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Fig.1-1 Trends and forecasts of over-60s in Japan and other countries
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Quoted from following website and added explanation in English;
https://unit.aist.go.jp/icps/hcmi/document/introduction_202007.pdf

Fig.1-2 Prediction of decreasing working age population in Japan
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https://unit.aist.go.jp/icps/hcmi/document/introduction_202007.pdf
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Fig.1-3 Human worker employment trends for diversity situations in manufacturing field
as an automobile example of Toyota motor corp.
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by reducing automation process
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Quoted from following website and added explanation in English;
https://unit.aist.go.jp/icps/hcmi/document/introduction_202007.pdf

Fig.1-4 New manufacturing and technology technical applying for variable kinds
and volume production
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Quoted from following website and added explanation in English;
https://global.toyota/jp/newsroom/corporate/28416855.html

Fig.1-5 New production target and trend for many power unit kinds in decreasing production
volume as an example of Toyota motor Corp.

1.2 AEDHEDIT

1. 2.1 MR VETHES

DI ERIIRIRI AR EZ T, HARDEER KT /SO0 B TR E SR
BRICOWTEMEZ TS, D Elm bR a— LTl T, BlUETAZ LI L TEALE
EOMIMIER b, 2 =— XD ZELIZH L TE, AEHFALTZE /30, FRZ AEH

4


https://global.toyota/jp/newsroom/corporate/28416855.html

DNZEBZ T B O AL RN EF IR S D5 25, N1 —612R-T 292, Z2ih
DHEIR IR T2 — R~y 7L LT ARy MR VOB B A FH -
T EHZEDEEMEARBL ., EBUZMITT=T 7 a—F %2179,

Problems in Japanese industry
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Importance of helping each other
with autonomous collaboration with human and robot

Fig.1-6 Robotics approaches with autonomous collaboration with human and robot
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Fig.1-7 Cooperation with service and industrial robotics in Cobot application
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Requirements for manufacturing
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Technical priority for automation

Machine safety + Functional safety

- Separating physically

* Failure mode analysis a
Failure to safety equipment
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Remaining safety issues:
Robot system teaching process by human worker

Fig.1-8 Machine and functional safety requirements for industrial robot system
in manufacturing field
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Securing safety in robot teaching process Robot teachlng process
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v' Additional member for safety monitoring
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v" Mechanical brake check before teaching

v' Management for periodical inspection
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Start for research and development
for achieving autonomous human robot coexistence and collaboration since 1990

Fig.1-9 Technical activities for keeping safety in industrial robot teaching process
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Characteristics of automobile parts: Many are hard or sharp

- Shear, crashed
/. between tools
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;rf ~ % Shear, crashed
P .

// between jig and work piece

Industrial appreciations

There are many risks remaining in the entire system,
and it becomes "employer responsibility"

Fig.1-10 Typical industrial safety requirements for Cobot application in automobile
manufacturing field
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Cobot safety criteria

Safety requirement: No damage by robot for human operators
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Humans and robots can interact safely,
Research and development for autonomous coexistence and collaboration

Fig.1-11 Cobot safety criteria and necessity of establishing physical safety standards
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Fig.1-12 Research and development target for industrial robot applications
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Table.1-1 General and academic research question arranged by main and sub research
question with description chapter

Described in General Research question Academic research question
How does achieving safety human How does autonomous safety
M-RQ . )
and robot coexistence and operations for human and robot
Chapter1 L . . .
collaboration in manufacturing? coexistence and collaboration?
What safety physical interaction for How do determining the level of physical
human and robot coexistence and acceptance and the sensation in which it
S-RQ collaboration in manufacturing? can be determined?
Chapter2
What extent is contact level How to ensure physical safety
allowed in manufacturing? by describing human sensation as an alert index?
How does autonomous helping How to prove autonomous safety
S-RQ : . -
each other in allowed contact contact detection and stop capabilities
Chapter3 . ) : X )
level in manufacturing? with human sensation as an alert index?
How to show developed tool and/or How to demonstrate that both safety
S-RQ . o
system effectiveness and and mutual help (productivity) can be
Chapter4 W . . . "
contribution in actual manufacturing? | achieved in actual production line?
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Chapter1 M-RQ SRQ
Sacial background and motivation of research | General and academic research question

A

Chapter? S-RQ Chapter3 S-RQ
Establishing safety criteria for coexistence and Alertindex | Coexistence / collaboration robot system based on Autonomous
collaboration between human and robot safety standards safety function
(DVerification of physical safety acceptance based (D) Clarification of human-robot contact attenuation of
on human sensation characteristics impact force and contact force .
= Clarification of pain tolerance for safe contact ' @As a mechanical impedance matching problem Academic
(@)Description of dynamic and static pain tolerance Acaf{emfﬂ safety contact detection and stop capabilities between achievement(2)(3)
values to the human body achievement(1)  hyman and robot
(9Establishing safe robot system that incorporates Academic
human pain tolerance achievement(4)(5)
Chapter4 S-RQ
Application for practical lines by safe human autonomous robot Social demonstration
coexistence and collaboration in manufacturing

(DEstablishing safety verification and evaluation method,
system and standard
(2)Task sharing plan between human and robot

taking advantage of automation, coexistence, and Academic
collaboration in manufacturing achievement(6)
(3Demonstration of both safety and productivity on the actual

line

¥

| Chapter5 Concluding remarks for future work |

| Chapter6 Conclusion ‘

Fig.1-13 Structure and description flow in this doctoral dissertation
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Fig.2-1 Graphical representation of acceptable and unacceptable forces or pressures
for human and robot coexistence and collaboration
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Fig.2-2 Arrangement of experimental equipment for human pain tolerance measurement
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Table.2-1 Specification of experimental equipment

Applied slement Specification
I.Pneumatic cylinder Piston diameterd 30, Piston stroke 150mm
2.5upply pressure SON/em? : Velocity control in exhaust site
AElectro-magnetic valve | 3 ports with reset control by a spring
4, Load cell Capacity 490N, Compression Lype
5.hsplacement sensor Wire drive with analog output type (Range:2m)
6.AD converler 12 bits with amplifier type,
T.Computer PCOB01 . Sampling time=5ms
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Fig.2-3 Measurement points for evaluating human pain tolerance
for human and robot coexistence and collaboration
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Fig.2-4 Transient characteristics of quasi-static human pain tolerance
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Fig.2-5 Experimental results of quasi-static human pain tolerance

20



2.2. 4 FERMEEDRNE~BENLGHEEEN

EE ) OMMEAEOHIEHIEL T, MEDOFEGEOEGEL ~)L DI AERF O E (LA B
L7z Wayne DA AR (551036 4 T D, ZOMFIECILEA G B MR fhFR 23 15
SHUTIY | Tl 22 IR D NN FE e T i A A o IRe ] C Il o 7 S M (B IR L) L flf B s
FERE ] A tD3EHI ST A—=ZIZH OB TS,

EE ) D52 25 1EH K2 — 61287, B B LA DRI AR DA U S 720
FEEED 0.35m/s (TRRIE LT, #BRZE ~OmaPERYRIEIT B BRI 1.0s IR L . Z Ol
R 2 NS5 HiEER AL,

ZIT, RGN AUIT 0T 2 B0 T I F 2 — A OEBIA e — R
IRAET 5720, BN AtZ 0.1s UL ETIXBRR CRAIET 7 F 2= — XD B
S DL THIFIL 72, £72, At2Y 0.05s LT ORI A 52 72O T AR Ok Y
AL —F U ATHFIEZNTNDT2D | T a—T IO A B — 5 AE NS 540
BN D, (o T, T LV & W= 2T A TIEZE OBIEFRARDEMEIENS At
0.05s LA F O ) 23 ATHZENTERN 2D, N~ — DB = 3L R L7Z %
BriEmE[42) A LTz,

60 T L 5 R 1400
: Pain tolerance points ]

CTOJE NSRS SO S PN 1 I — 5
H a H 133 X8 XRJ LX) :I arEp s 300

H H H :
H H : H o
H H : :

H : :
H
H H H E
& [TOPTTY JOF TR 1NN B TTY T LYY (YT T8 PYITRRPRRRRY.
H :
H H
:
H E

--------------------------------------------------------------

Contact force F(t) [N]

[wrwr] (3) ¢ uonisod aqoxd

-40 E
Probe position  f i
-60 1 £ |
0 5 10 15 20 25
Time [sec]
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Fig.2-8 Experimental results of transient human pain tolerance
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Fig.2-9 Extended results of human pain tolerance intensity curve
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Fig.3-2 Practical contact shape and area between human and robot
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Fig.3-3 Relationship between impact duration time and mean impact force
based on human pain tolerance limit in chapter 3
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Fig.3-4 Simulation conditions for collision between robot and human
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Fig.3-5 Simulation results of transient and quasi-contact between human and robot covering
with various materials
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Fig.3-6 Design process for robot system with safe contact detection and stop capabilities
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h(q, q) ; friction factor
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Fig.3-7 Block diagram of senseless contact detection system for safe human and robot
coexistence and collaboration
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Fig.3-8 Configuration of employed 2-link direct drive manipulator
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Fig.3-9 Relationship between input torque and output current
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Fig.3-10 Mechanical parameters for adopted DD-manipulator
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T,=QDb
where

Known values

2= |7l | =] Kellel
T2 Kc2 Ic2

Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19

Q=121 022 Q23 024 O25 O26 027 O28 Q29

Q11 =41

Q12 = (241 +42) Cos(q2) - (241 42 + ¢2*) sin(q2)
Q13 =42

Ql4 =qg1

05 =41,

Q16 =g1,-4q1

Q17=0

Q18=0

Q19=0

Q21=0

Q22 = g1 Cos(q2) + q1” Sin(q2)
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Q24 =0
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Fig.3-11 Output example of disturbance observer for estimated torque
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Table3-1. Identified parameters by least square method

bl b2 b3 b4 b5 b6 b7 b8 b9

1.11363( 0.02676| 0.02857| 0.45192| 24.9858 | 4.40293 | 1.74532 | 24.5013 | 1.72945
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Fig.3-12 Static characteristics of proposed system
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Fig.3-13 Sensitivity of detecting contact forces applied for DD-robot links
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Fig.3-14 Relationship of response time at contact resolution force
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Fig.3-15 Contact mechanism by semi-ellipsoid human model and robot
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Fig.3-16 Parameter settings for human and VEC contact
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Fig.3-17 Simulated transient characteristics of F(t) by VEC parameters changed

Table3-2. VEC material parameters for simulation condition

a b c d
Gy, [Pa] | 2000 | 3000 | 4000 | 5000
nmlPas] [ 300 250 200 150
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(Step1) calculate the time t, in the condition of F(t,) = F,
(Step2) calculate the G_ and 7 _ in the condition of F(t,)<F, at the
time t,=t +T
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Fig.3-18 Design step for employing optimum VEC for safe human contact
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Table.3-3 Evaluated practical viscoelastic material parameters

M1 M2 M3 M4
G, [Pa] | 2794 | 3260 | 3870 | 5053
nqPas] | 520 804 200 63
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Fig.3-19 Acceptable range relationship between viscoelastic parameters for optimum
design and selection of VEC
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Fig.3-20 Block diagram of sensor-less detection control with viscoelastic covering
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Fig.3-21 Safe contact detection and stop capabilities system with equivalent circuit
for two-links DD manipulator
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Fig3-22 Block diagram of the disturbance observer for contact detection
and emergency stopping by analog model reference control
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Fig.3-23 Photograph of proposed robot manipulator system with viscoelastic covering
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Fig.3-24 Simulation condition for human and robot transient and quasi-contact
at robot manipulator link1 of Ac, Bc and Cc
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Fig.3-25 Simulation results for safe human robot contact detection and stop capabilities
in condition of transient and quasi-contact at Ac, Bc and Cc
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Fig.3-26 Photograph of practical experiment for safe human contact
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Fig.3-27 Evaluation and result of transient and quasi-contact force
for developed safe coexistence and collaboration robot system
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Fig.4-1 Establishing for safe coexistence and collaboration with industrial robot
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Fig.4-2 Risk assessment flowchart with international and Japan domestic regulations

VB2 R TR L . BTV~ UL % B A2 EDBRELVE WA EM AT,
ANEeaRY "B FRLT-E S EEBT A LT ESIc - b b DT —~ 2L T
P EHFICEVT T —~ & 2 TWD,

AKETIE,HE =0 S-RQ ELTE/RVNIBWTER TCEALLARFENER O£
IZEETE AMERTZENTELDN 2 LW\ ETT 5, FITeIF s iiE@ e L
TEBOAEFETA L TR LT VN LA FEM A ESM N TEXAZ LA FEEEL .
FORHE AL THIEET A,

BRI NEDOIAF R b AT DD FEAFET AL ~DiE AT DUV TEET COFE
T xR ATk T B,

O FEETEE DTD DL RARFEEFHAM D L A5 L H e

@ /3BT, HFE - BEOREZIEN LT AL R Y hOVEZE S G

@ ETA L TOLAEM: LA PEM: W N D FEGIE
708 REEOFIUTRE R IIIF LA H # D24 (6) 1Tkt T 5,

62



4. 2 ER{EIZAMITTORTYS

4. 2.1 E73KVGFICBITHERLIEE Bl

Ltk DF ) SDFFIZEB N T @ EC, BEKR=—XDOZRIRH TN, b
Tl LoV TIE, 1 ThIR 2@y, & EOm I LROHERE LN DIOIZ, HARIR
ZEH L CEln b3 AT D BT T L TRY, B EAZUCHHE K Els o TnD, Fox
NS piA & > CZ O EMFERICEA T LB DD LR L T D, f}\%mﬁwt@%ﬁﬁ“
TG E O L TER L RGBS CIRMEER N DK T BL O NICLAEERE S
S SEPEREVST-RIER DD, ZOXREL T, #ELMEELT<, ﬁz%ﬁ%&%ﬁék
OIZIE, AHIERHDMEEDOEIRD FRE LS 2 TA,

HE)HELE BT HE/SWICEBN T, BEE=—ADZFIZ DN T FE Tl
L7Zi@Y, (ERIT = VU BO B THoT20, ITEIFANAT VY RHV)E, PREFE L S
B JAWEL S IME ) CTHY . 28/ SRR PEN DD &L WA PE~ DX IG N E L0 D,
Zo7d UMb, Bk - FRBLE DS AN . AMEEOMIMEE R B2y TIT, &
72 TRE SV ETHNENR DD,

E /O G A~OIAT - EEEOE A TRAZ LT HI2HD, T/ 305 HORE
FHEL T, BB HERED T mERIZEIRT S, M4 —3IRTIOICA B FHOME T vk
AFT PR HV U AT AMIRESNAH L=y MR EENENOER AR TR
BURBEIZT D HE RO TRRICKBIS D,

,_| Unit assembly I

| Forglng |—>|Heat treatment| 7

I—? '

> Machining Assembling-»  Inspection |

| Welding | | Painting | General Inspection
N assembling

A A
|Parts painting plating )—T
| Purchased parts [ | Line off vehicle |

Fig.4-3 Automobile production process for unit and vehicle assembly
as an example of Toyota motor corp.
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Fig.4-4 Typical industrial robot system application for automobile manufacturing
as an example of Toyota motor corp.
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Fig.4-5 Advantages for human robot coexistence and collaboration
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Fig.4-6 Industrial robot operation mode arranged by human and robot interaction level
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Collaborative Risk of pinching
robot Shear, crashed

between tools

Operator

Automobile parts:
Many are hard or sharp

Tool T

Shear, crashed
between jig and work piece

Fig.4-7 Typical industrial safety requirements for Cobot application
in typical automobile manufacturing field
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(Ex : Toyota motor Corp.)
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Human
processes
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v

Necessary for physical support
Human-robot coexistence collaboration in manufacturing

Fig.4-8 Practical problem in automobile assembling processes including tasks
feeling burdened by human worker as an example of Toyota motor corp.
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Fig.4-9 Hybrid inverter product appearance and features and manufacturing process key point
for human workers
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Fig.4-10 Hybrid inverter assembly flow and practical process in service parts manufacturing
line

FANLTT BRI S U TE G ER ANy 7L, FBES IV TREZ > Thfhs 9
DD oD, FEFENAR . MV7 O B SIEE R EEN B TR T n B AL R A A
IZFEATT 5L, B LR TEAHZENERIND, > T, BAHFIELTFHREIHHE
IMZNTZDE AT DD DHIRN R D oD, (FELZHEINATIZODFIAE, £
DRERIRE T a B AN Z N LB THh T,

HVA LN —=Z O — 2 G OIMANZES s 2 F0AT T #ERR T2 2T A v — — %
Z(W/H) TO2F 5, BEEAIBASCHEBEMNE T VAOBAA R EGIEEDTIZE b, T
TN e T LB AT D, S TR E D4 T D67 [0 TORMAHT 5D
THEHEWMERDIEMBERO BT A RKEBEZRVIETLERSD, £, BROTVEILE
LI HEAE T D728 R B e BoREND T n v AR E TN TODZENRHE THD,
BAEE T OB ADFHEE RS, RV NSV B TRHEILZF RA2 X4 — 1 11R
T, RODMERIZEL TRV MERETEN 2= ML F oy 7 HiRe T H %

69



WTRR LT HEANLNZENFETOND, o, VAV — " —RAREZEEICRR TS
VERHHZEL—RELTEZLND, FFZT AT — =R RENE T RS 578
ELHEBDFEPRLL DI REEONIET D, D4, =/L= [l ClEE &Y O SRk

IR E DVEEDFAET D,

Task feeling burdened

Careful process

Difficult process

*Torque check
+Selection tool and parts
*Wire-harness connecting

Many processes

*High level tasks
for human workers

Tightened with
wire-harness holding
process

Heavy material operation

Safety ergonomics issues handling

Rotation

process

Transfer
handling
process

Fig.4-11 Task feeling burdened process examples in hybrid inverter service parts line
for applying human robot coexistence and collaboration
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Fig.4-12 Hybrid inverter service parts line layout and out of view
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Fig.4-13 Human process analysis in hybrid inverter service parts assembling line
for tightening, transporting and assembling tasks
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Table.4-1 Approaches and task planning for automation coexistence collaboration

Problems in practical Countermeasure
. Examples for process
line concept
Heavy parts Flipping upside dow?t Tightening Sealing Cobot
handing Rotating rightand le employment
Transporting (Coexistence collaboration)
Parts selecting and
Many processes A p'Ck'g? employmer
§sem _Ing (Automation coexistence collaboration)
Tightening
Careful work Inspection
Depending Quality check mploymer
on human memories Torque check (Automation coexistence collaboration)
Difficult work Tightened
combinational with positioning and employmer
And/or parallel process adjusting (coexistence collaboration)
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Fig.4-14 Task sharing human and cobot process in hybrid inverter service parts line
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Fig.4-15 Comparison layout and process mapping for conventional and developed
in hybrid inverter service parts line
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Quoted from following website and added explanation in English;
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Fig.4-16 Verification and Validation for Human and robot coexistence collaboration safety
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Fig.4-17 Risk assessment procedure for safety of machinery in human robot coexistence
and collaboration system
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Step1

Confirmation safety function
for employing Cobot system

Safety function list

Restrict specification
* Machinery usage

* Operation area

* Maximum force

Collaborative

« Vibration

Restrict environment
« Install location
» Temperature

» Monitoring contact force

* Monitoring robot speed

» Monitoring restricted area
etc.

Restrict work piece

Check sheet

Risk of pinching

Operator

Restrict operator

* Material

* Processing method

* Age
* license Qualification

Fig.4-18 Stepl Confirmation safety function and condition
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Table.4-2 Stepl Cobot typical safety function item list

Item %

Outline of function

Note

Safety stop

Mator power off and/or control
stop
refer to 1ISO10218-1 5.5.3

Stop category 0 ,1

Stop
situation
monitoring

Stop monitoring as stop category
2 and immediately protective
stop when robot unintended
motion cause

Reducing risk for unintended robot motion

Contact
force
monitoring

Protective stop when robot
unintended motion cause

Reducing impactand/or jammed force risk for
unintended robot motion

Velocity
monitoring

Protective stop when robot
exceeds set velocity

Reducing impactforce risk for unintended high
robot velocity

Limitation of
robot power

Protective stop when robot
exceeds set power, force, and/or
pressure

Reducing impactforce risk for unintended high
robot power, force, and/or pressure

Limitation of
robot
envelope

Protective stop when robot
exceeds set envelope, restricted
area

Reducing impactand/ or jammed force for
unintended exceeding set envelope, restricted
area

Safety
motion

for unloading

Safety motion for reducing
Jammed force

Reducing jammed force for unintended
exceeding set envelope, restricted area

3% Cobot safety function required to keeping PL=d / control category 3
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Step2

Risk point and situation Other process worker /ﬁ J Contact with

identification worker
Other process
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) Contact

process
worker

focused worker

“ equipment with

Adjacent Focused Focused
process worker process

Fig.4-19 Step2 Identification of risk point and situation with Cobot
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Table.4-3 Step2 Risk assessment elements for all hazardous phenomena
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S 2 2/c|8|s5|38|E|Slsg3|c|8
elements C 2|0 w|E|S|S| 3RS 8|5 %
0| 2 T o S| T
T |5 w
@D e|O OO O
] 9ec o Cobot ® . O O O O
Cobot(@)controller O O O
Cobot(2)controller O O O
Work piece O O
Screw tightened tool O O
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R b, mRY S FFEY— V) X IRREIT — 7 MERFRLLCRETED,

Cobot Cobot Cobot(tool)

X
Jig / Work piece

X
Peripheral devices

Estimated
risk

Fig.4-20 Step2 Identified jammed force risk with Cobots

4. 3.4 YRIFTHEAAUF Step3~JRIDRELY LER
fERELRELCRELZrAR Yy X ELOEEY, vhyhXaRyh, aRyh (s —

V) XIBEFEIITV =210 T, V= Tl 22 - B ErVIREA e VI UTc, ARERALO
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Do Tz, EEFAERITINA, FFEFEREST TR i R O LG Z 45 (Lo
to, PEATLS) BERHD, ZORWZIEHL b OZ X4 — 211,

[Jammed risk for avoiding allowed space]

Step3 Human portion | Minimum space | Human portion | Minimum space

Estimation for identified risk Body 500mm Toes 50mm
Head 300mm Arm 120mm
Estimation of impact and/or Leg 180mm Hand 100mm
jammed situation Foot 120mm Finger 25mm

Estimated risk items Portion Operations

1 Contact with Cobot arm Head, Body, Unintended

Hand approaches

2 |Contact with workpiece | Finger Unintended

approaches

3 |Jammed between cobot | Finger Unintended

and work piece approaches

4 |Jammed between Head, Body, Unintended

cobots Hand approaches

5 |Jammed between cobot | Finger, Hand Unintended

and jig approaches

Fig.4-21 Step3 Estimation of identified risk for impact and/or jammed force

ZORRERA—ATRTAEEOOLEZLAMIZY TUID DL, fEFEOOESDHEN
(R LL &2 D BB 8D, DT | ANEWR R AR T 2720 2y s X JEI O
EEY, vRyhXaRyh, vaRyh(FEREY —) XIBREFRIIV—I0ZnEN0r—2
(253 CEMERI IR (PL=d) [Z TR Z MR T 5728 ORE X RETHILTLREME R
THZEELT,

Table.4-4 Step3 Estimation and damage judgment by ISO/TS15066 and ISO 12100

Contact Jammed_and_l 0 LR et Severity evaluation
ortion estimation results 1SO 12100
P ISOITS 15066
Estimated values below human pain
tolerance in transient and quasi-static 1o0r2
situation
Others
Estimated values below human pain
tolerance in transient or quasi-static 3o0or4
situation
Estimated values below human pain 1or2
tolerance in quasi-static situation
Head
Face Estimated values over human pain
tolerance in transient or quasi-static 3o0r4
situation
Eves Estimated values exist in transient or 3 or4d
¥ quasi-static situation
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Cobot x Peripheral devices Countermeasure )
Keeping clearance

Virtual space
monitoring

Sealing
Cobqt. @

Fig.4-22 Step3 Countermeasure for Cobot x Peripheral devices contact

2Ry h X By MZOWTER4-2312R8 T X912, By "B RIRFIZEMEL WV D12 PR
A1 CA A — VEMERIBR L=,

Cobot x Cobot Countermeasure Allow either operation

ghtening
Sealing Permission Protective stop
Cobot
Protective stop Permission

Fig.4-23 Step3 Countermeasure for Cobot x Cobot contact

LLEO B A E XA — 24|28 F 45, bRy hETE BEPE B Y OJE IR, aR vk
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Cobot Cobot Cobot(tool)
X X . X
Peripheral devices Cobot Jig / Work piece

Prevent from jammed phenomena by

Virtual space Allow either Need validation of robot
monitoring operation safe contact detection
Controlled by PI=d Controlled by Pl=d and stop capabilities

Fig.4-24 Step3 Countermeasure for risk reduction with human and Cobot operations
for safe coexistence and collaboration
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Quasi-static Transient Effective Att,ﬁ;‘t‘gﬁ;‘P”
Body region Spring
Permissible | Permissible constant Hardness | Thickness
Skull/forehead 130 N/A 150
Face 65 N/A 75
Neck 150 300 50 70 7
Back and 210 420 35 30 14
shoulders
Chest 140 280 25 70 7
Abdomen 110 220 10 10 21
Pelvis 180 360 25 70 7
Upper arm 150 300 30 30 14
elbow
Lower arm 160 320 40 70 7
wrist
Hands 140 280 75 70 7
Fingers
Thighs 220 440 50 30 14
knees
Llower 130 260 60 30 14
egs

Fig.4-25 Step4 Biomechanical pain tolerance in quasi-static and transient contact
with body model parameters

BRI BT DR EN FREBE LA O T IE IOV TR RS, EEEAL~
[RIRFICHEAR L 723556 . 2 COEMENIZ 12D R EHE 2| b A B — & AN E D
AL DR 2 D LB E S ND, 165 T, AL R REBUIRS Z DED EWS DZFE
T 5, RREANZ DN TILEEEE D e =< SR AN WS DIE T D,

BARBIRBE DWW T4 — 2612717, fiifd - AT BB 2 AN v he D45t A 2 8 L7245
A B i - TR T HHEE N W EESND, ZO%A ORIESIFITA TR
TEH T5N/mm, FEMEH D 70Shore A, JEA 7TmmA &R L7,
B Wk @Ry e OB E B B LTS A | 11875 R AR A A OB E )
EWERRESND, ZO5 OWE SRMIIAZNTIAEE 35N/ mm, FEZEM D f;*: 70Shore
A, EATmmAER LT,
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Contact portion: Arms, hands, fingers

Quasi-static Transient Effective A“rﬁQ,%ﬁEP"
Body region Permissible | Permissible Spong i
force force constant Hardness Thickness
N IN] IN] K [N/mm] [Shore A] [mm]
Upper arm elbow 150 300 30 30 14
Lower arm wrist 160 320 40 70 7
Hands Fingers 140 280 75 70 7

Set condition:75N/mm 70Shore A Tmm
Contact portion: Shoulders, chest, abdomen

Quasi-static Transient Effective At}ﬁ&%ﬁgf)n
Body region Permissible | Permissible Spring i
Jse force constant Hardness Thickness
N] N] K [N/fmm] [Shore A] [mm]
Back shoulders 210 420 35 30 14
Chest 140 240 25 70 7
Abdomen 110 220 10 10 21

Set condition:35N/mm 70Shore A Tmm

Fig.4-26 Step4 Procedure of biomechanical parameters selection
for arms, fingers, shoulders, chest, and abdomen
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EVEPIREIE L L2072 0) e b D& 375

V. BEEFIE
- EFR O [E E I FEAR RN E 2 THER B2 T2
Ry NI OGS TR EET D
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@ : Tool Center Paint

X axis direction Y axis direction Z axls direction
/’h ]él‘t

Goal Start 3y

@ s f
]
Ew
EZ
g O
=3
o

Maximum operated area Maximum operated area Goal

Fig.4-27 Step4 Procedure of measurement contact force by robot movement
for x, y, z directions

IR EREDIREEITY, K4 — 2817 X012, ZLDEENS T @RS HORIE
FRFRHEEA[101][102]), ZDOHBIEZ THRFIEL TEX TS, WT1uh ISO/TS 15066 (2%}
IS LTRSS S E AT (B2 SR RRTETA) 03By MI7Ze» Ciefliahu g,

Type Simple Narrow Versatile
Supplier GTE GTE Pilz
Product F-500-Basic F-250-Gripper PROBms
Probe Monitor Probe

Out | ®80mm \¢ /7 o 20mm><45mrr]_ e Grip ©100mm

of t=70mm L% PIT| Prope t=140mm

View 4 Monitor

(Handy type] [Handy type) [Fixed tyoe)

[Erllz:] L310XW80:XH50 L370XW105XH90 W120XD120XH140
Weight 1400g 1915g 1200g
Probe ®80mm t=70mm 20mmX45mm ®100mm  t=140mm
Spring
constant ) . 9 variations
[N/mm Fixed (75) Fixed (75) (10,25,30,35,40,50,60,75,150)

]
Range 20-500N 20-300N 0-500N

CIT 1ms 1ms 0.5ms

Fig.4-28 Step4 Comparison of measurement instruments for safety validation
in human robot coexistence and collaboration

85



AT CIRRNEFROHEN Heig 09/ M TR\ O 3 i {72 GTE #E:#4 F-500Basic %
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IROBLEDS L ETHD, 1> TUL FOEME =T 2R L CRHM 21T o7,
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@y FIE S 2 mm PLET R @Y

ANTREL EEM OREE, BAEEL, JIETm—7 TRYUMEMERE I, &

DOFHAKR A X4 — 29127~ 7,

X axis direction Y axis direction Z axis direction

N Attenuatlon

Sprmg -_— materlal
"4

L, Attenuatlon S r|n
7 ‘materal l ‘ SELS)
: . | '

Fig.4-29 Step4 Procedure of measurement by robot approach X, y, z axis direction
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Transient Quasi-static

00 contact contact

600

500

400

300

Impact force Fave [N]

200
asi-static limit

100

0 200 400 600 800 1000 1200

ImpacttimeA t [1073s]

Fig.4-30 Step4 Measurement results sample curve in transient and quasi-static contact

UL EORIERE RABLET DL, MERRIBRGTFAM IR Lo mR Y R Hafil % 1Bk
—a T HMERER K 2 CEY ISO/TS 15066 CTRA/RSICUWDIE R Mt B2 E T 29
Do LOAURHG | IR EEARIZIV T ISO/TS 15066 TRRZRIAL TV DIR R MR 2 K
LR DT ENVAEIALTZ,

W R 2R BRI I WV T R RMENEIR CEXOEMARAE T 572012, LUFEMeSE
B BINTCIT o7, EBRGAEE L THAREE A 50, 125, 250 mm/sD 3/KHE, A% ERE D
35kg, EMEON-I3ITAHYE T 517, Bkg, HEAMDIKEITRELIZ, X,Y,Z O3J7MITxt
U CHEEIRIEAT U 6 O e KRR 1 2 BB LT A 2 X4 — 31UTR T,

Load X axis direction Y axis direction Z axis direction
—_ 600 600 600
Z = $0.0kg 550 - ] 550 3
l_;, s | @17.5kg n ] 50 v hd 50 y v
B awqe BE - 3 50
LS L4350k 1SO/TS 15066 . P
O W + l - I : 350 l‘
8 30 ] 300 30
.,,c_) 50 50 30 ! 3
wn o w 4 0
% L T Criteria in this study 5 E
E wpHH L Fc=50N | — 0
E=R 5

Robot approach speed [mm/s]

Fig.4-31 Step4 Measurement results in transient contact relationship
between robot approach speed and transient maximum force
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ZOFEBFERAEB LT 5, 1ISO/TS 15066 O W MHEE 2 2 3 57-D12ida Ry hoE)
PRI 2 50 mm/s (ZA&A I BRER & L CHO D MBS HIBA LT, F7o, ABFFE TRk iE LTI
M Fc=50N [ZOWTTEEZEEL Thim & LR WZEB AL, FrAEMED
M 125mm/s UL BT 7 o —F @l ENERSINDIEND, Rt EpEM A W L T& 5B
MoT 7Fa—Fa22A7y 75T THRETT 528 LT,

4.3.6 YRIFEAAVE StepS5S~RIDIEREF LR

TRV CROEES ERmWEESNLrR Yk (kY — V) X{EEEFY—7
EDOPFENFZREIREL 2 DODY AR IR AT o7, 1O BB AR MR EE) IR
(=T — 7RI ORI EN S FR TH D, K4 — 3217 T I, fifE =7 Tix
(1) (R T EEEED HOBEICHIR T 5, £z (3) IR T I — 7 &+ 372 R [H]
RS m~B 8528 LT, T L CROFRFERAL MZB W T (4) 1271459
ICTEEEEO S OBEICHIIRL ., $eEIED J7 A L HE R AR ERNT DR R EIT 72,

Cobot(tool) Countermeasure Alloyv vertical opera.tion
X in tightened operation area
Jig / Work piece (1) Tightened  (2)Rising  (3)Moving  (4)Approaching

point vertically  horizontally horizontally

Tightening operation area

Fig.4-32 Step5 Countermeasure for Cobot(tool) x jig/work piece
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Cobot(tool)
X

‘*'

Tightening
Sealing

Cobot

Countermeasure

Tightened
tool

Install special springs

for contact force attenuation

spnng

+ 1set

Vil Vi
|Vl V@

2-line

~

/

Fig.4-33 Step5 Countermeasure for Cobot(tool) x jig/work piece
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W2 NN RIS R L7 fE {7

EVEEAPEVENTISL T DTy 7 A —
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YA XJEDOEEY ., Ry X aRyh, aiyvh (FfEY—v) X G EER3v—roFn<

NOIr—ADR R AL T-H D% [X4-341277 7,

Cobot
X

Peripheral devices

Cobot

Cobot(tool)

X
Jig / Work piece

Mechanical
compliance

Virtual space
monitoring
Controlled by Pl=d

Allow either
operation

Controlled by Pl=d

DAllow vertical operation
Controlled by Pl=d

Install special springs

Fig.4-34 Step5 Countermeasure for risk reduction with human and Cobot operations
for safe coexistence and collaboration

89
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Verification of load and tear
using a finger model

Finger model

For tear evaluation

.
.

. For pinch load measurement |

Fig.4-35 Step5 Measurement procedure for narrow point contact with sharp edge
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Maximum value

Impact force Fm [N]
g
|

0 2500

1000 1500 2000
Impact TimeA t [1073s]

Mechanical Impedance locked manually

~ Maximum value

Trigger point
at impact force
detect at 10N

Impact force Fm [N]

0 ) 100 1500 2000 2500
Impact TimeA t [1073s]

Mechanical Impedance activated

Fig.4-36 Step5 Measurement results of effectiveness for mechanical impedance device
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Mechanical Impedance activated Mechanical Impedance locked manually
Fig.4-37 Step5 Cut Injury evaluation results of effectiveness for mechanical
impedance device
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300 200

. @ Impact force [N]

Z £\ Tool speed [mm/s] )
=200 | 200 =
Q 125 E,
st ©
S 4 100 o
8100 >
a 50 s}
£ =

20
0 0
Mechanical Impedance Mechanical Impedance
activated locked manually

Fig.4-38 Step5 Evaluation for effectiveness of mechanical impedance device
in relationship between tool speed and impact force
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Tightening
Sealing

fransporting
Positioning
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Fig.4-39 Developed versatile and human centered Cobot cell arrangement

Fixed point
operation
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Fig.4-40 Developed and installed safe multi-level collaboration for tightening and
assembling with human and robot parallel process

93



X4 —40IZ B W CEMNNLE T DRy MR - B EEE 3K O FaEE T
795, £72K4— 40D F AT DRy MNET — 2 2855 T HIR Bk A 25T
0 AEEH LT — 22 U CHRII B O R AR BE CO M TEE A R TT 5,

TR E SRy M RMAY Y — 7 OALE  BEE 700y — /L ELTIEHIZOW
THRAD, (EEE OHRIR (& {Zliﬂ%) (o TliZe EEMN R TX 5, FT-
TEENFITGU T, @@, BEN R T EEM O LICETED, 0| <1/\
TEESCT N )V ANDR I E TR LT, WHTEO @S W ATE) TEH{R R EL T 1EEM:
BTN - KR E R CEDRMAE KA —41ITR T,

L
ransporang -
Positioning

Cooolt
-

— -

= .

e
T

Responsive collaboration

Fig.4-41 Providing suitable positions and postures for improving ergonomics
and workability with responsive collaboration level
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Transporang
Positioning
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Fig.4-42 Providing responsible collaboration for high level combination task
with positioning Cobot and tightening Cobot
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Fig.5-6 Roadmap for improving productivity by coexistence, collaboration and co-creation
by employing human-robot cyber physical system with Al applications
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H

el

TR DES

SUBSCRIPTS

el: semi-ellipsoid
max: maximum

min: minimum

X: Xx-coordinate; state x
y: y-coordinate; state y
z: z-coordinate; state z

SUPERSCRIPTS

T: transpose

a : Stevens power function parameter
-1: inverse

": estimation

« : derivative of time

NOTATION

a ~ | : measurement points of human subject
A, B, C_: contact positions of robot arm

b: vector of robot dynamics parameters

b, ~ b,: robot dynamics parameters

D: energy dissipation function

DQ: coefficient tensor of kinetic friction
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D,: coefficient of kinetic friction of link 1

D,: coefficient of kinetic friction of link 2

F : tolerable contact force

F(t): interaction force

F (t): interaction force of elastic factor

E (1): interaction force of viscous factor

E : mean value of interaction force

F : resolution force of link 1

F ,: resolution force of link 2

G, : elastic modulus

h: constants of robot dynamic formulations

h (q,q): friction factor vector

h, (9,9), h,,(q,9): elements of friction factor vector h,(q,q)
h_,(q,q): factor of centrifugal and Coriolis force
h_ (9,9), h_,(q,9): elements of centrifugal and Coriolis force h (q,q)
I : torque current vector

I,: first element of torque current vector I

I,: second element of torque current vector I
I(q): inertia matrix

[, ~I,: elements of inertia tensor I(q)

J: inertia of link 1

J,: inertia of link 2

K: friction constants tensor

K : torque constants tensor

K_,: first element of torque constants tensor K

K ,: second element of torque constants tensor K
K: gain parameter in Stevens power function

Kp: position gain vector of robot control amplifier
va szz position gain element of K/

K : gain parameter of stimulus receptor 1

K,,: gain parameter of stimulus receptor 2

K, : speed gain vector of robot control amplifier
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K, K ,: speed gain element of K

L: Lagrangian function

1_.: minimum length of robot arm for contact sensitivity
1,: length of link 1

1,: length of link 2

M _: effective mass value for collision simulation

M, ~ M,: viscoelastic material (commercially available)
m: row number of tensor or matrix

m, : mass of linkl

m,: mass of link2

m,: mass of tool

n: column number of tensor or matrix

PI(t): pain intensity

q: generalized coordinates

ql: revolution angle of link 1

q2: revolution angle of link 2

q,: desired trajectories

R™m™: sub space of n multiplied by m

R: robot dynamics model

r,: length of link 1 between center of revolution and center of gravity
r,: length of link 2 between center of revolution and center of gravity
S_.: minimum value of contact area

S(t): contact area function of time t

S(z): contact area function of z-coordinate

T,(q): gravity factor

T : emergency stop time of robot manipulator

T coefficient vector of static friction

t.: time of contact recognition

t,: time of stop

t.: time of elastic limit

t(q): total kinetic energy

u(q): potential energy
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V. velocity limit of robot manipulator

V.. maximum value of deformation speed of human body by a contact
V(t): deformation speed of human body by a contact
V(t): contact volume function of time

W: state of control output '

X length of semi-ellipseid for x-direction

X.: stimulus

Y: sensation intensity

Y length of semi-ellipsoid for y-direction

Z . length of semi-ellipsoid for z-direction

a .: acceleration limit of robot manipulator

a _: mean value of impact acceleration

§ . maximum value of deformation of human body by a contact
o (t): deformation of human body by a contact

At: impact time

¢ : diameter of contact probe

n .+ coefficient of viscosity

7T : joint torque vector derived from motor driver

T .. xternal torque vector

T o+ Joint feed back torque vector

T o joint feed forward torque vector

T ,: joint torque vector

T, T, joint torque of link 1, link 2

1?
(2 : observational tensor for least squares method

€211 ~ Q29: element of observational tensor for least squares method Q
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ABBREVIATIONS

A/D :analog/digital

D/A: digital/analog

EMG: emergency

EV: electric vehicle

FCV: fuel cell vehicle

FSAG: failure-to-safety AND gate

FSWC: failure-to-safety window comparator
HV: hybrid vehicle

M-RQ: main research question

PFL: power force limiting

PIC: pain intensity curve

PHV: plug-in hybrid vehicle

SCARA: selective compliance assembly robot arm
S.D.: standard deviation

S-RQ: sub research question

SSM: speed and separation monitoring
VEC: viscoelastic covering

W/H: wire harness
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