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Report (Koizumi)

1. Choose one medical support system.

Reference: 

http://ieeexplore.ieee.org/search/searchresult.jsp?news

earch=true&queryText=medical+robotics&x=0&y=0&ta

g=1

2. Extract functional requirements and structure 

(decompose and reconstruct) them, considering the 

implementation of the system.

3. Extract one seed technology for one of the 

abovementioned functional requirements and discuss 

how to apply and develop the technology. 

http://www. medigit.mi.uec.ac.jp/jrm2013.pdf

Due: July 6th, To report box in Mechanical Engineering Office

or E-mail: nkoizumi@ieee.org

http://ieeexplore.ieee.org/search/searchresult.jsp?newsearch=true&queryText=medical+robotics&x=0&y=0&tag=1
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Everybody can read bibles

Everybody can receive high-quality-

medicine by IT (Robot) & US technology

Effect

Gutenberg’s press

http://www.learner.org/interactives/renaissance/printing.html

Frans Johansson, “The Medici Effect”, 2004.

- When you step into an intersection of fields, disciplines, or cultures, you can 

combine existing concepts into a large number of extraordinary new ideas. The 

name I have given this phenomenon, the Medici Effect, comes from a 

remarkable burst of creativity in fifteenth-century Italy.

Museo Nazionale della Scienza e della Tecnologia 

"Leonardo da Vinci" in  Milano

http://www.agtc.com.tr/

JMe-Dic IT Effect
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Me-Dic ITalizationJ

Establish a method 

to introduce design 

guidelines to incorporate 

medical skills to systems 

Effect

Implementation of function

Embodiment of system

Decomposing and

reconstructing functions

Enhance 

functions

Implement 

functionsMake 

design 

guidelines 

for 

functions

Extract  

and 

structure 

functions

Parameter 

analyses 

of 

functions

Verify 

systems

Reconstruct medical professional 

skills by utilizing Information and 

Robot Technology (IRT)

Medical

professionals

Patients

Reduce the 

load of medical

professionals

Safety and 

reliabilityGoal

Continuous  and high tracking 

performance motion controllers

Safe contact motion mechanisms

Robust and precise

image detection

algorithms of target

Therapeutic and 

diagnostic skills



Remote Ultrasound Diagnostic System

(RUDS)

（My Doctoral dissertation）

http://www.mechasys.jp/
http://www.mechasys.jp/
http://www.tsbmi.m.u-tokyo.ac.jp/index.html
http://www.tsbmi.m.u-tokyo.ac.jp/index.html


7Diagnostic experiment（clinical use）



8Background

3. Efficient medicine

1. Lessen regional difference in medicine

Remote ultrasound diagnostic system

Medical support system

Arriving of the aging society

2. Lessen load of patient and medical doctor



9Purpose

Function analysis &

reconstruction

Diagnosis

Analyze and 

reconstruct 

functions

Extract 

functions

Make 

guideline for 

design

Smooth motion &

high traceability

(Continuous Path control)

Safety motion &

contact function

(Impedance control)

Manipulability enhancement function

(Dynamic switching controller)

Establishment of construction methodology 

for the remote ultrasound diagnostic system

Install functions &

implement the system



10Construction methodology 

(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

(e) Mechanism and controller to realize and

Keep stable contact

Required function Guideline for design
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Shoulder pain in hemodialysis patients

[Diagnostic image ③]

A long axis view of

the tendon of the 

supraspinatus muscle

[Diagnostic image ②]

A short axis view of 

the tendon of the 

supraspinatus muscle

[Diagnostic image ①]

A tendon of the long

head of the

biceps brachi

① ② ③

①

②

③

Diagnostic image

Object of diagnosis



12Extract functions

Remote ultrasound

diagnostic system

Display information

to medical doctor

Acquire diagnostic

image

Approach probe to 

affected part

Communicate

Push probe on 

affected part

Find affected part

Maintain acquired

diagnostic image

Pull probe apart 

from affected part

Extract and decompose 

functions

Transmit diagnostic

image

Display diagnostic

image



13Extract functions

Remote ultrasound

diagnostic system

Display information

to medical doctor

Acquire diagnostic

image

Approach probe to 

affected part

Communicate

Push probe on 

affected part

Find affected part

Maintain acquired

diagnostic image

Pull probe apart 

from affected part

Extract and decompose 

functions

Transmit diagnostic

image

Display diagnostic

image
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Remote ultrasound

diagnostic system

Display information

to medical doctor

Acquire diagnostic

image

Approach probe to 

affected part

Communicate

Push probe on 

affected part

Find affected part

Maintain acquired

diagnostic image

Pull probe apart 

from affected part

Extract and decompose 

functions

Transmit diagnostic

image

Display diagnostic

image

Extract functions
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Acquire diagnostic

image

Approach probe to 

affected part

Push probe on 

affected part

Find affected part

Maintain acquired

diagnostic image

Pull probe apart 

from affected part

Extract and decompose 

functions

Extract functions
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Approach probe to 

affected part

Push probe on 

affected part

Find affected part

Maintain acquired

diagnostic image

Pull probe apart 

from affected part

Make proper

diagnostic image

Display distance

between affected 

part and probe

Realize proper

contact force,

orientation,
and

position

of probe

Move probe 

Reconstruct functions

to construct system

Extract functions



17Required contact force

Required contact force
Image 1：2 N～8 N

Image 2：1 N～7 N

Image 3：1 N～10 N

(average of 5 examinee)

Method

object： Diagnostic      
image 1～3

examinee：3 patients
2 healthy men

Condition

Deltoid muscle

Rotator cuff

Acromion of
scapula bone

DSH

Results

Clarify the required 
contact force.

Confirm whether diagnostic image is proper or 
not by changing the contact force with step of 
1 N from proper diagnostic image．

object： Diagnostic      
image 1～3

examinee：3 patients
2 healthy men

Clarify the required 
contact force.

Confirm whether diagnostic image is proper or 
not by changing the contact force with step of 
1 N from proper diagnostic image．

Required contact force
Image 1：2 N～8 N

Image 2：1 N～7 N

Image 3：1 N～10 N

(average of 5 examinee)

object： Diagnostic      

image 1～3

examinee：3 patients

2 healthy men

Clarify the required 

contact force.

Confirm whether diagnostic image is proper or 

not by changing the contact force with step of 1 

N from proper diagnostic image．

Required contact force
Image 1：2 N～8 N

Image 2：1 N～7 N

Image 3：1 N～10 N

(average of 5 examinee)

Objective Condition

Results



18Make guideline for design

(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

keep stable contact

Required function

(ii) Realize proper 

position

(iii) Realize proper 

orientation



19Required precision for orientation

Clarify the required 

precision for 

orientation.

Confirm whether diagnostic image is proper or 

not by changing the orientation with step of 0.05 

rad from proper diagnostic image．

Objective Method

object： Diagnostic      

image 2

examinee：3 patients

2 healthy men

Condition

Deltoid muscle

Rotator cuff

Acromion of
scapula bone

DSH

Required precision for

orientation

αaxis:0.1rad

βaxis:0.2rad

γaxis:0.3rad

(average of 5 examinee)

Results
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and  orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Ｋeep stable contact

Required function

Make guideline for design
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Functional requirements by 

adopting master－slave method

Secure safety

Improve 

manipulability

Lessen 

uneasiness

Maintain

stable contact

Correspond to 

personal difference

Move probe master－slave

Manual assistant

Semi or full 

autonomous

Method Required function

Secure safety

Move probe master－slave

Manual assistant

Semi or full 

autonomous

Improve 

manipulability

Secure safety

Move probe master－slave

Manual assistant

Semi or full 

autonomous



22

Secure safety

Improve 

manipulability

Lessen 

uneasiness

Maintain

stable contact

Correspond to 

personal difference

Move probe master－slave

Manual assistant

Semi or full 

autonomous

Method Required function

Secure safety

Move probe master－slave

Manual assistant

Semi or full 

autonomous

Improve 

manipulability

Secure safety

Move probe master－slave

Manual assistant

Semi or full 

autonomous

Functional requirements by 
adopting master－slave method
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Ｋeep stable contact

Required function

Make guideline for design
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Ｋeep stable contact

Required function

Make guideline for design
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Ｋeep stable contact

Required function

Make guideline for design
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Install functions & 

implement the system

Function analysis &

reconstruction

Analyze 

and 

reconstruct 

functions

Extract 

functions

Make 

guideline 

for design

Smooth motion &

high traceability

(Continuous Path control)

Safety motion &

contact function

(Impedance control)

Manipulability enhancement function

(Dynamic switching controller)

Install functions &

implement the system

Diagnosis



27Make guideline for design

(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Keep stable contact

Required function

(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(ii) Realize proper 

position

(iv) Secure safety
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and  orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Keep stable contact

Required function

Make guideline for design



29Mechanical configuration

① Change only orientation while adjusting position

② Highly rigid mechanism

Master manipulator Slave manipulator

Force sensor

(a) Mechanism to realize proper 

position and  orientation
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and  orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

Keep stable contact

Required function

(iv) Secure safety

(i) Realize proper 

contact force

(ii) Realize proper 

position

Make guideline for design



31Continuous Path control

① Continuous paths are generated

by using spline function

② Generated paths are connected 

to the previous paths continuously

③ Smooth motion can be realized

not losing tracking performance

Smooth motion 

and

high tracking 

performance

Conventional control

difficult to realize smooth 

motion not losing tracking performance 

Technique: Continuous Path control

Problem

Transmitted data

is not smooth !
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High tracking performance 

by adopting CP control

Orientation error

between master and slave

Tracking performance improved !

Conventional control Proposed CP control
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(iv) Secure safety

(v) Improve 

manipulability

(vi) Lessen 

uneasiness

(vii) Maintain

stable contact

(viii) Correspond to 

personal difference

(a) Mechanism to realize proper 

position and orientation

(b) Mechanism and controller for

Intuitive motion, Easy to manipulate

(c) Safe mechanism for patient 

(d) Display contact state to medical doctor

between probe and affected part

(f) Switching controller according to task

(g) High tracking performance  of slave

(h) Controller for smooth motion of slave

(i) Adjustable controller according to 

personal difference of medical doctor and patient

(i) Realize proper 

contact force

(ii) Realize proper 

position

(iii) Realize proper 

orientation

Guideline for design

(e) Mechanism and controller to realize and

keep stable contact

Required function

Make guideline for design



34Mechanical configuration

① Highly rigid mechanism

② Force sensors are installed to display contact states 

and keep stable contact

Master manipulator Slave manipulator

Force sensor



35Impedance control

probe

master and human

FmFs

① Probe moves according to 

motion control law to display 

contact states 

② Motion control regulation 

could  be customized  to keep 

stable contact

Technique: Impedance control

Safety motion and

Stable contact

In conventional master-slave manipulation system, 

the object is static and

the main purpose is to realize the same 

slave motion as master motion 

Patient moves during diagnosis &

difficult to keep stable contact

Patient moves !

Problem



36
Control regulation in 
impedance control



37Mechanical configuration

① Change only orientation while adjusting position

② Highly rigid mechanism

③ Force sensors are installed to display contact states 

and keep stable contact

Master manipulator Slave manipulator

Force sensor



38Dynamic control switching

Manipulability enhancement

by switching controller 

in accordance with probe task

Technique: Dynamic control switching

① Probe manipulating tasks are 

recognized according to 

contact force, handling force, and 

distance information 

② Impedance parameters should be 

switched by presumed tasks

to enhance manipulability

In conventional system, 

There is only one control through the work 

Task 1)  Move probe far 

from affected part

Task 2)  Precise motion around 

affected part

including soft contact

Task 3)  Precise motion around 

affected part

including hard contact

Favorable control changes !

Problem



39Dynamic control switching

Manipulability enhanced through diagnosis!



40Realized system configuration

① 10 km between master and slave site

② [master site] medical doctor and master in multimedia cockpit

③ [slave site] patient, helper and slave in consulting room

④384 kbps for image & audio

⑤128 kbps for control

Master site Slave site



41Contact Force in Remote Diagnosis

Diag. Image 1：2 N～8 N

Diagnostic Image 2：1 N～7 N

Diagnostic Image 3：1 N～10 N

(Avg. of 5 people)

Within the scope!

Required Contact Force



42Orientation Precision 

in Remote Diagnosis

(3) Acquire the third
      diagnostic image

(4) Acquire the fourth

      diagnostic image

Rotate

　wrist
Raise and

　drop arm
Rotate

　wrist

(1)  Acquire the f irst

      diagnostic image

(2) Acquire the second
      diagnostic image

αaxis:0.1rad

βaxis:0.2rad

γaxis:0.3rad

(Avg. of 5 people)

Required orientation 

precision

Orientation error

Slave orientation

Master orientation

Within the tolerance!



43Characteristic Value

Remote Normal

Effusion No No

Buckling Yes Yes

DSH 5.3mm 5.5mm

Balloon sign Yes Yes

Same characteristic values acquired!



44Diagnostic Time

Same level of diagnostic time!



Non-Invasive Ultrasound 

Theranostic System (NIUTS)

http://www.tsbmi.m.u-tokyo.ac.jp/index.html
http://www.tsbmi.m.u-tokyo.ac.jp/index.html
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Me-Dic ITalizationJ

Establish a method 

to introduce design 

guidelines to incorporate 

medical skills to systems 

Effect

Implementation of function

Embodiment of system

Decomposing and

reconstructing functions

Enhance 

functions

Implement 

functionsMake 

design 

guidelines 

for 

functions

Extract  

and 

structure 

functions

Parameter 

analyses 

of 

functions

Verify 

systems

Reconstruct medical professional 

skills by utilizing Information and 

Robot Technology (IRT)

Medical

professionals

Patients

Reduce the 

load of medical

professionals

Safety and 

reliabilityGoal

Continuous  and high tracking 

performance motion controllers

Safe contact motion mechanisms

Robust and precise

image detection

algorithms of target

Therapeutic and 

diagnostic skills
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Everybody can read bibles

Everybody can receive high-quality-

medicine by IT (Robot) & US technology

Effect

Gutenberg’s press

http://www.learner.org/interactives/renaissance/printing.html

Frans Johansson, “The Medici Effect”, 2004.

- When you step into an intersection of fields, disciplines, or cultures, you can 

combine existing concepts into a large number of extraordinary new ideas. The 

name I have given this phenomenon, the Medici Effect, comes from a 

remarkable burst of creativity in fifteenth-century Italy.

Museo Nazionale della Scienza e della Tecnologia 

"Leonardo da Vinci" in  Milano

http://www.agtc.com.tr/

JMe-Dic IT Effect
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Robot mechanisms

Rigid mechanisms

Rigid mechanisms

Highly rigid 

mechanisms realize 

precise motions /

servo controls.TRO 2009

Affordance
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RUDS

Remote diagnosis achieved, 

First clinical use in the world (2001)

TROBOT2009, 

ICRA 2003

Remote Ultrasound Diagnostic System (RUDS)
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Robot motion cont.

Servo motion controlRemote motion control

Smooth and accurate 

robot motion control.

ICRA 2014TMECH 2008



Robot vision

Sharing the worldview of 

medical professionals

ロボットビジョン技術

ASA-ASJ 2016



53

HIFU therapy

HIFU Transducer

Water bag

HIFU (High Intensity Focused Ultrasound )

ExAblate 2000 (GE Healthcare) JC Haifu System (Chongqing Haifu 

Medical Technology Co. Ltd.)

Destruction of stone

Commercial systems

Focal lesion

Focus

Body

Ultrasound

beam

http://japan.gehealthcare.com/cwcjapan/static/rad/mri/MRgFUS_ExAblate2000
Y. Matsumoto, et. al.

Injure healthy tissues
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Required precision

Liver vessels（CT） Moving organs（MR）

1mm precision required

K. Kuroda, et. al.



Control 3D position

Ultrasound device

Main Subz
x y

Main Sub

RF signal

Velocity command

Robot

Water 

tank
Sub

probe

Main

probe

Focal lesion

Bed

x

z
y

(Image processing / Control)
PC

z

Non-Invasive Ultrasound Theragnostic System

Concept

Destroy stones / ablate tumours (focal lesions) by utilizing pinpoint

focused ultrasound not injuring surrounding healthy tissues (skin,

muscles, etc.) of patient by tracking, following, and monitoring focal

lesion by US images which moves by respiration, heartbeat, etc.



Structured functional requirements

Extract and decompose 

functions
Reconstruct 

functions

Non-Invasive

Ultrasound

Theragnostic

System

Diagnostics

Therapeutics

Obtaining and

displaying
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Motion tracking for kidney tumours

~7 mm

HIFU 

irradiationOrgan tracking

Precision：2.5mm achieved !

Still and moving targets

Still target
Moving target

Phantom experiments（kidney tumour）

US image



Motion tracking for kidney stones

Stone tracking

Precision：2.5mm achieved !

Destruct

ion res.

~9 mm

US image

Before

After

US images

Binary US images

Ex-Vivo experiments （swine, model kidney stone）
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Motion tracking for human kidney

Human body motion tracking

Human body target (kidney stones / tumours) motion tracking

for non-invasive ultrasound theragnostics

Human body motion tracking
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Motion tracking for 
human kidney

10mm

Human body motion tracking
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Kidney motion compensation

With servoingWithout servoing

1mm 

precision 

achieved

Kidney motion compensation
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Kidney motion compensation
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10mm

Liver motion compensation

With servoingWithout servoing

1.3 mm precision achieved
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Robust servoing

Estimation model

US images Position sensor

US based 

visual servo

Organ motion

Estimation 

model

Controller

Succeed

Fail

Visual servo
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Robust servoing
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