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Background

Robots inside of Safety Fence Robots without Safety Fence

Robots sharing workspace with human

Need space for safety fence

Intrinsic safety Robots collaborating with human

Limited chance of collaboration Collaborative Robot or Co-Bot!

More chance of contact (collision) and

Intrinsic safety!
complicated safety measures!

HUNZ2R 2E W27 13E - 248 (2021.12.16)
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Background

Wave of Collaborative Robots

Mobile Manipulators

HUNZ2R 2E 27 3E - 2484 (2021.12.16)



Background

Not just in industrial environment but everywhere!
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MABELE HFE Scope .

« 1SO 10218-1:2011 Robots and robotic devices -- Safety requirements for industrial
robots -- Part 1: Robot

« 1SO 10218-2:2011 Robots and robotic devices -- Safety requirements for industrial
robots -- Part 2: Robot systems and integration

 ISO/TS 15066:2016 Robots and robotic devices -- Collaborative robots

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



HSEE YU INEE WY

Industrial Robot0] M2 &= HZ: 1SO 10218-1,2 & ISO TS 15066

ISO TS 150662 "AsE22+Ts=28 A0 Cliet 2=

ISO 10218-1

(KS B ISO 10218-1) 1ISO 10218-2

KS B ISO 10218-2

Collaborative
Robot

ISO TS 15066
KS B ISO TS 15066

ISO 13849-1
« 7|52 d(Functional Safety) 7+ & PL d

HOUNZ2R 2E W27 3E - 285 (2021.12.16)
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HEF

ROBOTICS LAB

1992 2011 2022 of’d
1SO 10218 Ed. 1 ISO 10218.—1 Ed..2 ISO 10218.—1 Ed..3
Manipulating Rob.ots for industrial Rob.ots for industrial
industrial robots —- environments -- Safety environments -- Safety
Safety requirements -- Part 1: requirements -- Part 1:
Robot Robot
2006 ISO 10218-2 Ed. 1 2016 ISO 10218-2 Ed. 2
ISO 10218-1 Ed. 1 Robots and robotic ISO TS 15066 Ed. 1 Robots and robotic devices
Robots for industrial devices -- Safety Robots and robotic -- Safety requirements for
environments -- Safety requirements for devices -- Collaborative industrial robots -- Part 2:
requirements -- Part 1: Robot industrial robots -- Part robots Robot systems and
2: Robot systems and integration
integration

+ Risk Assessment 7}0|E Z3}
o IELI MEE X|H T

N
« End-effector == ‘ ':
025 m/sE AI}5LX L s T ;
E|EI- de/SE J-|' |' I | o g%g% =] ﬁlgk%%l- | ?j%i% ¥l | i
i+ Functional Safety &3} : A=A : <O T< 15066LH9 e
i« Ri PAEN : %7 i : &
A =22 gow O | Risk Assessment & | =7t | . dzow C.’_FX._‘l_ZE(?D_-I < =
st A : « Type CQPEH 5 8

2008 2013 2018
UREZEZ &% UREEER ot=
VW M atarelo USER AAHE
=Py AX| ABHE Al
(KIRIA)
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g0 82

- &g (risk)
« ool 2 ZEN SOl 482l 8
« Combination of the probability of occurrence of harm and the severity of
that harm

dol 2L =S
PROBABILITY OF

OCCURRENCE OFTHAT

At H /\lDI—}él HARM

o [ Ry |

e d

Exposure of person(s)
and to the hazard

SEVERITY OF
HARM

RISK =

related to
the considered
hazard

The occurrence of
a hazardous event

that can result from
the considered
hazard

The possibility of avoiding
or limiting the harm

- M4 (2021.12.16)



Q¥ 7|5 (Safety Function)

* Functions whose failure can cause the change of the risk of the robot
system.

» Safety related stop function initiated by safeguard
* Local control function

* Hold to run

* Enabling device

e Muting function

* Prevention of unexpected start up

e Control modes and mode selection

* Emergency stop

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



= (Risk Estimation) 0| A] - Risk Graphs

ROBOTICS LAB

OEFE

o b
ol
=)

4

« S,F O ARH
Severity of Possible Harm
* Frequency and/or Duration of Exposure
* Possibility of Occurrence of Hazardous Event
* Possibility of Avoidance

Comment
01/02 W 1 ommen
Gi— - _— BAIE 4 Y= B0l EXE.
r-ral X7t Q&R ¥
(O3] 1 (251
LAZJ Cfst 0f9 st 29| 980 X,
T o [EzaE Ss geret xA7L R 25X 2o},
[o1] i l_l:; ‘ 2 | VevlowRik bioinsl gr ngs 58 A0t avd + 9
A2 S
— [
I lA_ll sk Lo o|& =TS oS
- 102} + : 3 Low Risk ;1 xﬂ:::H)l\?"_ﬂEgj%H (';;16: Slgol Exe. A =
— sixp 0] Che BT BRI e oY 2
B > Cisg 27617|0] Z20 F2EL0. 023
[o1} | L x| Chg XM= 7|8)0] s 0jof gLCh
(021 I_IAZ .
Fail B .
Al 17 A0l T8} §1% 24T K7} HHE KB o]
(2] 102 | 1 et OFst =AY 220l Exje:
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1031 1 s slo] Zrjeln, e Te 2o 5
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Risk without Risk with Acceptable Risk
without Safety-related Control  Safety-related Control
Protective

Measures
Safety-related

Control System
AHE

» Safety-related Control : A control system in a machine should be regarded as being
safety-related if it contributes to reducing any risk to an acceptable level or if it is
required to function correctly to maintain or achieve safety.

* SRP/CS (Safety-related Parts of Control System)

HEHMzZ2X

rI-_I

HE HE7 A3

il

- M4 (2021.12.16)
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7| S (Functional Safety)

* Functional Safety: Requirement on reliability of safety related functions necessary to
sustain or fulfill the required safety.

* Hardware requirement

* Software requirement

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



SRP/CS2| PL A| 4 B 7| & 7l 'H

e MTTFd (Mean time to dangerous failure) : The MTTF assumes the fact that every system

will fail if you just wait long enough.

 DC (Diagnostic Coverage) : Fractional decrease in the probability of dangerous hardware

failures, resulting from the use of automatic diagnostic tests.

 PFHd (Average Probability of Dangerous Failure per Hour)

1ISO 13849-1 & IEC 61496-10| M 1+ St= PL(Performance Level) =271 &
Performance Level A7V OEI5E 9.2 Al $H2 (PFHA) 1/h
(PL)
a >10~ and <10 <0.001% to 0.01%
b >3 x 10%and <10~ <0.0003% to 0.001%,
C >10% and <3 x 10 <0.0001% to 0.0003%,
d >107and <10 <0.00001% to 0.0001%,
e >108and <107 <0.000001% to 0.00001%

HEMz=2X 2t

A4 (2021.12.16)




PLr (Required Performance Level) @74 2t

* Severity of Injury. ISO 13849
e S1 Slight injury, (bruise).
e S2 Severe injury, (Amputation
or death).

* Frequency of exposure to injury.
* F1 Seldom.

* F2 Frequent to continuous
( Frequent to continuous are
not defined in the standard).

Risk Analysis Required
* Possibility of avoiding the hazard. Performance
* P1 Possible. Level

* P2 Less possible.

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



10218-1,2 7|3 L E

HOUNZ2R 2E W27 3E - 285 (2021.12.16)

KYUNG HEE
ROBOTICS LAB




IS0 10218 1,2 707 WSk Sl LHE - F8 ALEH (1)

» Type C Standard
- QAR B0 Lot cene| &H| X7
- fled ot HE/Z20e Mol d, #Et HRE (S, F0,A)
e Safety Functiond} J10f| Cl{ot @ 72 T+ 1| & HA

> Risk Assessment ZHH L2} E 7| =45 K| Al

« g U= Risk Assessment 21 == 2| 7H0| =21 KA

» Robot Classification

e Class1and?2
e ClassOf| ([t= 2{ald ISl O @

e
!
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Risk Assessment

 1SO 10218-2 7™

i[5

hh

I}

uletHE 7] =2k M Al

Table C. 2 - Examples for determining severity parameters

HEE
NIVERSITY
ROBOTICS LAB

Injury severity parameters and ranges

Hazard Type

Injury Type

Minor (S1)

Moderate (S2)

Serious (S3)

Catastrophic (54)

Mechanical

Lacerations or
Amputations** [40) [34]
Amputation force is derived
from literature search that
identified, when using an

80 mm diameter load cell,
pain and fracture thresholds
at
— 150N;
400 N;

2000 N

Minor/superficial cuts
requiring bandaging
treatment; typically caused
by:

stationary blunt
surfaces;

blunt edges with loads
less than 28 kPa.

Lacerations not requiring
sutures or other closure in lieu
of sutures, typically caused by
the following:

stationary sharp edges;

blunt, sharp edges.

Lacerations requiring sutures or
other closure in lieu of sutures or
partial blindness typically caused
by:

flying projectiles;

stationary sharp edges;

blunt, sharp edges.

Amputation of finger(s) or toe(s)
not leading to impaired hand use
or impaired walking abilities
(disabling injury), typically
caused by:

sharp edges mechanically in
motion (e.g. rotating,
reciprocating, shearing);

offset, blunt edges with
loads exceeding 28 kPa.

Lacerations or amputation
that could result in death or
permanently disabling
injury such as blindness.

e.g. amputation of hands,

feet, arms, legs, or loss of
eyes

214 (2021.12.16)
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Risk Assessment

e 1SO 10218-2 7} & Tt

o IictH E 7] =4k H A

Table C. 3 - Examples for determining exposure parameters

KYU HEE
1Ty

UNIVERSIT
ROBOTICS LAB

Elen?ent of Application Application Appiication
risk . Group C:
g Parameter Group A: seldom Group B: cyclic Range
0EOnCNEED interaction interaction tomstan
1SO 12100 interaction
Not applicable Low
Frequency | Refer to Group B 2> Not applicable | Medium
Refer to Group B 2> High
Maximum . :
1h total per week in Not applicable Short
i 1
DurIeon Refer to Group B 2> Not applicable | Medium
Exposure
Refer to Group B 2> Long
Certain persons are exposed but are not related to any
specific task Some
Number of P
persons One person exposed One
exposed
More than one person exposed oxe
than 1

214 (2021.12.16)



Robot Class

e 1SO 10218-1 7} & Tt

Maximum force* per .
Robot Total mass per - c Maximum speed
Class manipulator (M) [kg] manipu [al;c:])r( vew) [mm/s]
| 10 kg and under 50 and under 250 mm/s and under
[! Over 10 kg Over 50 Over 250 mm/s

oxt
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=
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|
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ISO 10218 — 1, 2 7§74 dt
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»PLd - PLr

Safety FunctionO]| CHSH PL dE 27 - Safety Function'®, 2= Class'& required PL (PLr)

e L
2= CtEst

I rin

> 1SO/TS 15066 L& &t

» Test methodology to determine the maximum force per manipulator for Class
| robots.

>ISO/TR 20218-1 (end-effectors), ISO/TR 20218-2 (manual load/unload) Lif-&
ok

» Communication Safety
* Cybersecurity

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



Functional Safety Requirements & PLd - PLr

default
Malgd_atory, Safe?y Possible Triggering " ln”t(_ended Res'ulF ) functional
Clause Conditional or| Function Event unless “OR” is stated within a given safetyPL. or
Optionala Name group, ALL are required SIL i
simultaneous
motion - Selection of robots to be |— Only robots in the same mode
5.7.9 Conditional | restriction of under simultaneous can be selected for PLd or SIL 2
robot control simultaneous motion
selection
Conditional | restriction of -
Mandatory for | non-selected Selection .Of ToboItobe — Any robot not selected shall be
5.7.9 - under simultaneous . . : PLd or SIL 2
simultaneous robot(s) in a monitored-standstill
N control
control motion
Robot pose/ end-effector
position is not in correct : :
- - — Prevent the intended operation
5.9.1d) Conditional end-(?ffector position f enfeintended of the end-effector (e.g. open, PlLcorSIL1
position ¢ operation of the end- close, on, off)
effector (e.g. open, close, P
on, off)
— Protective stop (e.g.low
gripping force could result in
— end-effector o ) . loss of workpiece);
.9.1d) Optional ippin Gripping force is outside and/or PLcorSIL1
5.9.4c) P gl;lpp 8 of set parameter(s) — Reverse of the closing
orcec .
movement (e.g. when high
gripping force could result in
injury)
release of .
5.9.1j) i detachable | Detachabletoolnotin | o oy o1ooce o detachable
Optional designated location/ PLcor SIL1
5.9.6 tool i tool
. condition
monitoringe
end-effector Applied force is outside of |— Protective stop requiring a
5.9.4a) Optional force b, set parameters for the reset (5.5.7.3) or Stop category | PLcorSIL1
end-effector 0 or 1 initiated (5.4.5)
end-effector End-effector pose/ : :
5.9.4b) Optional orientation |position is not in intended —Ereventteintendsd opetation PLcorSIL1
R : s of the end-effector
monitoring b.c orientation
activate (by inputs or
. orientation internally triggered) — Restrict orientation of the end-
24k Cpticral limiting b.¢  |orientation limiting safety effector or wrist Fld or SIL 2
function
end-effector | Person is contacted or
59.4¢e) Optional presence within a detection zone  |—Protective stop PlcorSIL1
sensingbc¢ | around the end-effector

HOUNZ2R 2E W27 3E - 285 (2021.12.16)
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Functional Safety Requirements & PLd - PLr

ROBOTICS LAB

E.2 Examples
E.2.1 Example 1 - based on ISO 12100:2010

Pl is estimated from a results of risk estimation described in Annex C, C.2, as shown in Table E. 2 below.

Table E. 2 - PL; assignment matrix!

Occurrence
02

Severity | Exposure | Avoidance

(=]
frd
o
w

Al
El A2
A3
Al
E2 A2
A3
Al
E1 A2
A3
Al
E2 A2
A3
Al
E1l A2
A3
Al
E2 A2
A3
Al
E1l A2
A3
Al

s1

S2

ale oo a|T e |a6| e | (oo

ale|a (oo (e | o e | (o (o o ||

S3

alaa|To oo (oo oo |o oo

S4

E2

PLd and PLe; the architecture is according to 5.5.3
o

O ML+—T A 2 7] TH—-" - OO T \4VUsLl.1.10)




Methodology for Collision Force and Pressure Evaluation

e 1SO 10218-20] =&t

Test and/or Simulation

device with effective mass method. This method requires that the PFMD be allowed to move freely along the direction of contact
as well as replicate the human body region effective mass my, to directly measure pressure and force. The values for my, per
body region are shown in Table N.1. This method is shown in Figure N.3.Table

A

Key
A path of robot or end-effector or workpiece D additional mass
(the object whose impact is being measured)
B typical PFMD F direction of low friction movement
C weights
D mass of PFMD

NOTE: Additional wmass is added to achieve an effective body region mass as stated in Table N.1.

Figure N. 3 — Unconstrained PFMD mounted to a single axis low friction slide

There is another measurement method under development: the quasi-static measurement with transient
contact pressure and force conversion method. This method is conducted using a quasi-static contact Where
the meaanred nrecsnre and farce are converted ner hadv reginn A nreccnre and farce calenlation methad ic

@& HYUNDAI

Real Robot Motion
A W0
N,

If 4 link of robot collides chest

Collision Safety Standard of ISO

Fail

Risk Index (CRI)

1 i

Pass

Collision Risk Analysis

ISO Threshold Danger

Safe

Collision Risk Index

0 5 015 20 2 30
time [sec|

Extracted Motion

Optimal Control + Analysis

ISO Threshold Danger

Safe

Risk Index

0 5 w15 20 25 30
time [sec]

Risk Space Analysis

60
t‘__UJ

- 4

Collision Risk Index (CRI)

Col

If 5™ link of robot collides chest

on Risk Analysis

Collision Safety Standard of 1SO Fail

Al

Pass

travel time [sec]

travel time [sec]

Collision Risk Index (CRI)

14

Collision
| safety
2| standard
of 150

If End-effector of robot collides hand

Fail

Pass

travel time [sec]

Ol M

SEES

g (2021.12.16)



ISO/TR 20218-1, ISO/TR 20218-2 L& =g}

e 1SO 10218-20] =&t

Key

A manipulator

B force-torque sensor

C hand-guiding wheel, with hold-to-run controls
D end-effector

E gripper “fingers”

F workpiece

Fioure I. 1 — Hand-onided cantrale (HGO) inteorated intn the end-affectar examnle

0zt
rn
=
P
Hu
i
rH
e
r>1
Mo
N
Ho
L
1%
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ISO 10218 -1, 2 7% vtk 5l L £ — 7| E} Al

* category 2 stopping functions;

» definitions and abbreviations;

» details within the information for use clause;

e functional safety requirements;

* hand-guided control (HGC) requirements;

* markings;

* mechanical strength and stability requirements;
* mode selection;

e power loss requirements;

* hand-guided controls (HGC) requirements;

e spaces (maximum, restricted) figures shown in Annex B;

* speed and separation monitoring (SSM) requirements to enable collaborative
applications;

* the term “collaborative robot” is not used



D HHS OfL| E2| 0| 2E BE
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Mobile Manipulator = Gap

Mobile manipulation
(moving mobile platform + moving manipulator)

A

Manipulator7} £AHEl Ar=40f| Mobile platform0i| £&FEl 4
A-I Mobile p|atform9| AE-|7:“ Eltl TEETE %FO“A-I manipU|ator9| AE-IZH
oMM 20| oist #E & : . X oM @ XA0 et &®
= 8ls T S F2F els.

anipulation

ISO
10218-1

ISO
15066

HEMZER 2 M27H3E - 2484 (2021.12.16)



Mobility 2t X 5= o

ROBOTICS LAB

1SO3691-4
ISO 13849-1

7|52t A (Functional
Safety) 2 &7 PL

ITSDF B56.5

« |SO 3691-4 Industrial trucks — Safety requirements and verification — Part 4: Driverless
industrial trucks and their systems

« |SO 13482:2014 Robots and robotic devices -- Safety requirements for personal care
robots

« ANSI/ITSDF B56.5:2012 Safety Standard for Driverless, Automatic Guided Industrial
Vehicles and Automated Functions of Manned Industrial Vehicles

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



Safety Requirements for Mobile Manipulator

ROBOTICS LAB

« Performance (EE'.: WIS task -‘-:o-rrEF)Qf Q7 E|+= Safe FunctionAO| 0] A2t 0| U2,
SEA i
o

- O) 32X 7159 -

OPERATIONAL CONDITIONS Movmg AGV + Stationary AGV Moving AGV +
Stationary Robot + Moving Robot Moving Robot

Single Dual Single Dual Single Dual
Unexpected startup of robot or AGV AR AR AR AR AR AR
Robot/AGV hardware safety interlock AR AR AR AR AR AR

Human approach angle other than current direction of AGV travel, human is...
...in robot work volume, in AGV path AR AR AR AR AR AR
A
R

...out of robot work volume, in AGV path A A A A A
...in robot work volume, out of AGV path R R R R R
AGYV position uncertainty A A A A A A
Robot position uncertainty R R R R
Conflicting emergency stop situations A A A A A A
Robot sensing within the restricted space A A AR AR A A
Mobile manipulator stability A A A A A
Overhanging obstacle extends into robot or AGV path A A A A A
Reporting joint configuration of robot AR A AR A AR A
Robot/AGV inhibiting motion of the other AR A AR A AR A
Planned/automatic restart from pause/stop AR A AR A AR A
Sensing beyond vehicle path AR R AR R AR R
Competing/incompatible safety protocols AR - AR - AR --
Human carrying large load into AGV/robot path and vice versa - - AR - - -
Velocity of any point greater than that of AGV/robot NOT APPLICABLE R -
Unplanned restart from pause/stop AR - AR -- AR --
Error recovery startup R = R = R -
AGV/robot software safety interlock R - R - R -
AGV/robot position/configuration update and verification AR - AR - AR --
AGV/robot assumes master control during a pause event A - A - A -

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



Mobile Manipulator = Gap

ANSI/RIA R15.08-1-2020 Industrial Mobile Robots - Safety Requirements -
Part 1: Requirements For The Industrial Mobile Robot

A

Manipulator7} £AHEl Ar=40f| Mobile platform0i| £&FEl 4
XM Mobile platform TERTE 20l A manipulatorl| 24
oFH 4= 210] o : X H A0 Tt #

! = SIE e

0 e
=/ HA O O 1 HAO.

ol 4
[
otEZ Y

HUNZZR 2tA T27F /35 - 8= (2021.12.16)



Proposed types of IMR by RIA 15.08 Group

Mobile
Platform

Attachment None * After-market, non-robotic ~ Robotic attachment Robotic attachment
attachment (manipulator, arm, (manipulator, arm,
(passive or articulated) industrial robot per ISO industrial robot per ISO
» Stock articulated 10218) 10218)
attachments

Examples

(Dashed line: Guide Path)

all

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



Proposed types of IMR by RIA 15.08 Group

AUTONOMOUS

START

Industrial

NO

Application?

YES

Mobile

NO

Platform?

YES

MANUAL

Navigation?

GUIDED

Autonomous Mobile Robot
(AMR)

Attachment

MANIPULATOR (3+ axes)

L

Automatic Guided Vehicle
(AGV)

Type?

OTHER

\A

IMR Type B

AMR w/Attachment

IMR Type C
Mobile M anipulator

<l

'

OTHER

anipulator
(3+ axes)?

YES

Industrial Mobile Robot
[See ANSI/RIA R15.08]

)

utomatic Guided Vehicle
(AGV)
[See ANSI/ITSDF B56.5]

bS|

O

CHA|

—

RS

In/¥=

— =

ME7L Y-

Ol M
[

\ J
Industrial Robot (System) END
[See ANSI/RIA R15.06]
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Proposed types of IMR by RIA 15.08 Group

AUTONOMOUS

Mobile

Platform?

YES

Navigation?

Autonomous M obile Robot
(AMR)

Attachment

MANIPULATOR (3+ axes)

NO
—
MANUAL
GUIDED
Automatic Guided Vehicle
(AGV)

Attachment™>._ NONE

Type?

OTHER

IMR Type A IMR Type B IMR Type C
AMR AMR w/Attachment Mobile Manipulator

' '

Type?

OTHER

Industrial Mobile Robot
[See ANSI/RIA R15.08]

.

'
y

utomatic Guided Vehicle ind
(AGV) [
[See ANSI/ITSDF B56.5] ]

Rl

27t gag-

24 (2021.12.16)



Proposed types of IMR by RIA 15.08 Group

B.1 IMR Type A: Autonomous mobile robot (AMR); no attachment(s)

.-

Figure B.1: Example of an IMR Type A, an AMR with no attachments.
(L: Plan View; R: Elevation View.)

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



£50%
Proposed types of IMR by RIA 15.08 Group X7

ROBOTICS LAB

B.2 IMR Type B: AMR with attachment(s); attachments do not include a powered manipulator

= W W

Figure B.2.i.: Example of an IMR Type B, an AMR with attachment(s)
that do not include powered manipulator(s); in this case, a passive attachment (shelf unit).

(L: Plan View; R: Elevation View.)

S
N 2 4

Figure B.2.iii.: Example of an IMR Type B, an AMR with attachment(s)
that do not include powered manipulator(s); in this case, a manipulator that is being transported in a
stowed and unpowered state (e.g., as payload).

(L: Plan View; R: Elevation View.)

HOUNZ2R 2E W27 3E - 285 (2021.12.16)



Proposed types of IMR by RIA 15.08 Group

B.3 IMR Type C: Mobile platform with manipulator attachment

NOTE: The mobile platform could be either an automatic guided vehicle (AGV) or an autonomous mobile robot
(AMR). The manipulator is intended to be powered, and at least potentially operational in automatic mode, during
mobile platform operation.

Figure B.3.i.. Example of an IMR Type C, a mobile platform (in this case, an AMR),
with a manipulator attachment.

(L: Plan View; R: Elevation View.)

Figure B.3.ii.. Example of an IMR Type C, a mobile platform (in this case, an AGV),
with a manipulator attachment.

(L: Plan View; R: Elevation View.)

ROBOTICS L
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