differential gain (Ky) 2.0s72

Virtual Stiffness for Impedance Control (Kepny) — 1500.0

Virtual Damping for Impedance Control (Depy)  20.0

4.3.2 Experimental Setup
Position Control Experiment
A Voice Coil Motor (VCM, Technohands Co., Ltd. AVM 12-6.4) is connected to the developed pal-

pation device. The displacement of the actuator side (¢;,) is measured by the linear encoder (See Fig. 4-

11(a)). Position tracking performance is tested under three different configurations: (i) 0° configuration
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Bilateral Control Experiment

Sampling Time (st) 0.1 msec
Cut off frequency of the Full-Order DOB (g4op,) 600rad/s
Cut off frequency of the Full-Order RFOB (g,¢o1) 600rad/s
Observer Gain (1) 2473.9
Observer Gain (I2) 3240.0 * 103
Master Side Nominal/Actual Mass (Mum, M) 0.5kg
Slave Side Nominal/Actual Mass (Mg, Ms) 0.03kg
Virtual Operator Side Nominal/Actual Mass (Myyir, Myir) 0.5kg
Master Side Nominal/Actual Torque Constant (K rmn, /rm) 33.0N/A
Slave Side Nominal/Actual Torque Constant (K g, Krs) 0.57N/A
Virtual Operator Side Nominal/Actual Torque Constant (K rvirn, Krvir) 33.0N/A
Position Proportional gain (K,) 10000.0s~2
Position Differential gain (K) 200.0s7 !
Force Proportional gain (K¥) 2.0572

(i) 90° configuration (iii) 180° configuration. The 0° configuration represents a configuration in which
the hydraulic cable is set straight; the 90° configuration represents a configuration in which the hydraulic
cable is bent to 90° and the 180° configuration represents a configuration in which the hydraulic cable
is bent to 180°. Furthermore, the position control of a step input is conducted using the following three

different command scenarios:

0.0005 (casel)
qﬁ? =40.001 (case2) - (4.22)
0.0015 (case3)

Similarly, the position control of a ramp input is conducted using the following three different commands:

0.00025 -t (casel)
gi = {0.0005 -t (case2) , (4.23)
0.00075 -t (case3)
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Table 4.4: Specification of the Thrust Wire.
Outer Tube (Stainless Tube)

Outer Diameter 0.00211m

Inner Diameter 0.00169 m

Spring Pitch 0.0021m

Inner Tube (Nickel - Titan Wire)

4. 7mm

Diameter 0.0006 m

Whole Structure

Fig. 4-10: The Endpoint Shape of the Thrust Wire
Outer Diameter 0.0028 m

Length 2.0m

e

Jio
gmgl=¥

Position Encoder Virtual Environment

de:
§ oy

YCM

(b) Setup for the force transmission perfor-
(a) Setup for the position transmission perfor- mance
mance

Fig. 4-11: Experimental Setup for Transmission Performance Verification.

where ¢ is the moving time. This experiment defines 0 < ¢ < 2.0. The endpoint side position, g3, is

measured by an optical encoder (RENISHAW plc. RGH24).

Angle Control Experiment of the Tip

System configurations are the same as during the position tracking performance of the palpation de-
vice. In addition, the tracking performance is tested under the same configurations for the palpation

device. In the case of the angle control experiment of the tip of the forceps, the angle control of a step
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Sensing
temperature

Thermo Sensor

Fig. 4-12: Experimental Setup for The Temperature Dependency Test

input is conducted using the following two different command scenarios:

(In opening cycles)

o3 = —30.0°, (4.24)

tip

(In grasping cycles)

o> = —30.0° + 0" (4.25)

Similarly, the angle control of the ramp input is conducted using the following two different command
scenarios:

(In opening cycles)

gdes — —7.5° . ¢, (4.26)

tip

(In grasping cycles)

Hdes — 75t + pinit 4.27)

tip tip »

where Hgff is the initial tip’s angle before the start of the grasping motion. In this experiment, Hirigt is
set to 30°. The moving time is set to 0 < ¢ < 4.0. The actual tip angular is observed by a digital
microscope camera (PlumRiver Inc. DJ-KNBKY-1000) and is measured using motion analysis software
(Kinovea version 0.8.25). The outline of the experimental setup for the tip’s angle control is described in

Fig. 4-13(a).
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(b) Setup for the grasping force control

(a) Setup for the tip’s angle control

Fig. 4-13: Experimental Setup for the EHTS based Forceps.

Master System Virtual Operator

& sammich s

Bilateral Contred with
Friction Compensation

Fig. 4-14: Experimental Setup of the Bilateral Control Experiment

Force Control Experiment

The developed palpation probe is connected to the VCM and the force is applied to the palpation
device. A linear actuator (Motor 2) is utilized to measure the reaction force at the endpoint and an
impedance control is implemented in Motor 2. Therefore, the same experimental setup described in
Fig. 4-11(b) were used. In this experiment, the virtual stiffness and virtual viscosity are set as shown in

Table 4.3.1. The force control of a step input is conducted using the following three different command
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scenarios:
0.5 (casel)
FiS=1¢0.75 (case2) . (4.28)
1.0 (case3)

In addition, the force transmission performances under three different configurations ((i) 0°, (ii) 90°, (iii)

180°) are tested.

Grasping Force Experiment

The developed forceps is connected to the VCM. The grasping force is applied to the proposed system.
Another VCM (Motor 2) is utilized to measure the grasping force. An impedance control is implemented
in Motor 2. In this experiment, the virtual stiffness and virtual viscosity are set as shown in Table 4.3.1.
. Further, the contacting point of the tip is set to 6y, = 40.0°. When the grasping force feedback is
implemented in the VCM, the reaction force is measured by the Full-Order RFOB applied to Motor
2. The scheme of the grasping force measurement system is shown in Fig. 4-13(b). The force control

command is set as

fis =02 (4.29)

In addition, the force transmission performances under three different configurations ((i) 0°, (ii) 90°, (iii)

180°) are tested.

Transmission Performance Verification of the EHTS

e Comparison with Flexible Actuator
The objective of this experiment is to verify the position and force transmission efficiencies of
the EHTS using the developed system. Two electromagnetic linear motors are used (GMC HIL-
STONE CO., LTD. S160Q) for this experiment. One linear actuator (Motor 1) is connected to the
EHTS while the other (Motor 2) is mounted on the endpoint side as shown in Fig. 4-11(a). The
position transmission performance is evaluated by the position control method using the step input
(qg‘;S = 0.002m). The position command value and the position response value in a steady state

response are compared. The endpoint position is measured by a linear encoder (Renishaw plc.

RGH24) implemented in Motor 2. The force transmission performance is also evaluated by the
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force control method using the step input ( fg;s = 0.5N). The force command value and the force

response value in a steady state response are compared. The endpoint force is measured by Motor
2, which is fixed to the same position using position control. The endpoint force is measured by the
RFOB as shown in Fig. 4-11(b). In addition, the EHTS is compared with the flexible actuator. The
specification of the thrust wire is shown in Table 4.3.1. Consequently, the size of the thrust wire is
similar to that of the EHTS, and the transmission performances of both systems can be compared
fairly. Both transmission performances are evaluated with transmission rates. The position trans-
mission rate, («), is defined as the ratio of the position command to the position response. Thus,
a=qi/ qﬂ%s. Further, the force transmission, (/3), is defined as 5 = froad / fggs. These values are
calculated for 12 different wire shape configurations.
e Frequency Analysis
The frequency analysis of the EHTS was confirmed through the experiment. 13 different position

emd and femdy were used and the position response (¢**°) and

/ force sine wave commands (q
the force response ( fload) at the endpoint side were measured. The bode plots are plotted by
using the measurement data and frequency characteristics are analyzed. The measurement method
of position response and the force response are same to transmission performance comparison
experiment. In this experiment, some hypothesis are set as follows: (i) The transmission loss was

compensated by the Full-Order DOB. Therefore, the position / force control are ideally working.

(i) The nominal mass equals to the actual mass.

e Time-related Deterioration Test
The dependency of the Time-related deterioration was confirmed through the experiment. Position
and force transmission characteristics were confirmed by using the olive oil from one day to seven
day after opening. Same experimental setups as shown in Fig. 4-11 is used for the position and

force transmission performance confirmation.

e Temperature Dependency Test
A temperature dependency test was confirmed through the experiment. Olive o0il’s temperature was
controlled by using a thermo heater (compact ceramic heater : JTB TRADING Inc.) and a thermo-
stat (Digital Thermostat AC 110-240V 10A:KKMoon,Inc.). The setups of the temperature control
methodology is shown in Fig. 4-12. Operator observed the current temperature measured by the

thermo sensor and operator turn off the thermo heater when the current temperature was reached
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at the desired temperature. In this experiment, three different temperature (20C°,30C°,40C°).
Same experimental setups as shown in Fig. 4-11 is used for the position and force transmission

performance confirmation.

Bilateral Control Experiment

Fig. 4-14 shows the experimental setup for bilateral control. Two electromagnetic linear actuators
and one VCM are used in the bilateral control experiment. One linear actuator is utilized as the master
actuator. The VCM is connected to the proposed forceps (the slave actuator). Another linear actuator
is connected to the master actuator. The sinusoidal position command is inputted to the master actuator
(instead of a human). In this experiment, sinusoidal motion is inputted to the master actuator. The exper-
imental work is done under three different conditions: (i) free motion; (ii) manipulation of a soft object
(hemispherical Urethan gel); (iii) manipulation of a hard object (aluminum block). In addition, trans-
mission loss compensation is implemented during grasping cycles and the compensation performance is

compared by using the force response during both the grasping and opening cycles of the operation.

4.4 Results

The experimental results are described in this section. In 4.4.1, the position control performance of
the EHTS-based palpation device is explained. In 4.4.2, the performance of the tip’s angle control is
described. In 4.4.3, the force control results of the EHTS-based palpation device are explained. In addi-
tion, the grasping force control results of the EHTS-based forceps are explained in 4.4.4. The position
and force transmission performance results are explained in 4.4.5. Finally, the bilateral control results of

both instruments are described in 4.4.6.

4.4.1 Position Control Experiments of EHTS-based Palpation

The step response results are shown in Fig. 4-15. Fig. 4-15(a) shows the step response at the actuator
side under three different commands and Fig. 4-15(b) shows the error between the command and the
response. From both results, the overshoot became large in proportion as large position command. How-
ever, the steady-state error converged to almost zero. Fig. 4-15(c) shows the step response at the endpoint
side under three different commands and Fig. 4-15(d) shows the error between the ideal trajectory and

the response. From Fig. 4-15(c) and (d) the overshoot is lower than the result in Fig. 4-15(a). The po-
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Fig. 4-15: Step Response of Position Control with EHTS based Palpation Device

sition tracking performance under three different configurations are shown in Fig. 4-15(e). The tracking
performance did not decline despite the increasing bending angle. The steady-state error in Fig. 4-15(e)
is within 4.0x10™°m.

Likewise, the position ramp response under three different commands is shown in Fig. 4-16. In the
case of the ramp response, the error in transient response between the position command and the actuator-

side response was lower than the step response error shown in Fig. 4-16(b). Fig. 4-16(c) shows the ramp
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Fig. 4-16: Ramp Response of Position Control with EHTS based Palpation Device

response at the endpoint side and Fig. 4-16(d) shows the error between the ideal trajectory and endpoint-

side response. The error during ramp motion was within 2.0x10~*m. Fig. 4-16(e) shows the ramp

response at the endpoint side under three different configurations. The steady-state error converged to

almost zero in all cases (maximum error was 4.0x10~5m). Therefore, the tracking performance did not

depend on the wire’s configuration compared with the results of Fig. 4-16(e).
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4.4.2 Results of the Tip Angle Control Experiment

Fig. 4-17 shows the results of the tip’s angle response to step input. Fig. 4-17(a) and Fig. 4-17(c) show
the tip’s angle response to step input in opening cycles at the actuator side/tip side. The steady-state
error in Fig. 4-17(b) and Fig. 4-17(d) shows the tip’s angle response to step input in opening/grasping
cycles observed by the digital microscope. Furthermore, Fig. 4-17(e) and Fig. 4-17(f) show the tip’s
angle response to step input in opening/grasping cycles under three different configurations observed
by the digital micro scope. Fig. 4-18 shows the results of the tip’s angle response to ramp input in
opening/grasping cycles. Fig. 4-18(a) and Fig. 4-18(c) show the tip’s angle response to ramp input in
opening/grasping cycles at Motor 1 (9{165) Fig. 4-18(b) and Fig. 4-18(d) the tip’s angle response to
ramp input in opening/grasping cycles observed by the digital microscope. Furthermore, Fig. 4-18(e)

and Fig. 4-18(f) show the tip’s angle response to ramp input in opening/grasping operation under three

different configurations observed by the digital microscope.

4.4.3 Force Control Experiments of EHTS based Palpation

Fig. 4-19 shows the experimental results of force control performance. Fig. 4-19 (a) shows the force
transmission performance with and without transmission loss compensation and Fig. 4-19(b) shows the
force response error. The steady-state error of force control without transmission loss compensation was
0.4 N, while the force transmission performance with transmission loss compensation was approximately
0.8 N. Therefore, the force transmission loss compensation was effective in improving force tracking per-
formance. Fig. 4-19 (c) and Fig. 4-19(e) show the results of the actuator-side and endpoint-side force
response, respectively, under three different commands with transmission loss compensation. The errors
of each result are shown in Fig. 4-19(d) and Fig. 4-19(f), respectively. The experimental results indicate
good force transmission performance and that the steady-state error of the force tracking performance of
each force command was within 5.0~2 N. Furthermore, Fig. 4-19(g) shows the force control response
under three different configurations and Fig. 4-19(h) shows the force response error. These results in-
dicate that the force transmission performance did not deteriorate for any wire shape and the maximum

steady-state error was 5.072 N.
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4.4.4 Grasping Force Control Experiments of EHTS-based Forceps

Fig. 4-20 shows the experimental results of grasping force control performance. Fig. 4-20 (a) shows
the grasping force transmission performance with and without transmission loss compensation. The
steady-state error of the grasping force without transmission loss compensation was 0.16 N, while the
grasping force transmission performance was 0.007 N. Therefore, the force transmission loss compen-
sation was effective in improving the grasping force tracking performance. Fig. 4-20 (b) shows the
experimental results of force control for three different postures with transmission loss compensation.
The steady-state error of the grasping force tracking performance was within 2.472 N. In addition, the

grasping force transmission performance did not depend on the shape of the tube.

4.4.5 Position/Force Transmission Performance of The EHTS-based Palpation

Comparison with Flexible Actuator

Fig. 4-21(a) shows the position transmission rate compared with the flexible actuator. The position
transmission rate of the thrust wire is greater than that of developed device. However, the difference
is very small and the transmission rate of the proposed device shows less dependence on the bending
angle. Fig. 4-21(b) shows the force transmission rate compared with the flexible actuator. The force
transmission of the flexible actuator decreases with increasing bending angle, whereas the transmission
rate of the EHTS seems to be independent of the bending angle. However, EHTS did not reduce the force
transmission performance despite increasing bending angle. The above results show that the developed

device can solve the force attenuation problem without limiting the position transmission efficiency.

Frequency Analysis

Gain plots of the position transmission performance and the force transmission performance are shown
in Fig. 4-22. Where, the blue line shows the -3dB. From Fig. 4-22, the cut-off frequency of the position
and the force transmission was around 2.0Hz. According to some researches, the bandwidth of a surgeon
during fine manipulation is below 2.0Hz [36,37]. Thus, the proposed device is satisfied to manipulate the
fine motion under tele-operation. The bandwidth of transmission performance depends on the viscous

effect of the fluid and the fluid leaking.
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Time-related Deterioration Test

Fig. 4-23(a) and Fig. 4-23(c) show the position step and position ramp response for time-related dete-
rioration test. From both results, there were no deterioration in all results. Correspondingly, the results of
the force step response is shown in Fig. 4-23(e). This result also indicated that there were no dependency

of the time-related deterioration.

Temperature Dependency Test

Results of the temperature dependency test for position step response and the position ramp response
are shown in Fig. 4-24(a) and Fig. 4-24(c). Both results indicated that the position transmission perfor-
mance did not depend on the oil temperature. Likewise, Fig. 4-24(e) shows the force step response of
different oil temperature. This results also indicated that the oil temperature did not depend on the force

transmission performance.

4.4.6 Results of the Bilateral Control Experiments

Results of the EHTS-based Palpation

The command of the sinusoidal wave motion is determined by the results of the cut-off frequency
of the position control and force control. The sine wave input was set to 1.4 Hz. Fig. 4-25 shows the
bilateral control results of the EHTS-based palpation probe. Where, the yellow area describes the contact
motion. Fig. 4-25 (a) and Fig. 4-25(b) show the position and force responses in bilateral control without
contacting an object (i.e., free motion). Also, Fig. 4-25 (c) and Fig. 4-25 (d) show the position and force
time responses in bilateral control when the virtual operator uses the master system to interact with soft
environments. In addition, Fig. 4-25 (c) and Fig. 4-25 (d) show the position and force time responses
in bilateral control when the virtual operator uses the master system to interact with hard environments.
The experimental results shown in Fig. 4-25 demonstrate that operating force losses can be reduced using
transmission loss compensation. Therefore, an operator can feel the environmental force more clearly,
which is a good contribution for NOTES surgery. In addition, according to the experimental results
of contacting motion shown in Fig. 4-25(d) and Fig. 4-25(f), the reaction force was varied with each
environment. The behavior shown in Fig. 4-25 can be also felt by the human operator. Even if the human
operator operates the proposed forceps, the operator can feel the reaction force clearly without facing the

large operating force.
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Results of the EHTS-based Forceps

The command of the sinusoidal wave motion is determined by the result of the cut-off frequency of
the tip’s angler control and the grasping force control. The sine wave input was set to 0.71 Hz. Fig. 4-26
shows the bilateral control results of the EHTS-based forceps. Where, the yellow area describes the
contact motion. Fig. 4-26 (a) and Fig. 4-26 (b) show the position and force time responses in bilateral
control without contacting an object through bilateral control and proposed forceps. Fig. 4-26 (¢) and
Fig. 4-26 (d) show the position and force time responses in bilateral control when the virtual operator
uses the master system to interact with soft environments. Fig. 4-26 (c) and Fig. 4-26 (d) show the
position and force time responses in bilateral control when the virtual operator uses the master system to
interact with hard environments. The experimental results shown in Fig. 4-26 demonstrate that operating
force losses can be reduced using transmission loss compensation. Therefore, an operator can feel the
environmental force more clearly, which is a good contribution for NOTES surgery. In addition, from the
experimental results of the contacting motion shown in Fig. 4-26(d) and Fig. 4-26(f), the reaction force
varied with each environment. The behavior shown in Fig. 4-26 can also be felt by the human operator.
Even if the human operator operates the proposed forceps, the operator can feel the reaction force clearly

without facing the large operating force.

4.5 Discussions

In this study, two types of haptic medical instruments for safe NOTES surgery are developed. The
originality of the proposed mechanism is that the force and position information are transmitted by the
fluid energy. The advantage of this mechanism is force transmission performance is guaranteed in any
wire’s configurations. In general, the doctor cannot measure the configurations of the wire during NOTES
operation because the instruments are inserted into the patient’s body. Therefore, this unique structure
is effective to realize haptic NOTES surgery. The transmission loss of the developed instruments is
indicated by the physical model, while the position and force transmission performance of both medical
instruments were confirmed through the experiments. The position and force transmission performance
compared with release-type instruments (i.e., a flexible actuator) were confirmed. Moreover, oblique
coordinate control-based 4-ch. bilateral control was applied to both instruments and the validity of the
haptic sensation was confirmed under three different conditions.

The size of syringes, which is used for palpation probe, are different diameter (Dsy,1 = 0.0023mm,
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Dsyro = 0.0021mm). By using different size syringes, the physical scaling and velocity head influence
described in 4.2.2 is occurred. Thus, the position and force response generated at the endpoint side
differed from the response generated at the motor side (See Fig. 4-13, Fig. 4-14 and Fig. 4-17). Therefore,
this system is quite severe to the diameter of the syringe but the operator can obtain the desired value by
taking into account the influence of the ~y. In addition, the stroke of the palpation probe is approximately
5.0mm and is sufficient to push the environment. The diameter of the outer tube is 2.6mm. This size
is enough small to insert an endoscope camera. The abnormal tissue detection performance depends on
the depth of the abnormal tissue. In case of this probe, If the depth of the pushing target, such as cancer
tissue, is over 5 mm, it is difficult to measure the reaction force of the abnormal tissue. This constraint
depends on the length of the probe.

The SCM mechanism was applied to the EHTS-based forceps. The tip’s angle and grasping force are
derived using the Jacobian described in Eq. (4.13) and the lengths of the links (1,72, 73) are essential
parameters to define the Jacobian. Therefore, the large grasping force was obtained by setting a large
value for the Jacobian. However, there is a limitation to setting the Jacobian owing to the singularity
points. In this research, the length of links 1 and 2 was designed in order to obtain the Jacobian as large
as possible.

The experimental results of the position control and the tip’s angle control show that there were errors
between the command value and response value at the motor side caused by the overshoot. The mag-
nitude of the overshoot increased when the position commands increased. This phenomenon was also
observed in the results of the step response of the EHTS-based forceps. This overshoot is due to the
limitation of the disturbance suppression performance by the Full-Order DOB. The disturbance suppres-
sion performance can be further improved by setting a large cut-off frequency value (g4o1,). However,
this overshoot did not influence the response at the endpoint side because of the law bandwidth of the
proposed forceps.

Let us consider the force control experiments of both instruments. The force control performance was
improved by applying transmission loss compensation. However, the steady-state error remained for each
experimental result. The cause of this steady-state error was the modeling error of the transmission loss
model. As mentioned in 4.2.4, the transmission loss model was identified using the steady-state value
of the actual transmission loss. Hence, the transient response of the transmission loss was not taken
into account. In addition, the feedforward-type compensation was applied to the system. Therefore, the

error was not modified. In order to improve compensation performance, online parameter modification
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methodologies, such as an adoptive control method, could be effective. Further, the compensation model
is not continuous function as mentioned in Eq. (4.8). Thus, the compensation performance would be
worse in low velocity area due to the noise of the estimated velocity by a state observer. As mentioned in
Section 2, the influence of the estimated velocity noise of full-order RFOB can suppress compared with
the minimal-order RFOB but the noise effect cannot suppress completely. However, the reaction force of
free motion and the contact motion in bilateral control experiment indicated that the compensation error
is small enough to feel the environment reaction force. From this reason, the force transmission with
feed-forward compensation can achieve the clear environmental force transmission.

In addition, the comparison results of the force transmission performance indicated the force trans-
mission performance of the developed device was guaranteed for any wire’s configurations. In case
of the flexible actuator, the force transmission performance depended on the wire’s shape owing to the
nonlinear friction. Therefore, the proposed instruments can utilize such a penetrate area where the oper-
ator cannot measure the configurations of the wire. Further, the proposed instruments does not depend
on the oil temperature. In general, human’s body temperature is around 37C° and the proposed instru-
ments were guaranteed the transmission performance. Moreover, there was no time-related deterioration
within 7days after opening. Considering about frequency characteristics, the cut-off frequency of the
developed instruments was around 2.0Hz. Consequently, the developed device was difficult to transmit
the impulsive force such as a knocking motion and proposed instruments have a limitation to the med-
ical applications. Wagner et al. analyzed the role of force feedback in tele-operation robot and they
described that the surgeon’s movements during fine manipulation within surgical procedures are 1.0 - 2.0
Hz. However, this research is only focused on the blunt dissection[37].

However, the proposed system has a limitation. There were the origin drifts of position transmission
performance by the EHTS. It would be caused either due to oil leakage or due to the compressibility of
the oil. These influences caused the transmission performance to deteriorate, and the charge pressure
has to be kept constant in order to maintain the transmission performance. In this study, the operator
regularly injects olive oil into the syringes and tube using a small injector. However, this research does
not manage the drifts quantitatively. As a solution for maintaining the charge pressure at a constant value,
the rotary pumps [38] or the mechanical sealing such as an O rings are effective solutions. However, the
large force input has a risk to make bio-tissue damage. According to my previous research, palpation
over 1.5N force seemed bleeding [39]. Therefore, the proposed device is suitable for using a medical

application for palpation or grasping bio-tissue.
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4.6 Summary

This chapter presents a newly developed two types EHTS-based medical instruments in order to im-
prove the haptic feedback of NOTES surgical system. The proposed forceps is physically small enough
to be attached to the endoscope. In addition, the research results have shown that the position and force
transmission performance are guaranteed for any wire’s shape. Each transmission performance was ex-
perimentally tested and verified. In addition, a bilateral control using transmission loss compensation
was implemented to the proposed EHTS-based forceps. The obtained results have demonstrated that an
operator will be able to correctly get the force feedback and tactile sensation in manipulating a patient’s
internal organs.

Through the experimental results, proposed instruments had a limitation for output force due to the
oil leakage. This problem would be solved by using a mechanical sealing method such as a O-ring and

it requires to take into account as a future work.
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Fig. 4-24: Results of the Temperature Dependency Test
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Fig. 4-25: Bilateral Control Results of EHTS based Palpation Probe.
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Chapter 5

A Quantitative Evaluation Method for
Evaluating Non-Obstructive Azoospermia

5.1 Introduction

Recently, the number of patients struggling with infertility has increased worldwide due to the trend
of late marriage and the aging population [40]. In fact, approximately 15% of couples are unable to
conceive after one year of unprotected intercourse. The cause of infertility involves men as well as
women. The rate of male infertility is about 20% in all infertility patients. Furthermore, the rate of
infertility caused by both the male and the female is about 38% [41]. Therefore, male infertility is a
crucial problem. Although some treatment methodologies for male infertility have been established [42],
most of the established treatment methods and discussions by medical doctors on solutions to infertility
currently concern female infertility [43,44].

* Azoospermia,” one of the famous diseases related to male infertility[45—47], is defined as a complete
absence of sperm in the ejaculate. The rate of azoospermia is approximately 1% in all men [48] and 10%
to 15% in infertile men[49]. There are two types of azoospermia: obstructive azoospermia (OA) and
non-obstructive azoospermia (NOA). In the case of OA, a sperm cannot pass through the spermatic
duct due to a vasectomy or alternate etiologies[47, 50]. The rate of OA in male infertility patients is
approximately 6.1% [51] to 13.6 % [52] . In the case of NOA, there is no sperm in the ejaculate due to
the impaired production of sperm[14]. The rate of NOA in azoospermia patients is 60%[15]. Currently,
many NOA treatment methods have been suggested; in particular, Intracytoplasmic Sperm Injection

(ICSI) is a standard method. There are five well-known methods for ICSI: Fine Needle Aspiration
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(FNA), Percutaneous Testis Biopsy (PTB), Open Testicular Biopsy (OTB), Testicular Sperm Extraction
(TESE), and Microdissection Testicular Sperm Extraction (MD-TESE).

In terms of the sperm retrieval rate and level of invasiveness, MD-TESE is the best method [15, 16].
In MD-TESE, the sperm is extracted from the seminiferous tubule by using a microscope. In fact, it is
possible for the sperm to exist in as a part of the seminiferous tubule. After extraction, in-vitro fertiliza-
tion is done. However, according to some papers, the sperm retrieval rate is lower than the rate of OA.
Hibi et al. attempted to compare the sperm retrieval rates between conventional TESE and MD-TESE.
From the results, they found that the retrieval rate of MD-TESE is 25.8% and that of conventional TESE
is 30.2%, thereby concluding that the MD-TESE does not improve the sperm retrieval rate [53]. Bernie
et al. reviewed the related literature and found that the sperm retrieval rate of MD-TESE is about 60%
[54]. These results suggest that increasing the sperm retrieval rate has remained challenging. One of the
reasons for low retrieval rate is the sole use of visual information by a doctor when retrieving the sperm
through MD-TESE. In other words, MD-TESE is done by qualitative judgment. This is the problem with
MD-TESE. A good solution for improving the sperm retrieval rate is to utilize the quantitative data. A
common characteristic of the seminiferous tubule of NOA patients is that its wall is thicker than that of
normal patients [55]. Therefore, by measuring the thickness of the tubule’s wall, the judgment of whether
a patient has NOA or not is possible. However, measuring the thickness of the tubule’s wall during an
MD-TESE operation is difficult because of the length of time required for measurement.

Due to the reasons discussed above, hardness is used as a quantitative index instead of the thickness
of the tubule’s wall. Two experiments are done. First, the stiffness evaluation of a normal testis and
a testis under the spermatogenesis model is done. In order to compare the difference of stiffness be-
tween each testis, 15 normal testes and 16 spermatogenesis-model testes are utilized. In addition, the
stiffness evaluation of the seminiferous tubule between the cryptorchidism group and the normal group
is described. In order to compare the difference of stiffness between each testis, 9 normal testes and 9
spermatogenesis-model testes are utilized.

This paper is organized into four sections as shown in Fig. 5.1. In Section 5.2, the spermatogenesis
evaluation of the testis is described. In Section 5.3, the spermatogenesis evaluation of the semaphores

tubule is described. The conclusion is presented in Section 5.4.
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’ Introduction (Chapter 5.1)
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:
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Fig. 5-1: Chapter Organization

5.2 Spermatogenesis Evaluation based on the Hardness Measurements of
the Testis

This section describes a hardness evaluation of the testis between the cryptorchidism group and the
normal group for NOA judgment. Two types of stiffness are used as the quantitative hardness index for
the testis hardness evaluation. Both stiffness models are described in 5.2.1. In 5.2.2, a measurement
method and experimental setup are described. In 5.2.3, the experimental results are described. Finally,

the discussion is explained in 5.2.4.

5.2.1 Stiffness of the Testis

A testis consists of components such as the testis membrane, the stroma, and the seminiferous tubule.
If these components are defined as the sub-systems of which the testis consists, the reaction force in-

creases as the deformation of the testis increases. Then, the total reaction force can be expressed as

il de) =Y filas: di), 5.1)

where f; is the total reaction force from the components, f; is the reaction force from ith component, and

n is the total number of the components. The components include the elastic effect and viscous effect.
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Therefore, the reaction force from one sub-system can be expressed as
fi(gis Gi) = kigi + dids, (5.2)

where k; is the stiffness of the ¢th sub-system, d; is the viscosity of the i sub-system, ¢; is the deformation
generated ith sub-systems, and ¢; is the deformation velocity generated ith sub-systems. Then, the total

reaction force can be expressed by using the stiffness and viscosity of each sub-system as follows:
n n
Filgnr d0) =Y kigi+ > didi. (53)
i i

In actual situations, measuring the deformation of each sub-system is difficult. Thus, by using the total

deformation amount, ¢y, Eq. (5.3) is rewritten as

J(ae, 4v) = Ki(qo)qs + De(de) gy, (5.4)

where ¢ is the deformation amount generated at the testis, ¢; is the deformation velocity, K(q) is the
non-linear stiffness, and Dy (¢ ) is the non-linear viscous coefficient. Therefore, stiffness and viscosity
are varied by the deformation amount and velocity. The mechanical model expressed as Eq. (5.4) includes
the influence of viscosity. In order to exclude the influence of viscosity, the deformation velocity is set

to very slow. Thus, Eq. (5.4) is rewritten as

fi(as, Gy = 0) = Ki(qt)gs (5.5)

In addition, the linear approximation is applied to simplify the non-linear characteristics. The linear

approximation is expressed as

fela) = Ki(qe)a, (5.6)
where K is the linear approximation of time-variant stiffness. The linear approximation can be ex-
pressed in detail as

init 1

m
Ki(q) = =+ =) K, (5.7)
Qt m j=1
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(a) Whole System

(b) Measurement Device

Fig. 5-3: The Whole Testis Stiffness Measurement System

where K is the minor change of stiffness, j is the sample number, m is the maximum number of samples.

Here, the minor change stiffness can be expressed as

Kj =1 (5.8)

where ¢; is the time in the jth sample. The difference between Kiand K ;j 18 shown in Fig. 5-2.
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Table 5.1: Parameters for the Experiments

Parameters Descriptions ValuesUnits

Mechanical Parameters

st Sampling Time 0.1 msec
M, Nominal Mass of VCM 0.03kg

K Nominal Torque Coefficient 0.56 N/A

Control Parameters

K, Position Gain 3600.0s72

K, Velocity Gain 120.0s57 1
Gdob Cut-off Frequency of DOB 100.0 rad/sec
Ipd Cut-off Frequency of Pseudo Differentiation ~ 200.0rad/sec

5.2.2 Measurement and Control Method

System Configurations and Control Method

Experimental systems are shown in Fig. 5-3(a). Four systems are used for the experiment: (A) repre-
sents a personal computer to control the actuators; (B) is a control system (the microcontroller [STMi-
croelectronics Co., Ltd: STM32F411RET6 MCU], linear amplitude motor driver, counter board, 13-bit
analog-digital convertor); (C) is a measurement device; and (D) is a microscope. Fig. 5-3(b) shows the
structure of the measurement device: (i) is a Voice Coil Motor (VCM) used to achieve a pushing mo-
tion; (ii) is a micro force (FT'S-10000, FEMTO TOOLS A.G.); (iii) represents a linear encoder (RGH24,
RENISHAW plc.) used to measure the VCM’s position; and (iv) is an XZ mechanical stage (XZme-
chanicalstage, Misumi, Inc.). The testis is set on a wet box to prevent drying. The measurement motion
is produced by position control implemented with a minimum-order DOB. The parameters of position
control are shown in Table 5.1. The specifications of the micro force sensor are shown in Table 5.2. The
sensing probe is made from silicone. The tip of this sensing probe (the shape is 50 pm square) makes
contact with the testis, and the force is measured by the deformation of the sensing probe. The sensor’s
shape is shown in Fig. 5-4. The measurement motion is shown in Fig. 5-5. In the initial state, the sensing
probe makes contact with the surface of the testis (Fig. 5-5(a)). Afterwards, a pushing motion is started
(Fig. 5-5(b)). The motion is stopped when the position reaches the setting position (Fig. 5-5(c)). The

stiffness of the testis is calculated by using the results of the position and reaction force.
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Table 5.2: Specifications of a Micro Force Sensor
(FEMTO TOOLS FTS-10000).

125 pm

S0 um
45deg il
Descriptions Values Units l g
Sensitive o
Force Resolution (10Hz) 0.5 uN 8§| Jirection @
Maximum Deformation 34 : ]

. 1.5£0.5 pm
of Measurement Tip
Sensor Force Range 4+10000.0 uN e

Stiffness of Measurement

6666.7  uN/pm

Tip Fig. 5-4: Micro Force Sensor’s Shape (FEMTO
Sensor Gain 5000.0 pN/v  TOOLS FTS-10000)
Resolution of AD Convertor 13 bit

/

(a) Initial Position (b) Pushing Motion (c) Finish

Fig. 5-5: Scheme of the Testis Stiffness Measurement Motion

Stiffness Model Validation Experiment Setup

In this research, the testis includes the stiffness component and the viscous component as defined in
Eq. (5.4). The influence of both components is confirmed by two pre-experiments. The first experiment
is the confirmation of viscosity dependency. The linearity of stiffness is confirmed by the five different
constant velocity test. The four different velocity commands are set as ¢! = 10.0, ¢°™92 = 50.0, §omd3
= 100.0, ¢°™44 = 500.0 [m /sec], and the deformation amount is set to 500m. Mechanical impedance,
which is defined in Eq. (5.9), is calculated by using the velocity of the VCM and the instant reaction

force obtained by the micro force sensor. Here, the instant reaction force is defined as the reaction force
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when the VCM reaches 500um:

f(g,d)
q

= G(q,9) (5.9)

The second experiment is the confirmation of stiffness dependency. The linearity of stiffness is confirmed
by the constant velocity test. The five position commands are set as, qCmdl = 400.0, qCmd2 = 800.0,
g = 1200.0, ¢°™4 = 1600.0, ¢4 = 2000.0 [um], and the velocity command is set to 50um /sec.
Mechanical impedance, which is defined in Eq. (5.9), is calculated by using the position response of the

VCM and the reaction force obtained by the micro force sensor.

Hamster Model with Experimental Cryptorchidism

Eleven to fourteen week-old male Syrian hamsters with bilateral experimental cryptorchidism are used
as the NOA model. Hamsters are anesthetized by using Isoflurane (Wako Pure Chemical Industries). The
left-side testis is lifted up to the abdominal cavity, and both testes are extracted after two weeks. The
left-side testes are defined as the cryptorchidism group (Crypt) and the right-side testes are defined as the

control group (Control).

Stiffness Measurement Method and Spermatogenesis Pathological Evaluation Method

The testis used for stiffness measurement is extracted from the Syrian hamsters after euthanasia by
CO2 gas. The adipose tissues are removed, and all of the testes are placed in a plastic petri dish and
preserved at 4 degrees. Stiffness is measured at five points, as shown in Fig. 5-6, in order to take into
account the contact angle of the sensor’s probe and the regional differences of the testis. The horizontal
and vertical direction adjustments are made on the XZ mechanical stage, and the measurement order is
defined as Center-Right-Left-Down-Up. The maximum deformation amount is set to 500um and the
deformation velocity is set to 10.0um/sec. The measured testes are fixed by the bounds solution, and the
preparation of the paraffin-embedded specimens is conducted. In addition, the Hematoxylin and Eosin
stain (HE stain) is done. The Johnsen score (JS) [56], which is a quantitative score for spermatogenesis
maturity (from 1 to 7), is used in spermatogenesis evaluation. Thirty different cross-sectional areas of
the seminiferous tubule are evaluated, with the average value being used as the JS. As the JS is generally
used for the spermatogenesis evaluation of humans, it is modified in this research for the spermatogenesis
evaluation of hamsters. If the JS is within 5, we apply the normal JS. If the maturity of the sperm cell

reaches the stage of round spermatids, the JS is defined as 6. If the maturity of the sperm cell reaches the
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Fig. 5-6: Stiffness Measurement Points

stage of initial elongation, the JS is defined as 6.5. Moreover, if the maturity of the sperm cell reaches

the stage of late elongation, the JS is defined as 7.

Morphological Evaluation

A morphological evaluation is done for all measured testes. The following five terms are evaluated:
(i) thickness of the testis membrane, as shown in Fig. 5-7(a) (10 points are measured per one testis); (ii)
occupancy rate of the seminiferous tubule, as shown in Fig. 5-7(b) (1 point is calculated per one testis),
(iii) thickness of the seminiferous tubule’s basement membrane, as shown in Fig. 5-7(c) (100 points are
measured per one testis); (iv) thickness of the seminiferous tubule’s cell layer, as shown in Fig. 5-7(e) (50
points are measured per one testis); and (v) diameter of the seminiferous tubule, as shown in Fig. 5-7(d)
(10 seminiferous tubules are measured per one testis). All terms are compared with those of the normal

testis, and a significance test by the paired t-test is conducted.

Static Analysis Method

Static analysis is done by using JMP ver. 12 (SAS Japan) and R version 3.1.3. Analysis of variance
is used for the multiple group comparison and a paired t-test is used for the two dependent groups. The

significant probability is set to 5% for both analyses.
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(a) Thickness of Testis Membrane (b) Occupancy Rate of the Seminiferous
Tubule

(c) Thickness of the Seminiferous (d) Thickness of the Seminiferous

, (e) Diameter of the Seminiferous Tubule
Tubule’s Basement Membrane Tubule’s Cell Layer

Fig. 5-7: Scheme of Morphological Analysis
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Fig. 5-8: The Whole Seminiferous Tubule Stiffness Measurement System

5.2.3 Experimental Results

Model Validation Results

Fig. 5-8(a) shows the mechanical impedances for four different velocity commands. As shown in
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Fig. 5-9: Position vs Force Plots of the Testis’s Stiffness

Table 5.3: Results of the ANOVA for the
Stiffness Variation between Each Experimental

Table 5.4: Results of the ANOVA for the Stiff-
ness Variation at Each Measurement Point

Day

Point n mean+SD range

Center 43  1.0414£0.572 0.218-2.266
day n  meantSD  p-value a Right 43  1.05140.575 0.187-2.185
Ist 2 1.674+0.458 Left 43 1.039+0.583 0.163-2.109
ond 3 143240335 Bottom 43  1.096+0.642 0.200-2.398
3d 3 159440271 Upper 43 1.00840.601 0.195-2.280
4th 7 1.354+0.288 Total 215 1.047+0.589 0.163-2.398
Total 15 1.460+0313 0.5341 >0.05

is the same in all cases while the increase of mechanical impedance is due to the influence of viscosity.
Therefore, the testes are influenced by viscosity. The operator would need to select a low-speed pushing
command in order to avoid the viscous effect. In this research, the effect of viscosity (i.e., within 100.0
pm/sec of the experimental results) is small enough to be ignored.

Correspondingly, the results of the mechanical impedances for five different position commands are
shown in Fig. 5-8(b). The results presented in Fig. 5-8(b) are similar to the results presented in Fig. 5-8(a).
Mechanical impedance increases with the increase of the deformation amount. The velocity commands
are set as the same value in all cases. Consequently, the increase of mechanical impedance is due to the
increase of stiffness. If stiffness has linearity, a constant value would be obtained even if the deformation
amount increases. However, the results presented in Fig. 5-8(b) are not constant. Thus, the stiffness of

the testis has a non-linear effect. The non-linearity is approximated by the linear approximation defined
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Table 5.5: Results of the t-test for K + and Other Parameters

Control(n = 15) Crypt(n = 16) p-Value N
mean+SD  range mean+SD range
Testis’s Mass 1.86 +£0.15 1.52-2.08 0.614+0.118 0.42-0.89 < 0.00001 < 0.01
Major Axis 20.9£0.80 19.0-22.0 15.2£1.22 13.0-18.0 < 0.00001 < 0.01
Minor Axis 14.7+£0.70  14.0-16.0 10.4£1.15 8.0-13.0 < 0.00001 < 0.01
Stiffness 1.46+£0.31 1.01-2.00 0.40£0.13 0.24-0.68 < 0.00001 < 0.01
Johnsen score (1-7) 6.96+0.04 6.9-7.0 4.084+0.71 2.93-543 < 0.00001 < 0.01
2'5 |
Q
n 2.0 - N —
n :
Qo
=
= 1.5
0p)
S
ac 1.0 b _ omgEf
S &
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\ : 1
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Fig. 5-10: Results of the Box plot and the Beeswarm between the Normal and the Crypt Testis’s Stiffness.

in Eq. (5.7).
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Stiffness Variation between Each Experimental Day

The average stiffness of the control group on each experimental day is compared by the analysis of
variance (ANOVA). The results of average stiffness and the results of the t-test for each experimental day
are shown in Table 5.3, where a shows the significant probability. As indicated by the results, the average
stiffness recorded on each experimental day does not depend on the experimental day (p = 0.53). Thus,

we are not required to take into account the variation of testis stiffness between each experimental day.

Stiffness Variation at Each Measurement Point

The average stiffness of the control group at each measurement point is compared by the ANOVA.
The results are shown in Table 5.4. In addition, the stiffness data are analyzed by the paired t-test. From
the results of the paired t-test, we find no significant differences among the measurement points. Thus,

we are not required to take into account the variation of testis stiffness at each measurement point.

Comparison of the Average Stiffness and Other Parameters

Fig. 5-9 shows an example of the position vs the force plot for each measurement point of the testis’s
stiffness. Further, measurement results of the testis mass, the size of the testis between the control group
and the crypt group, the average stiffness, K, and the JS are shown in Table 5.5. Each parameter
between the control group and the crypt group is compared by using the paired t-test. All parameters
have a significant difference, and spermatogenesis failure is clearly recognized. In addition, the box plot
of the average testis stiffness with the beeswarm between the normal testis and the crypt testis is shown
in Fig. 5-10. Where, green plots are the beeswarm results, red diamond is the average of the K and red

arrow is the standard derivation. From Fig. 5-10, the stiffness of the both testis is significant difference.

Comparison of Minor Stiffness, K;

Fig. 5-11 shows the box plot with beeswarm of the minor stiffness, K; between the normal group and
the crypt group. In this figure, the blue line indicates the approximation of K;. The results show that the
slope of the minor stiffness, /; of the crypt group is larger than that of the normal group. The dynamic
characteristic is varied. The results of the approximation line of the stiffness of the normal testis and the

crypt testis were K; = 0.0475 + 1.2 and K; = 0.00375 + 0.42, respectively.
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Fig. 5-12: Histopathological Images.

Morphological Analysis

Fig. 5-12 shows the sectional area of the crypt group testis and the control group testis. The structure
of the testis is clearly different. Fig. 5-13 shows the results of the morphological analysis. All results
have significant differences between the crypt group and the control group. Fig. 5-13(a) and Fig. 5-13(b)
show the thickness of the testis and the occupancy rate of the seminiferous tubules. As shown by both
results, the testis membrane of the crypt group is thicker than that of the control group. However, the
occupancy rate of the seminiferous tubes in the crypt group is smaller than that of the tubes in the control
group. Fig. 5-13(d) and Fig. 5-13(e) show the results of the thickness of the seminiferous tubule’s cell
layer and the diameter of the seminiferous tubule. Both results have the same variation, and the thickness
of the basement membrane and the diameter of the seminiferous tubule of the crypt group’s seminiferous
tubules are smaller than those of the control group. However, Fig. 5-13(c) shows a different result from
those in Fig. 5-13(d) and Fig. 5-13(e). Therefore, the thickness of the seminiferous tubule’s basement

membrane in the crypt group is larger than that of the control group.

5.2.4 Discussions

In this section, the spermatogenesis model hamster testis is measured in order to verify the relationship
between stiffness and the spermatogenesis testis for the treatment of NOA. The hardness of the testis is
measured by the developed measurement device. Reaction force is measured by the micro force sensor

and the pushing motion is produced via position control. The DOB is applied to position control to sup-
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Fig. 5-13: Results of the Morphological Analysis

press the unknown disturbance and modeling error. Hence, robust position control is achieved, allowing
the operator to measure the hardness precisely. In addition, stiffness is calculated as a quantitative index
of the hardness evaluation of the testis. This research applies two types of stiffness indexes so as to
analyze the dynamic behavior (infinitesimal stiffness, K;) and static behavior (average stiffness, K) of
stiffness. The mechanical models are applied to both stiffness indexes. The validity of both stiffness
indexes is confirmed by the pre-experiment, and the spermatogenesis of the Syrian hamster’s testis is
evaluated through static analysis. The normal testis and the experimentally cryptorchid testis are used
for stiffness measurement. As shown in the measurement results, both stiffness indexes (K; and K ) have
significantly low measurements in the case of the cryptorchidism model. As a conventional method for
spermatogenesis evaluation, the histocytological preparation technique is well known. To the best of our
knowledge, there are currently no techniques to evaluate spermatogenesis in the raw testis.

In this research, the maximum deformation amount is set to 500.0um, and deformation velocity is set
to 10.0 ym/sec. As shown in the results presented in Fig. 5-8(a), the viscous effect increases with the

increase of deformation velocity. As the influence of the viscous effect requires suppression, deformation
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velocity is set to 10.0 pm/sec. Correspondingly, the results presented in Fig. 5-8(b) show non-linearity
in terms of stiffness. Therefore, the maximum deformation amount is set to 500.0 pm in order to achieve
a definite pushing motion against the testis. From the morphological evaluation results, we find that the
thickness of the testis membrane is about 25 30 um. Hence, the thickness of the membrane is too small
compared with the maximum deformation amount. The micro force sensor would have to measure the
reaction force from the sub-systems.

Owing to the 50um square shape of the tip of the micro force sensor, the probe does not pierce through
the testis. In addition, the contact area is small compared to the area of the testis. Thus, the frictional
force generated between the testis and the sensor’s probe can be exceedingly small. For this reason, the
micro force sensor with its particular shape is an appropriate sensing device for measuring the hardness
of the testis.

In terms of infinitesimal stiffness, K;, the K; of the control group increases as the deformation amount
increases. However, the K of the crypt group does not increase even if the deformation amount in-
creases. In addition, from the viewpoint of morphological analysis, the occupancy rate of the seminifer-
ous tubule and the thickness of the seminiferous tubule’s cell layer both decrease. From these results, we
gather that the density of the sub-systems in the crypt group testis would decrease compared with that of
the control group.

Examining the morphological analysis outcomes, we find two interesting results.

e Morphological Analysis of Testicles
The testis membrane of the crypt group is twice thicker than that of the control group. However,
the occupancy rate of the seminiferous tubule in the crypt group is smaller than that of the control
group. If the thickness of the membrane only becomes large without compositional transformation,
the stiffness of the crypt group would be larger than the stiffness of the control group. Therefore,
we have two assumptions regarding the cause of the decrease in stiffness in the crypt group. First,
compositional transformation would occur in the testis membrane. Indeed, the membrane of the
crypt group changes into two different layers. Second, the occupancy rate of the seminiferous
tubule in the crypt group decreases. In other words, the area of the stroma increases in the crypt
group. In this research, we cannot identify which assumption is correct. However, these results are

interesting as they provide new knowledge.

e Morphological Analysis of Seminiferous Tubules
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In the case of the seminiferous tubule of the crypt group testis, the diameter of the seminiferous
tubule and the cell layer of the seminiferous tubule are smaller than those of the control group.
However, the thickness of the basement membrane of the seminiferous tubule is larger than that of
the control group. This variation is similar to that of the testis and we can predict that the hardness
of the seminiferous tubule of the crypt group testis will be lower than that of the control group. In
this research, the reason of this phenomenon could not identify. However, these results lead to two
assumptions. First, the crypt group’s testis and the seminiferous tubule would have undifferentiated
sections and this undifferentiated section is included as a part of a basement membrane. Second,
the structure of the basement membrane and the cell layer would be varied independently. As

future works, it requires to identify this phenomenon.
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5.3 Spermatogenesis Evaluation based on the Hardness Measurements of

Seminiferous Tubules

This section describes the hardness evaluation of the seminiferous tubule between the cryptorchidism
group and the normal group for NOA judgment. Two types of stiffness are used as the quantitative
hardness index for the hardness evaluation of the testis. Both stiffness models are described in 5.3.1. In
5.3.2, a measurement method and the experimental setup are described. In 5.3.3, the experimental results

are described. Finally, the discussion is explained in 5.3.4.

5.3.1 Modeling

Stiffness of the Seminiferous Tubule

A testis consists of some components, which are mostly occupied by seminiferous tubules. The sem-
iniferous tubules entangle one another and become a ball of wall. When the membrane incised testis
is deformed by the force sensor’s probe, each tubule experiences a reaction force and the stroma expe-
riences fluid viscosity. If the diameter of the probe is small enough compared to the diameter of the
tubules, the measured reaction force could vary by the number of seminiferous tubules in serial con-
nection. The purpose of this research is to ascertain only one seminiferous tubule’s stiffness. Thus, the
maximum deformation has to be within the diameter of the seminiferous tubule. According to the results
of the morphological analysis as shown in Fig. 5-12, the maximum pushing deformation was set to 100
pm. The structure of the seminiferous tubule assumes a parallel connection with the spring and damping

components. Thus, the total reaction force can be derived as
fsem(QSema stem) = K(Qsem)Qsem + D(Qsem)dsem7 (5.10)

where K (gsem ) is the non-linear stiffness and D (dger ) is the non-linear viscous coefficient described as

Ksem QSem Z k; (5.11)

Sem QSem Z dl? (5 . 12)

where n is the maximum number of parallel connections with the spring components and ¢ is the number

of parallel connections with the spring components. This model is same to testis model described in
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5.2.1. Consequently, the linear approximated stiffness in low speed deformation is expressed as
B finit 1 m
Ko (gsem) = "7 + 1 Y K, (5.13)
i=1
where f(sem(qsem) is the linear approximated stiffness, the Fnit is the reaction force generated at the
contacted point of the seminiferous tubule, the X" is the deformation amount during F'™* measure-
ment, j is the section number, and m is the number of the division for maximum deformation g™,
Likewise, minor stiffness can be expressed as
s F(t;) — F(tj-1)

K; = , (5.14)
! Gsem (tj) — @sem (tj—l)

where ¢; is the time in the jth sample. K sem (Gsem) and the K; are utilized as indexes of stiffness.

XYZ Manipulator

The stiffness measurement position is adjusted by an XYZ manipulator. The X and Y directions are
controlled by linear actuators and the Z direction is controlled by a rotary actuator and a Z-direction

mechanical stage. Then, the work space coordinate on the endpoint side is defined as

X qu

Y= ¢ |, (5.15)
l, gR

Z ZOR1

where O, OF2, OR! are actuators for the XYZ manipulator, ¢ is the position of the joint space,  is
the angle of the joint space, [, is the pitch of the Z direction mechanical stage. Furthrer, the velocity of

the work space coordinate is expressed as

X qu
Y| =] ¢ |. (5.16)
A
Therefore, the Jacobian matrix is expressed as
X qu
V| =Jaco |2 . (5.17)
7 Q'Rl
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Fig. 5-14: Whole Systems of Seminiferous Tubule Stiffness Measurement System.

1 0
Jaco=10 1 0]. (5.18)
00 &
The inverse Jacobian is expressed as
1 0 0
Jl=101 0 (5.19)
2
00 &
A motion equation of the XYZ stage is
ol = MJILO™, (5.20)

. . . - ref | . ..
where M is the mass matrix, f]relc is the force reference, and @ ~ is the acceleration reference of joint

space. Each matrix can be expressed as

- T
frcf — frele frefL2 7_rele} , (5.21)
(MY 0 0
M = o M2 0|, (5:22)
0o o0 JH
Qref _ _C']-rele’ C']'refLQ’ érefR1:| T ) (5.23)
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(a) Normal Seminiferous Tubule (b) Crypt Group Seminiferous Tubule

Fig. 5-15: Scheme of the Force Measurement of Seminiferous Tubules

Table 5.6: Specifications of the Micro Force Sensor

_&)_ d rection

300 pm

1000um
(FEMTO TOOLS FTS-100). — e e
A28pm 50m
45deg
Descriptions Values Units
| Sensitive la l 5.
Force Resolution (10Hz) 0.005 uN

Maxi Def ti
aximum De orm.a ion 0.01540.005 ;zm
of Measurement Tip

Sensor Force Range +100.0 uN e

Stiffness of Measurement

6666.7 uN/pm

Tip
X Fig. 5-16: Shape of the Micro Force Sensor
Sensor Gain 50.0 uN/V
(FEMTO TOOLS FTS-100).
Resolution of AD Convertor 16 bit

5.3.2 Measurement and Control Method

Configurations

Fig. 5-14 shows the measurement system. This system has four Degree-of-freedoms (Dofs). The
X- and Y-direction motions are controlled by two electromagnetic linear actuators (GHC Hillstone, Inc.
S120D) and one VCM (Technohands AVM12-6.8). The Z-direction motion is controlled by a rotary
actuator (MAXON, Inc. SDC22) and a mechanical stage (Misumi, Inc. ZLBS40). Three different
motor drivers are used for each actuator. Linear actuators are actuated by the Movo SVFM series, 16-

bit, current resolution motor driver. The VCM is actuated by the ELMO Gold Twitter, 12-bit, current
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Fig. 5-17: Block Diagram of the Whole System

resolution motor driver. In addition, the rotary actuator is actuated by the Escon module 50/5. Position
information is obtained by a linear encoder (RENISHAW.plc) and a rotary encoder (ESCON). A micro
force sensor (FEMTO TOOLS FTS-100) is attached to the VCM. The force information obtained by the
force sensor is transformed by a 16-bit analog digital convertor (LTC 1867). Specifications of the micro
force sensor are described in Table 5.6. The sensor’s probe consists of a silicone probe and a tungsten
wire. The probe’s deformation amount during its contact with the seminiferous tubule is transformed
into the force value. Fig. 5-15 shows the scheme of the force measurement of the seminiferous tubule.
Fig. 5-16 shows the outline of the shape of the force sensor’s probe. The testis is mounted on an XYZ
stage, and the pushing motion is monitored by a microscope (Nicon SMZ800) attached to a boom stand
(WRAYMER B10). In addition, the pushing motion is recorded by a CMOS camera (WRAYMER
NF500). In this paper, the electromagnetic linear actuator moving in the X direction is defined as L1,
the electromagnetic linear actuator moving in the Y direction is defined as L2, the rotary actuator moving

in the Z direction is defined as R, and the VCM moving in the X direction is defined as V.
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Table 5.7: Specifications of The XYZ Mechanical Stage.

Parameters Descriptions Values Units

Control Parameters

st Sampling Time 0.1 msec
Kg;l, Kg;z Positions Gains 2500.0 s72
KM Positions Gains Actuators 2500.0 s

KM KE2 Velocity Gains for X and Y Direction’s Actuators  100.0  s72

KR Velocity Gains for Z Direction’s Actuators 100.0 572

g{;&b, gggb Cut-off Frequency of DOB 100.0  rad/sec
gg”olb Cut-off Frequency of DOB 100.0 rad/sec
ng“é, grljg Cut-off Frequency of Pseudo Differentiation 200.0 rad/sec
ggﬁ Cut-off Frequency of Pseudo Differentiation 100.0 rad/sec

Mechanical Parameters of S120D

MM ME2 Actuator’s Nominal Mass 0.4 kg

KLl

tn

K2 Nominal Torque Coefficient 3.5 N/A

Mechanical Parameters of DCX22

Gri¥l Gear Ratio 21.0 —

Actuator’s Nominal Inertia 0.75 kgm

Mechanical Parameters of AVM12-6.8

MY Actuator’s Nominal Mass 0.03 kg
KY Torque Coefficient 0.57 N/A

Mechanical Parameters of Z Stage

L, Pitch 0.5 mm /27

Lt Maximum Length 6.5 mm

Lax Minimum Length -6.5 mm
Control Design

Fig. 5-17 (a) shows a block diagram of a position control scheme on an XYZ stage, where @ is the

matrix of the work space coordinate, q is the matrix of the joint space coordinate, K, is the matrix of

—-100 -



CHAPTER 5 A QUANTITATIVE EVALUATION METHOD FOR EVALUATING
NON-OBSTRUCTIVE AZOOSPERMIA

the position gain, K is the matrix of the velocity gain, M), is the matrix of the nominal mass. fext is

the external force generated by actuators. Components of each matrix are expressed as

s = diags,s,s],
Q = X,v,2]%,
a = lqu1,qr2,0r1]",

K, = diag[Ky' K32 K1),
K, = diagK}', K% KM,

fext = diag[ffl, fi3" f&5]. (5.24)

Fig. 5-17(b) shows a block diagram of the force measurement system, where gy is the position of the
VCM, gy is the velocity of the VCM, 5" is the reaction force obtained by the micro force sensor, and

M, v is the mass of the VCM. Also, Table 5.7 shows control parameters for the XYZ stage.

Hamster Model with Experimental Cryptorchidism

Eleven to fourteen week-old male Syrian hamsters with bilateral experimental cryptorchidism are used
as the NOA model. Hamsters are anesthetized by using Isoflurane (Wako Pure Chemical Industries). The
left-side testis is lifted up to the abdominal cavity, and both testes are extracted after two weeks. The
left-side testis is defined as the cryptorchidism group (Crypt) and the right-side testis is defined as the

control group (Control).

Stiffness Measurement Method

The testes are placed in a plastic petri dish and are preserved at 4 degrees. The membrane of the testis
is opened and the stiffness of the seminiferous tubule is measured at five random points. The operator
can adjust the contact position between the force sensor’s probe and the seminiferous tubule by using the
XYZ stage. Position commands of two different scales are adopted for the XYZ stage. The small-scale

position commands are set as follows:

xemdl - — (,001mm,
yemdl - — 0.001mm,
zemdl - — 9 001mm. (5.25)
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Table 5.8: Results of the ANOVA for the Table 5.9: Results of the ANOVA for the Stift-
Stiffness Variation between Each Experimental ness Variation at Each Measurement Point
Day

Point n  mean+SD range

A 10 0.121£0.0534  0.0731-0.238
day n  meanESD p-value o B 9 0.088440.0407 0.0188-0.145
1st 3 0.845+0.0357 C 9 0.117£0.0376  0.0714-0.199
ond 4 0.1234+0.0484 D 10 0.114+£0.0559  0.0638-0.227
3rd 4 0.11240.0543 E 10 0.0992+0.0543 0.0142-0.198
Total 11 0.10840.0489 0.076 >0.05 Total 48 0.108+0.0489  0.0142-0.238

Moreover, the large-scale position commands are set as follows:

xemd2 - —.0001mm,

yemd2  — 0.0001mm,

ZmdZ - — 9 0001mm. (5.26)

Constant velocity motion is adopted for the measurement of motion. The maximum deformation is set

to 0.1mm and the velocity is set to 10m/sec.

Static Analysis Method

The static analysis is done by using SPSS 24 (IBM) and R version 3.1.3. An ANOVA is used for a

multiple group comparison. Further, the two groups are compared by a t-test.
5.3.3 Experimental Results
Measurement Results

Fig. 5-18 shows the measurement plots of gsem VS fsem. From these results, the reaction force does not
increase linearity when the deformation amount was increasing. Therefore, the stiffness became smaller

and these results were same to the stiffness model described in Section 5.2.

Stiffness Variation between Each Experimental Day

The average seminiferous tubule of the control group on each experimental day is compared by the

ANOVA. The results of the average seminiferous tubule and the results of the t-test on each experimental
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Fig. 5-18: Position vs Force Plots of the Seminiferous Tubule’s Stiffness

day are shown in Table 5.8, where, @ shows the significant probability. The results suggest that the

average seminiferous tubule on each experimental day does not depend on the experimental day.

Stiffness Variation at Each Measurement Point

The average seminiferous tubule of the control group at each measurement point is compared by the
ANOVA. The results are shown in Table 5.9. In addition, the stiffness data are analyzed by the paired
t-test. From the results of the paired t-test, we find no significant differences among the measurement
points. Thus, we are not required to take into account the variation of seminiferous tubule’s stiffness at

each measurement point.

Comparison of the Average Stiffness and Other Parameters

Experimental results of the average seminiferous tubule, f(sem and the size of the testis between the
control group and the crypt group are shown in Table 5.10. Each parameter between the control group
and the crypt group is compared by using the t-test. the box plot of the average seminiferous tubule
stiffness with the beeswarm between the normal seminiferous tubule and the crypt seminiferous tubule is
shown in Fig. 5-19. Where, green plots are the beeswarm results, red diamond is the average of the Keem
and red arrow is the standard derivation. From Fig. 5-19, the stiffness of the both testis is significant

difference.

-103 -



CHAPTER 5 A QUANTITATIVE EVALUATION METHOD FOR EVALUATING
NON-OBSTRUCTIVE AZOOSPERMIA

Table 5.10: Results of the t-test for K and Other Parameters
Control(n = 9) Crypt(n =9)

p-Value «a
mean+SD  range mean+SD range
Testis’s Mass  1.96 £0.14 1.71-2.17 0.57£0.04 0.51-0.63 0.00 < 0.01
Major Axis 20.9£0.78  19.0-22.0 14.6+1.33  12.0-17.0  0.00 < 0.01

Minor Axis 14.9£0.93 13.0-16.0 9.78£0.83  8.0-11.0  0.00 < 0.01

Stiffness 0.11+£0.05 0.014-0.24 0.07+£0.03 0.013-0.16  0.000 < 0.01

Comparison of The Minor Stiffness K;

Fig. 5-20 shows the results of the box plot with beeswarm of the minor stiffness K; between the
normal group and the crypt group. In this figure, the blue line indicates the approximation of K;. The
results of the regression line of normal testis is K; = 0.00155 + 0.12. Also, the regression line of crypt
testis is K; = 0.00068; + 0.15. From the results, we find that the slope of the minor stiffness, K; of
the crypt group is larger than that of the normal group. However, the difference of the minor stiffness is

smaller than the minor stiffness of the testis described in Fig. 5-10.

5.3.4 Discussions

In Section 5.3, the stiffness of the seminiferous tubule is measured and the spermatogenesis evaluation
is done using the crypt group testis and the control group testis. The seminiferous tubules are measured
by using an XYZ stage and a VCM with a micro force sensor. The stiffness of the seminiferous tubule is
evaluated by two indexes (f( sem and K;). The static characteristic of the seminiferous tubule is evaluated
by Kgem. In addition, the dynamic characteristic of the seminiferous tubule is evaluated by K;. Both
indexes are derived from the mechanical theory and are significantly different between the control group
and the crypt group, as shown in the experimental results. To our knowledge, no study has attempted to
compare the seminiferous tubule between the crypt group and the control group.

As evident in the results of the position vs. force plots, the non-linearity effect seems to increase

with the increase of deformation. The cause of this phenomenon is the parallel connection between the
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seminiferous tubules as described in 5.3.1. In this research, stiffness is measured by using the reaction
force within a deformation amount of 100 um deformation amount. In addition, as evident in the results
of the morphology analysis shown in Fig. 5-12, the minimum diameter of the seminiferous tubule is
165.7 pm. Therefore, setting the deformation amount to within 165.7 pym is required for measuring the
hardness of only one seminiferous tubule. For this reason, the deformation amount set is an appropriate
value.

The seminiferous tubule is not extracted from the testis for the following two reasons: (i) the condition
of the seminiferous tubule would change during hardness measurements. In particular, the amount of
moisture in the seminiferous tubule would decrease dramatically; (ii) the sperm and other components in
the seminiferous tubule would be lost after extraction from the testis. In this research, in order to capture
the measurement point accurately, the XYZ mechatronic stage is developed and the contact points are
observed by the microscope. The shape of the micro force sensor’s tip is of a circular plane and the
diameter is 2um. Consequently, the contact area is small enough compared with the diameter of the
seminiferous tubule. From these results, we gather that the hardness measurement method of using the

developed measurement system is an appropriate solution for assessing the hardness of the seminiferous
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tubule.

5.4 Summary

This section describes the quantitative evaluation method for evaluating NOA. Stiffness is used as a
quantitative index. The experiment is done by using Syrian hamsters, the testes and seminiferous tubules
of which are evaluated. From the static analysis results, we find a significant difference between the crypt
group and the control group. Therefore, our research has discovered a relationship between stiffness and
NOA. To the best of our knowledge, this research is the first trial in the world to discover this result. This

research contributes insight into the mechanisms of NOA.

-107 -



Chapter 6

Conclusions

In this thesis, two studies are explained.

One is a development of a haptic medical application using EHTS control strategy. This applications
aimed to apply the NOTES surgical operation. Two medical instruments are developed and the size of
both instruments are within 2.6mm. In addition, the EHTS, which can transmit the position and the
force information at the remote place by using fund energy, is applied to both instruments. This is
the originality of this research. In my knowledge, there are no research to apply the hydraulic energy
transmission based medical applications. From the experimental results, the transmission performance
does not deteriorate under any wire’s shape. This characteristics is a biggest advantage of the EHTS
control strategy. In addition, the experimental results indicated to the EHTS does not depend on the
temperature variation and time-related deterioration. Furthermore, the 4-ch. bilateral control is applied
to both systems and the haptic sensation perforce was confirmed through the experiments.

From these results, the EHTS based medical instruments have a possibility to integrate with the remote
medical tele-operation system. However, proposed system have some issues. First, the EHTS has a
risk for liquid leaking. This phenomenon makes the position and the force transmission performance
deteriorate. As a solution for liquid leaking, the rotary pomp to compensate the charge pressure should
be implemented to the EHTS. Further, the mechanical sealing technologies such as an O-ring is also
helpful to prevent the oil leaking. Second, the time response depends on the transmission liquid. In this
research, the olive oil was chosen for the position and the force transmission and the arrival time to the
steady state is late due to the viscosity of the olive oil. Also, bandwidth of the reaction force from the

environment was narrow. Therefore, this system cannot transmit an impulsive force. The bandwidth
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of the force transmission might be improved by using low-viscosity liquid such as a saline solution.
However, there is a trade-off between the liquid leaking and the oil viscosity. Above problems would be
considered as future works. Third, this research considers only only one DoF motion. In order to achieve
a complex tasks, the multiple DoF systems using EHTS are required. This issue is must be considered
as a future work.

In second study, development of a quantitative index for NOA judgement was discussed. This re-
search was a first approach to evaluate the spermatogenesis quantitatively. This research makes a large
impact for the urology fields. Syrian hamsters testicles and their seminiferous tubules are used for sper-
matogenesis evaluation. As a quantitative index, the stiffness, which is an index to express the hardness
of the environment, is measured. In addition, the morphological analysis is conducted. From statistical
analysis, the stiffness of the cryptorchidism model is significant low compared with the normal model
and this results indicate that the stiffness is an effective index to identify the NOA patients.

Above evaluation results would be a good motivation to develop a remote surgical robot for NOA
treatment by using the haptic technology. However, the mechanical structure of the measurement system
described in this research is fragile due to the micro force sensor’s structure. In case of NOA’s operation
such as MD-TESE, the measurement system should be more robust. From this reason, the development
of the force sensor-less system for micro surgical operation is required.In addition, this research is only
evaluated hamster’s testis. In order to install the actual medical operation, it is necessary to evaluate the
stiffness of human’s testis. Both issues should be considered as future works.

From above results, the haptic technology is one of the helpful methods to solve the modern medical
problems. In addition, the haptic technology is expected to apply any other medical applications outside

of describing in this thesis.
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