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About this lecture series

Date Topic Lecturer
Jun. 19 Robotics Takahiro Kanno
Jun. 26 RIVERFIELD Inc.
Jul. 3
Jul. 10 . .
Jul. 17 Fluid Dynamics Tetsuro Miyazaki
Jul 24 The University of Tokyo




About this lecture series

Grade Evaluation FX R FTi
- Grades will be based 100% on « BFRIZ100%EZEICKDEHMAL £9
homework. TEEDIEE
Homework Submission « REIOEZHS 6 U A EEAE
« Please submit your homework LTS
within 6 days after each lecture. . E#%io);ﬂé GRiE ) 1&
« The grading method differs for FHMEEENEGD X T

Fluid dynamics sessions handled
by Professor Miyazaki.




About this lecture series

Regarding Attendance HEICDOWT
. Please feel free to ask questions e ZoomDF vy FMERETWLWDOTHE
anytime via the Zoom chat FLTLEEL, (HEKETHA)
function. (Questions in Japanese . BREOKNBIIESTMEIC S22 LA
are also acceptable.) VWO TEEICBRELTLETU,
« The content of your questions e BEEFvv MILEGLICLTLES
will not affect your grade L)

evaluation, so feel free to ask.

» Please make sure your questions
in the chat are addressed to
everyone.




About this lecture series

Maximizing the Use of Al Az KRRICFIBLEL &S
« During lectures and homework, s BEPFCLBEBEOEAICEVWT. UATF
you can utilize Al tools like: D& SHANY —)L%=F]FHEEE
« Generative Al (such as Claude) « 4 kAl (ClaudeZz &)
- Real-time translation apps or o DFIEALERT 7). XFiEC
speech-to-text apps L7771
+ Image recognition apps (like - EIRERF T ') (GoogleL > X%F)

Google Lens)

V¥ Al-generated translation. The lecturer is not responsible for the correctness.
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Notice
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No sharing of recordings or
materials on social media

WBEORE - BEF. X7)—Yavh,
RHER. 271F&F%. YouTube,
TikTok. Instagram. X, Z®D{#SNS -
BERFY-—EINER-HFTELE
RIELZFT,

Do not post or share lecture videos, audio
recordings, screenshots, handouts, or
slides on YouTube, TikTok, Instagram, X,
or other social media or video-sharing
platforms.
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METEHE - BRHIIRL

No unauthorized reproduction
or redistribution
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Lecture materials and content may be
used only for the participant’s own
learning purposes.
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Use only university-provided Al
or whitelisted tools

AEAE, B8 - RS, AWK,
AAFEREZ, FATIhTLAEW
Al —EZANANLBWTLEZ L,

K74 RJ)AL / Whitelist

ChatGPT / Claude / Perplexity /
Google Gemini / Notion Al /
Canva Al

PRRH - BURTIE
BADERICEDWTER

Assignments must reflect
your own understanding

AIFZEFRALILBEE TS HHARE
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Even when using Al tools, you are
responsible for checking the output
and using it appropriately.



About me

Takahiro Kanno

Director CTO,
RIVERFIELD Inc.
Areas of Expertise

* Robotics

« Medical engineering
- Control engineering
« Others
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About RIVERFIELD

Startup company originated from
the Institute of Science Tokyo

« Selected for the Ministry of
Education START Project in 2012

« Established in May 2014
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RIVERFIELD Products

We developed several medical robot systems

Saroa

surgical system

/YIM i*
|

Saroa surgical system IvyA1l
2023 endoscope holder
2022

Eye Surgery Assistant

OQrimo
ophthalmologic

endoscope holder
2023



Robotics




What is robotics?

- Robotics is an engineering field that
studies the design, construction, and
control of robots. It integrates
mechanical, electronic, and
computer engineering to develop
autonomous machines capable of
performing tasks independently.
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Emergence of the concept of "robot"

The word EEDHFE

- The word "robot" comes from a Slavic « TORy k1 EVWS BRI, YA
word "robota," which means slave or WZEBKRTBATTED lrobotal ICH
servant. KT B,

« First appeared in Karel Capek's 1920 o AL Fy Ry T DI920F DR
play "R.U.R." (Rossum's Universal R.UR. (OYHLAEORY h&
Robots), where it was used to describe 1) TEIHTEZBL. ABICEZ3 AL
artificial beings created to serve HNBFEEZRT DIEHNT
humans.

Isaage‘?\s;vrcr?:d science fiction writer who A7 - F2EI

* ° 2l el N 7 :\\ sz Y v
popularized robots in literature and %E—;%\ﬁgéédj)Q%?ﬁ%iE}—fgg
established the foundation for modern £ SFYER il = -
robot ethics. °

. s Ok = H =
. Created the famous "Three Laws of E% 2%955%:{5'\)1%—%"'“ ZRIfEL

Robotics” (about 1950)




Evolution of robots

The Era of Mechanical Dolls
and Automata

The Era of Mass Production
and Industrial Robots

The Era of Diversification

DS DAL — FR2DOFR

EFRETS (WESE) BHEE 8618 (Q013838)
NE<OAR SREEF

Bow-Drawing Boy 19t c.
by Tanaka Hisashige
(founder of TOSHIBA)

AREECLERAOLRY FORR SRLOER

Small-batch Production and
Cooperative Robots

hOy FEECHBOR Y b SFFEEOLRY b

Domain-specific Robots

Unimate 1962 f
World first industrial robot
by George Charles Devaol, Jr.

Sawyer 2015
by Rethink Robotics

o Zero-shiki Jinki
Da Vinci present Present
by Intuitive Surgical by Dr. Kanaoka

YASKAWA MOTOMAN The Era of AGI Humanoids
Present

RBAIEa2—< /1 FORA




Core technology areas for robot development

Mechanical Engineering

Actuators (motors, actuators)
Mechanical components (joints, gears, bearings)
Structural materials (frames, link materials)

Electrical & Electronic Engineering

Communication systems (internal/external
communication)

Sensor technology (position, environmental
recognition)

Power systems (battery, power management)

Software Engineering

Control systems (motion control, posture control)

Al & Intelligence (image processing, machine
learning)

System integration (OS, communication
protocols)
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The goal of this lecture

Primary Objectives
. Foundation in Robotics Engineering CORE ROBOTICS FOUNDATIONS

« Broad learning of basic knowledge
required for robot construction
« Overview of mechanical, electronic, O

control, and programming fields e e BENTROL
SYSTEMS

FEBE
- ORYy FIFEOERIEM
o« O w FEMYEICNELREXRHE*15 ELECTRONICS PROGRAMMING
ING= 28 4
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Lecture timeline

Introduction

Robotics overview

Jun.
12 Mechanism overview
Link mechanism design & DOFs
Actuators
Position & rotation sensors
Jun. External sensors
19

Electric communication

Power supply

Forward kinematics

Inverse kinematics

Jun. )
26 Jacobian
Statics
Feedback control
Realtime system
Jul. Operating system
3

Middleware

Robot programming



Mechanism




Two types of robots

Manipulator
« Have a structure similar to human arms
« Can grab, carry, and put together objects
« A common example is industrial robot arms

Mobile Robot
« Moves around using wheels or legs
« Their main job is to travel to different places

J=-talL—4%
ANBEREDHZR L I-18E
« MEBATED L THECHAILTZITD
- EEROKRY k7—LHMERA
BHOKRy
BHEgCHICKDRBREITSOHRY
BRI DRENH E 74 EE




Manipulator

Basics I=-_EalL—4%
) ) ) ) « YZEalL—ZREFEICABOBZZEMHLIZORY b7 —
« A manipulator is mainly a robotic LT, #HOERE LT A P TERESNTVED,
arm that mimics the human arm. I=Bal—4 DA
* |t consists of several linked  ExAOAy b
seaments - AREORY b
9 : FHORY +

Application of manipulators EBADZL
» Industrial robots ZI TN 2T AD=2 L
« Surgical robots
« Space robots

NFLILIYIXAZX L

Major mechanisms
e Serial link mechanism
« Parallel link mechanism

https://en.wikipedia.org/wiki/Mobile_Servi
cing_System




Structure of a manipulator

RN-EBal—2—0DEE
AFE D & DFEEL

Joint

Muscle | Motor

- BEE1 (Joint)

Nerve | Electric wire —
Blood vessel AW (Muscle) | E=%— (Motor)
. #¥Z. ME (Nerve, Blood Vessel) |
Bone | Link E45 (Electric Wire)

& (Bone) | U>% (Link)

« B (Tendon) | 74¥— (Wire)
FZr& (Skin)

Tendon | Wire

Skin

Today’s topic:
Joint and Link




Joint and link




Robot joint and link

* A robot joint connects two links and lets them

move. It is like a human joint, such as an elbow
or a knee.

« Arobot link is arigid section that connects two
joints, acting like a bone in the human body.

« ORy bOEEIZIX. U IRLTZDEE. MT
ZAREICT a0 ABDAPERD & 5 31%E,

« ORy DU Y7 Eid. FEEICEEDEICDHD S M
KDET. ABIDED L S 21%E,




Active and passive joints

Active joint BEEhREER
. Joints that have an actuator « E—X—XHEID A —. ER
(such as a motor, hydraulic E7O0FaIT—RBED7TF 2
cylinder, or pneumatic actuator) T—2DEDFIFonTED. FEE
attached to them, which actively DB = Z BEFNRVICHITE T = S RHED
controls their motion. = B
Passive joint « FUOFaAI—ZHEL. AEHS5D
- Joints that do not have any I RILOICK > TERICENIK BEE

actuators. They move freely or
under the influence of external
forces or torques.




Joint types

Revolute joint (Rotary joint) Prismatic joint (Linear joint)
N3N EENRIE

REVOLUTE JOINT PRISMATIC JOINT
Rotating shaft

Translational
' motion

Rotational motion Translational

*1

*1 http://www.nihonbinary.co.jp/Products/Robot/UniversalRobots_e.html
*2 https://www.iai-robot.co.jp/download/cataloqg/



http://www.nihonbinary.co.jp/Products/Robot/UniversalRobots_e.html
https://www.iai-robot.co.jp/download/catalog/
https://www.iai-robot.co.jp/download/catalog/
https://www.iai-robot.co.jp/download/catalog/

Joint types

Spherical joint (Ball joint)
ERIR RS A

Usually, spherical joints are passive, but...

—

*1

*2

*1 https://www.nbk1560.com/products/machine_element/ball_joint/SBJS-M/
*2 https://youtu.be/hhDdfiRCQS4?si=sTn1Re_SHChdNu-S



https://www.nbk1560.com/products/machine_element/ball_joint/SBJS-M/
https://www.nbk1560.com/products/machine_element/ball_joint/SBJS-M/
https://www.nbk1560.com/products/machine_element/ball_joint/SBJS-M/
https://youtu.be/hhDdfiRCQS4?si=sTn1Re_SHChdNu-S
https://youtu.be/hhDdfiRCQS4?si=sTn1Re_SHChdNu-S
https://youtu.be/hhDdfiRCQS4?si=sTn1Re_SHChdNu-S

How to Draw a Robot Joints

« When thinking about a robot's
mechanism, it is useful to use
simple drawings instead of

detailed mechanical drawings. > 6
Tg
s ORY FOBZEZDETIE. & I\
HAEMNEOROD ICHERKX
ZfED L EF

S




Simplified robot mechanism drawing

Revolute Joints

P

Prismatic Joint

Spherical joint

—65




Link configuration design




Simple 1-link robot

Configuration
* Only one revolute joint

Motion

* The tip of the robot can move
only along an arc.

=107
+ 1{EDREIERIEID &

B1E
« ORw bDFimldAEN D A% Ef
<

Y Position (mm)

One-Link Robot Animation
Angle: 45.0°, Time: 19.2s

X Position (mm)




2-link robot

Configuration
« Two revolute joints

Motion

* The tip of the robot can reach
any position on a 2D plane (within
its reachable workspace)

127

« 21{ED[ClERREE
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200 A
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Two-Link Robot Animation
L1l: 52.0° L2: -86.7°, Time: 15.9s




3-link robot

* Previous slide showed 2-link robots
cover planar workspace.

- However, target objects may rotate.

« To control not only position but also .
orientation freely, an additional link
(3-link robot) is required.

« FIR—I T 2V VU TFmEZEHIN— ﬁ ﬁ
TTBH_czRHET: [ — : L

« Oy EAETCHEF IRY)) (X[oE: 2-Link Robot 3-Link Robot
9 BREEMED D B m

« MRYDOMUELITTEHLS, AEDER
ICEDTICIE. B LUV IRE




For three-dimensional space

To achieve full manipulation in 3D space, at least
6 links are needed:

« 3 links for translation
« Along the X, Y, and Z directions

« 3 links for rotation
 Around the X, Y, and Z axes

=XRRZEMETIR. BRHABESVYZEaL—>3 %
KIRTB1HICHEC) Y IRE

o« A (XYZ) DfE 3U>D
BRORE 32D

° ]




Degrees of freedom (DOFs)




What is DOFs?

« Degrees of freedom refer to the number of
ways or directions a robot can move.

« Degrees of freedom play a crucial role in
determining how a robot operates.

« When designing a robot, degrees of freedom
are one of the most important factors to
consider.

- HHEEXIE. ORy CHENFBIRIIL A RPH
DD &

- BEHEIXORY FOMERBICKESKZETS

« ORY FRETICEWTHRDHEBELGFKET/INTAXA—X
DOED




Example 1

This robot has 4 joints.
All joints are independently movable

®» 4 DOFs

coORy FOEEIIF4D
IRTOBEEISIRILICEIDE S

» 4 HHE




Example 2

This robot has 4 joints.

Only 1 joint is independently movable

 When you rotate 1 joint, the angles
of the other 3 joints are
geometrically determined

cDORy FOREEIZ4D

1REE7E (T ZIRILICENDE B

- 1EDREEZEN T & %D D3
EDAEITRAFRITRES

®» 1DOF

zzz

[



Kutzbach-Gruebler's equation 2vvnyn-si-75-o%

- A formula to calculate the « BMG) VIOKBOEBREZGE
degrees of freedom (DOF) of ICETETE ST
complex linkages easily « EERPRY IR ICE VLTI

« For planar linkages, the formula
iS:

F=3n—-1)—-2J

F=3n—-1)-2] TR Vo RIS B LTI

 For 3D linkages: F=6(n—1)-75]
F=6n=-1)-5 F: B
F: degrees of freedom ;l F'l;é’é\gggﬂz);&

n: number of links
J: number of joints




Kutzbach-Gruebler example 1

F:d f freed
2t number of inks ©
J: number of joints

©
n=>5 El
J=4 H1©
F=6(5-1)—5-4=4 K

S




Kutzbach-Gruebler example 2

F=3(n—-1)-2J] n E
F: degrees of freedom
© o B

n: number of links
J: number of joints

n=4%4
J =4 @

F=3(4-1)-2-4=1 //9///

NOTE Count the ground and all grounded links as one big link
HECHEICBEESINTWA ) >V TE. 1 DOREIRI) VI ECEBRLTERS




Quiz

Calculate the DOFs of the following mechanism (slider-crank)
UTOMBOEHRHEZKRDEL (RTA4—0 5> VB

F=3n-1)—2]

F: degrees of freedom
. — = n: number of links

! J: number of joints

AZAR—=0 520 DGR
RIAKES (T2 Y) OER N2 EIZ202 % T bOEBAKE
EE

« ATy U—DFEEHORSS AT L
- BHEERTCOREEERENE LT B EFAKME
® — ’-—%> Appl|cat|on examples of slider-crank
Power transmission in internal combustion engine pistons
+ Driving system of reciprocating compressors
* Industrial machines for reciprocating motions (e.g., packaging
machines)




Serial link manipulators




Serial link robots

Serial link robots have simple
mechanisms.

All links are connected one after Serial or Parallel ?
another.
« Large workspace
« Easy kinematics

[

U7 (E%) UroORy b
« JUFILY D oORY ~IEEHHE

] |
e 2T UIF—D2F DB ESS
INTWL3 7777

¢ RUVVERZERIE R
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Polar coordinates robot

The oldest industrial robot, Unimate, is
a polar coordinates robot.

« Created for assembly lines at
General Motors.

* Licensed to Kawasaki Heavy
Industry in 1969 and produced in
Japan.

HRIDEZEAOR Y FUnimateld &

FEERERIORw b P
c TXRIIE—X—XDMHAILITTA
vDI=BHICEBENT: "

« 1969FIJ)IIIFEIENZ MR
zBF L. BATHRIEINT

-
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Articulated Robots

Most modern industrial robots are
articulated robots.

H

FESEHOKR Y b

« INTFOEXEORY MMIAKEHIE
EZEEOR Y ;

H



SCARA robot

Selective Compliance Assembly

Robot Arm
 Vertical motion: high stiffness

 Horizontal motion: low stiffness
« Affordable

SCARAORY b (KFEZEEHOKR Y

)
- EEAMROEE: S VAL

« IKFHEDENE: EVEIE
o« FLELME

e




Quiz

Draw a link mechanism of a human
arm.

ABEODEEDY > Uiz lnt &

Hint: Use spherical joints



Parallel link manipulators




Parallel link robots

Parallel link robots have closed-loop
linkage in their mechanisms

« High rigidity
« Low motor inertia

NZLILY o0y MMIEIL—F1)
VIUBBZER->TWS
ST

« SULVAIME

« EVWE—4—BY

[

Passive

Passive

Active
Passive

S



Four-bar linkage mechanism

Some robots have a four-bar linkage mechanism.

« Surgical robots often use this mechanism.

« This mechanism links the movement of two connected
parts.

« A parallel link is a special type of four-bar linkage and
often used in robots.

serial link lﬁ’ﬁ') VUK

—EoaRy b (Fl: FirO
Ay ) IZEET) > OB E

Y%
Q\-* - MERY) B, EAfA &=

ADAE IS5 Hh DESRIE

® GEE) =EAET
parallel link ;§> e NSLILUYZIEEL BB
) > OEO—D T, OKRY bk
o o Tk fEPNS

L %
® O
O



Industrial parallel link robot

Industrial Parallel Link Robot
 Industrial parallel link robots are light and fast.
 The end effector always stays horizontal.

« Many robots have three motors and can move
in 3 degrees of freedom (3DOF).

EXRAFETI 70Ky b
« EXAFEITU 0Ky MIBEETEE
« TVRFITxVR—IERICKFEZRD
« 3DDE—XTIDOFFHEZITODHDHZ L)

It



| __—

RCM-type surgical robot prototype developed in Tokyo Institute of Technology

Link mechanism of a surgical robot

Surgical robots have special
requirements that make them
work inside a patient's body.

Therefore, specialized robots with
unique designs have been created.

The Remote Center of Motion
(RCM) is a common design in
surgical robots.

FaORy bE. BEDOERATHELGITN
XRS5 BV WS RHHREBFINA DB, DT
O. WFEEEOORY FHARAEINTE .
Remote Center of Motion (RCM)IZFMTOAR w k
DRRINLZIEETH S,



Surgical parallel link robot

) T Example:
1 |J i « Remote center of motion of

a famous surgical robot




Mechanical components




Key components of a robot joint

Coupling )
Protects parts Bearing EECES DO EELRIBRER
Motor from alignment  Ensures smooth
Generates errors joint rotation E—42- ~
rotational motion ElénEshz £/ T S
\\\ 7
[O$5EE % RR T %
A :
N Shaft Ay FIT
BmEABET NHSFRET D

R7IVT
34> hOEEE A L—XIZT S
Gear

Reduces
rotation speed

Link 1 E : E]\
Link 2




Actuator

Definition
« A device that converts energy
into motion or force

« For robots, actuators generate
driving force or torque for joints
and enables robot movement

Typical actuators
» Electric motor
« Hydraulic cylinder
 Pneumatic cylinder

7OFa1I—4

s THRILEX—ZEECHICERRT S
TINTADZ L

e Oy FTlE. 77FaILT—2IIEE
MmEFHIT I RILIERES
. OFRy b ZEHT

< DHBDT7IV9FaxI—~4
« BEIE—X—

e SHE> AR

« EXIETU A

Details will be provided next week.



Reduction gears

Electric motors spin very fast
(about 10,000 rpm) but their
torque is low.

Robots, however, need to move
more slowly (around 100 rpm)
and produce higher torque.

By using gears to slow down the
motor’s output, robots can get
the right balance of speed and
torque.

- BERE—HX—IIER[OEL
(10,000rpm) Z&%p 9 5HN b
LD HBMELY,

- ORw MIMEREEFEE (#I100rpm)
ESRMILIDRETH S,

s BEFIE—AX¥—0DHNIZXVICEDT
BRI A cTOMRYy Moce>Twm
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O
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Simple gear example

Gear ratiO 2:1 GEAR A x CHECK OUT GEARGENERATOR 2 BETA
. GENERATOR
* Reduces speed and increases g ——
. |iNneuT  [ouTpuT = P
Speed 2 1 = ]
Torque 1 2 i

oooooooo

- BlEHEEE L. MLIZE LTS -

LY
JIIXREETREINDIET. YEZEE SIS TR 2RI,
YIIBRICIFE—X >V FER L,

Torque
Torque means force x distance. It shows how strong a force tries to turn something.

In physics, it is the same as "moment."




Multi-stage gear example zaxvon

First stage ratio = 2:1
Second stage ratio = 3:1
- Total reduction ratio = 6:1 https://geargenerator.com/

GEAR ¥ CHECK OUT GEARGENERATOR 2 BETA

GENERATO

Animation: ((starustop ) ( Freeze ) (Reset )
Speed (RPM)* 12
Gears: (Acd New ) (Remove [ Clear )

#0 - N8 - ratio: 11 - RPM: 12 ‘
#1-N16 - ratio: 21 - RPM: 6 N, e 2 ’ N )
#2 - N5 - ratio- 21 -RPM: 6 ( g sy p, J N

L { V1] | / \ ( \ // |
#3 - N15 - ratio: 6:1 - RPM: 2 ( \ - Ay W a2

\ v &<
Connection properties ~ \ ‘\
Parent gear # 2 Select ) =V / ‘ ~/

ol
)

4

\!

S

)

)

/

\

Axle connection (" [ -
Co e \ S »
/ V] \‘
— S b = Bra L
5 PN N L=
/ S—r / —
( .’/ \\ \ x [
/] \@ - W N
e Ve &
). . \
> / ‘
' & — @

Download

Gear CAD file




Planetary gear s=us

https://www.thecatalystis.com/gears/

A common gear set used in rotary joints
« Made of sun, planet, and ring gears

* |Input and output shafts are on the
same axis

« Small size and can achieve high
reduction ratio

OEERIRICE VT A v—BF vy

Ny

) Usually, in robotics,
» sun, planet, ring#&sAx . Ring: fixed

c ABHZEEEICEIE TS  Sun: input from motor

« Planet: output to joint shaft

« NETHEWRARLZFRIRTES




Wave strain gear wmu=

Special gear for robots

« When the wave generator rotates
once, the flex spline rotates by
(n1-n2) teeth
- reduction ratio = (n1-n2)/n2

« High reduction ratio with a simple
mechanism

Oy FBAOY5%E ¥V

e BTV T —T L —42H1
o g d L. FHHWILWIRR
754 >h (n1-n2)w7E 1+l B

« DRVERmMTIERICHVERLZ
FiR

https://www.youtube.com/watch?v=asOTe692tyM

Circular spline
N2 Fixed)

Flex spline
N1 Outout)

Wave generator
(Input)



Coupling #v7u>s

Roles
« Connect rotating shafts, transmit power
« Accommodate misalignment, absorb vibrations
» Protect against overload

Mechanism
« Elastic element links two hubs

» Element deformation allows for misalignment/dampens
vibrations

« Torque transmitted through elastic element

[Elén%h = &t L BN 2 1mE
HMOINZFAL. RkENZRIX
BEREH S W RE

{tiHH

AN 2 DD /N T =&
BIHADER TS N /HRE)Z TR
B AEN LT ALY ZInE

https://en.wikipedia.org/wiki/Coupling




Homework

Calculate the degrees of freedom of
the robot shown in the figure below.

DEADLINE: June 18

Submit answer to Science Tokyo LMS

HE . Kooy hoBHREZRS L
(6/18%%t)

o]Z & Science Tokyo LMSICiEH L T
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Please disclose the use of Al-generated content when using it for report creation.

It is acceptable to utilize Al to write reports in my lecture.
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