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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out

through ISO technical committees. Each member body interested in a subject for which a techni

cal

committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

The procddures used to develop this document and those intended for its further maintenance
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for
different {ypes of ISO documents should be noted. This document was drafted in accordance jwith
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may. be the subjec

list of patent declarations received (see www.iso.org/patents).

name used in this document is information given for the convenience of users and does
an endorsement.

anation on the meaning of ISO specific terms and expressiohsTelated to conformity assessme

ittee responsible for this document is Technical Committee ISO/TC 299, Robots (
robotic dqvices.

This Technical Specification is relevant only 4n conjunction with the safety requirements
collaboratjive industrial robot operation described in ISO 10218-1 and ISO 10218-2.
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Introduction
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The objective of collaborative robots is to combine the repetitive performance of robots with the
individual skills and ability of people. People have an excellent capability for solving imprecise exercises;
robots exhibit precision, power and endurance.

To achieve safety, robotic applications traditionally exclude operator access to the operations area
while the robot is active. Therefore, a variety of operations requiring human intervention often cannot

be

automated using robot systems.

This Technical Specification provides guidance for collaborative robot operation where a robat.s

pe
of

A
en)

Th
I1S(
fon

bple share the same workspace. In such operations, the integrity of the safety-related contro
major importance, particularly when process parameters such as speed and force are/héing d

fomprehensive risk assessment is required to assess not only the robot systemvitself, by

is Technical Specification supplements and supports the industrial robot safety
10218-1 and ISO 10218-2, and provides additional guidance on the-jdentified operational
collaborative robots.

Thie collaborative operations described in this Technical Specification are dependent upg

of
of

NO
Te

SO 10218-2.

TE Collaborative operation is a developing field. The values for power and force limiting stg
hnical Specification are expected to evolve in futureeditions.

ystem and
system is
ontrolled.

t also the

Fironment in which it is placed, i.e. the workplace. When implementing applications in which people and
rol[ot systems collaborate, ergonomic advantages can also result, e.g. improvements of worker |

bosture.

standards
functions

n the use

Fobots meeting the requirements of ISO 10218-1 and their integration meeting the reqyiirements

ted in this
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TECHNICAL SPECIFICATION ISO/TS 15066

:2016(E)

Robots and robotic devices — Collaborative robots

1

Scope

This Technical Specification specifies safety requirements for collaborative industrial robot systems
and the work environment, and supplements the requirements and guidance on collaborative industrial

ro‘l}ot operation given in [SO 10218-1 and ISO 10218-2.

Thiis Technical Specification applies to industrial robot systems as described in [SQ) 10

IS(
us

NO

2

10218-2. It does not apply to non-industrial robots, although the safety principles presen
eful to other areas of robotics.

Normative references

P18-1 and
ted can be

TE This Technical Specification does not apply to collaborative applications designed prior to its publication.

The following documents, in whole or in part, are normatively réferenced in this document and are

ing

references, the latest edition of the referenced document (including any amendments) applieq.

IS(

IS(
SYyS

IS(
IS(

IS(
of

[E

3

Fo
IS(

3.1
co

ispensable for its application. For dated references, only<the edition cited applies. Fo

10218-1:2011, Robots and robotic devices — Safety requirements for industrial robots — Parf

10218-2:2011, Robots and robotic devices — Safetyrequirements for industrial robots — Pa
tems and integration

12100, Safety of machinery — General pringiples for design — Risk assessment and risk redy
13850, Safety of machinery — Emergency stop function — Principles for design

13855, Safety of machinery — Positioning of safeguards with respect to the approach spee
the human body

[ 60204-1, Safety of machinery — Electrical equipment of machines — Part 1: General requiré
Terms and definitions
" the purpose$.of this document, the terms and definitions given in ISO 10218-1, ISO 10

12100 and.the following apply.

laborative operation

I undated

t 1: Robots
't 2: Robot

ction

s of parts

ments

218-2 and

stg

tesin which a purposely designed robot system and an operator work within a collaborative v

vorkspace

[SOURCE: ISO 10218-1:2011, 3.4, modified]

3.2

power

mechanical power

mechanical rate of doing work, or the amount of energy consumed per unit time

Note 1 to entry: Power does not pertain to the electrical power rating on an electronic device, such as a motor.

© ISO 2016 - All rights reserved
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3.3
collabora

5066:2016(E)

tive workspace

space within the operating space where the robot system (including the workpiece) and a human can
perform tasks concurrently during production operation

Note 1 to entry: See Figure 1.

[SOURCE:
3.4

[SO 10218-1:2011, 3.5, modified]

quasi-static contact

contact bgtween an operator and part of a robot system, where the operator body part can be clamped
between 4 moving part of a robot system and another fixed or moving part of the robot cell

3.5

transient contact

contact b¢tween an operator and part of a robot system, where the operator body partis not clamped
and can r¢coil or retract from the moving part of the robot system

3.6

protectivie separation distance

shortest germissible distance between any moving hazardous part of the fobot system and any human
in the collpborative workspace

Note 1 to eptry: This value can be fixed or variable.

3.7

body model

representption of the human body consisting of individual body segments characterized |by
biomechahical properties

4 Collgborative industrial robot system design

4.1 General

[SO 10218-2:2011 describes safety -fequirements for the integration of industrial robots and robot
systems, including collaborative robet systems. The operational characteristics of collaborative robot
systems 3re significantly different from those of traditional robot system installations and other
machines|and equipment. InccoHaborative robot operations, operators can work in close proximity to
the robot|system while power to the robot’s actuators is available, and physical contact between|an
operator gdnd the robot system can occur within a collaborative workspace. See Figure 1.

2 © IS0 2016 - All rights reserved
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Ke

Anl
all
an

operating space
collaborative workspace

Figure 1 — Example of a collaborative workspace

y collaborative robot system design requires protective measures'to ensure the operator’
times during collaborative robot operation. A risk assessment-is necessary to identify th
] estimate the risks associated with a collaborative robgt)system application so that p

redluction measures can be selected.

4.7

A
eli
en

a)
b)

1y
2)

3)
4)
5)

. Collaborative application design

key process in the design of the collaborativé robot system and the associated cell lay
mination of hazards and reduction of risks%nd can include or influence the design of th
Fironment. The following factors shall be taken into consideration:

the established limits (three dimensional) of the collaborative workspace;

collaborative workspace, access-and clearance:

delineation of the restricted space and collaborative workspaces;

influences on thecollaborative workspace (e.g. material storage, work flow reqt
obstacles);

the needAferclearances around obstacles such as fixtures, equipment and building sy
accessibility for operators;

the'intended and reasonably foreseeable contact(s) between portions of the rob
and an operator;

5 safety at
e hazards
roper risk

out is the
e working

lirements,

pports;

pt system

o)

7)

ACCESSTOULES (€.8. paths taken by operators, material movement to the coltaborative wi

rkspace);

hazards associated with slips, trips and falls (e.g. cable trays, cables, uneven surfaces, carts);

ergonomics and human interface with equipment:

)
2)
3)
4)
5)

clarity of controls;

possible stress, fatigue, or lack of concentration arising from the collaborative operation;

error or misuse (intentional or unintentional) by operator;

possible reflex behaviour of operator to operation of the robot system and related equipment;

required training level and skills of the operator;

© ISO 2016 - All rights reserved
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6) acceptable biomechanical limits under intended operation and reasonably foreseeable misuse;

7) potential consequences of single or repetitive contacts;

d) wuse limits:

1) description of the tasks including the required training and skills of an operator;

2) identification of persons (groups) with access to the collaborative robot system;

3) potential intended and unintended contact situations;

4) 19
e) trans
1) sf
2)

4.3 Haz

43.1 G

The integ
ISO 10214
unintendd
accessibil

The user
is respon
componet]

432 H

The list o
is the res
fumes, ga
(e.g. weld
through a

The hazar

estriction of access to authorized operators only;
tions (time limits):
arting and ending of collaborative operation;

ansitions from collaborative operations to other types of operation.
ard identification and risk assessment

bneral

rator shall conduct a risk assessment for the collabgrative operation as described
-2:2011, 4.3. Special consideration concerning potential‘intended or reasonably foreseea
d contact situations between an operator and the rebot system, as well as the expec{
ty of an operator to interact in the collaborative workspace, shall be taken into account.

should participate in the risk assessment and design of the workspace. The integra
Kible for coordinating this participation :add for selecting the appropriate robot syst
ts based on the requirements of the application.

hzard identification

11t of hazard identificationsearried out as described in ISO 12100. Additional hazards (.
ses, chemicals and hot materials) can be created by the specific collaborative applicati
ng, assembly, grinding, ‘et milling). These hazards shall be addressed on an individual ba
risk assessment for-the specific collaborative application.

d identificationprocess shall consider the following as a minimum:

related haZzards, including:

a) robot
1) r
S

bot characteristics (e.g. load, speed, force, momentum, torque, power, geometry, surf:
ap€ and material);

in
ble
ed

Lor
em

[ significant hazards for robot and robot systems contained in ISO 10218-2:2011, Annex A,

.G,
ns
sis

pice

2) qUasistatic comtact COnAitions i te Tobot;

3) operator location with respect to proximity of the robot (e.g. working under the robot) ;

b) hazar

ds related to the robot system, including:

1) end-effector and workpiece hazards, including lack of ergonomic design, sharp edges, loss of
workpiece, protrusions, working with tool changer;

2) operator motion and location with respect to positioning of parts, orientation of structures
(e.g. fixtures, building supports, walls) and location of hazards on fixtures;

3) fixture design, clamp placement and operation, other related hazards;

© ISO 2016 - All rights reserved
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4) a determination as to whether contact would be transient or quasi-static, and the parts of the

operator’s body that could be affected;

5) the design and location of any manually controlled robot guiding device (e.g. accessibility,
ergonomic, potential misuse, possible confusion from control and status indicators, etc.);

6) the influence and effects of the surroundings (e.g. where a protective cover has been removed

from an adjacent machine, proximity of a laser cutter);

application related hazards, including:

b
J
4.3

In

1) process-specific hazards (e.g. temperature, ejected parts, welding splatters);
2) limitations caused by the required use of personal protective equipment;

3) deficiency in ergonomic design (e.g. resulting in loss of attention, improper-operatior]

.3 Task identification

consultation with the user, the integrator shall identify and document\the tasks associate

rolpot cell. All reasonably foreseeable task and hazard combinations shall-be identified. The col

tag

a)

b)

4.3

Aff
be
lis

b)

ks can be characterized by:

the frequency and duration of operator presence in the €ollaborative workspace with
robot system (e.g. collaborative assembly with external{fixtures);

the frequency and duration of contact betweenanhoperator and robot system with
power or application-related sources of energy aetive (e.g. hand guiding, physical intera
tool or workpiece);

transitioning between non-collaborative operation and collaborative operation;

automatic or manual restart of robet system motion after the collaborative operation
completed;

tasks involving more than one'operator;

any additional tasks within-the collaborative workspace.

.4 Hazard elimination and risk reduction

er hazards are identified, the risks associated with the collaborative robot system shall b
fore applying risk reduction measures. These measures are based upon these fundamental
ed in their.oxrder of priority (see ISO 10218-2:2011, 4.1.2):

the elimination of hazards by inherently safe design or their reduction by substitution;

protective measures that prevent personnel from accessing a hazard or control the h

H with the
aborative

a moving

the drive
rtion with

has been

b assessed
principles

azards by

bringing them to a safe state (e o_stopping limiting forces limiting speed) before an op
(=] [=] AY [=] J ulb ul o7 (=] 4 [=] I 7 Ir

erator can

c)

access or be exposed to the hazards;

the provision of supplementary protective measures such as information for use, train
personal protective equipment, etc.

ing, signs,

For traditional robot systems, risk reduction is typically achieved through safeguards that separate the
operator from the robot system. For collaborative operation, the risk reduction is primarily addressed
by the design and application of the robot system and of the collaborative workspace. Specific measures
for risk reduction for collaborative operation are identified in Clause 5.

© ISO 2016 - All rights reserved
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5 Requirements for collaborative robot system applications

5.1 General
Robot systems with collaborative applications shall meet the requirements of ISO 10218-1:2011 and

[SO 10218-2:2011. The information contained in this clause supplements that given in ISO 10218-1:2011,
5.10 and ISO 10218-2:2011, 5.11.

5.2 Safety-related control system performance

The safety-related control system functions shall comply with ISO 10218-1:2011, 5.4 or
[SO 10218§-2:2011, 5.2.

5.3 Degign of the collaborative workspace

The design of the collaborative workspace shall be such that the operator can perferm all intended
tasks. Anyf risks introduced by machinery or equipment shall be sufficiently mitigatéd by the measufes
identified| in the risk assessment. The location of equipment and machinery\should not introdiice
additional hazards. Safety-rated soft axis and space limiting, as described i ISO 10218-1:2011, 5.12.3,
should befused whenever practicable, to reduce the size of the restricted space.

Risks ass¢ciated with whole body trapping or crushing between thé«obot system and, for example,
parts of huildings, structures, utilities, other machines, and equipment, shall be eliminated or safely
controlled. Clearance in accordance with ISO 10218-2:2011, 5.11.3 should be provided.

NOTE The clearance can be different for systems designed togomply with 5.5.4 and 5.5.5.

If other machines in the collaborative workspace present a hazard, then protective measures shall{be
applied injaccordance with ISO 10218-2:2011, 5.11.2.. Any relevant safety-related functions shall comply
with the requirements of 5.2.

5.4 Degign of the collaborative robot-gperation

5.4.1 General

The requifements for the design of the collaborative robot operation are provided in [SO 10218-2:20]11,
5.11. The|operating methods n.5.5 may be used singularly or in combination when designing a
collaboratjive application.

Any detedted failure in the“safety-related parts of the control system shall result in a protective stop
(ISO 10218-2:2011, 5.3¢8:3). Operation shall not resume until reset by a deliberate restart action wjith
the operator outside,of the collaborative workspace.

5.4.2 Protective measures

All personswithir the coltaborative workspace stratt be protected by protective measures. Safeguards
used in a collaborative workspace shall meet the requirements of ISO 10218-2:2011, 5.10.

Information on active settings and configuration of collaborative safety parameters shall be capable
of being viewed and documented with a unique identifier (e.g. checksum) so that changes to the
configuration can be easily identified (see ISO 10218-1:2011, 5.12.3). Setting and adjusting collaborative
safety parameters shall be protected against unauthorized and unintentional changes by password
protection or similar security measures.

5.4.3 Stopping functions

During collaborative operation, the operator shall have the means to either stop robot motion at any
time by a single action or have an unobstructed means of exiting the collaborative workspace.

6 © IS0 2016 - All rights reserved
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Examples of means to stop robot motion can include, but are not limited to:

a)
b)

c)

an enabling device;
an emergency stop device;

stopping the robot by hand, in the case of robots that include this feature.

The number and location of emergency stop devices shall be determined by risk assessment and shall
meet the requirements of ISO 13850.

5.4.4 Transitions between non-collaborative operation and collaborative operation

Transitions between methods of collaborative operation or between non-collaborative-opet

co
su

NO|
be

5.4

I1S(
(IS
de
alt

pe

If 3
de
be
ma3

aborative operation are particularly critical parts of a collaborative application. These shall b
h that the robot system shall not pose unacceptable risks to the operator duringthe transiti

TE A visual indicator to identify transitions between collaborative and non-collaborative ope
sed.

.5 Enabling device requirements

10218-1:2011, 5.8, includes provisions for a pendant ¢ontrol having an enabli
0 10218-1:2011, 5.8.3) and an emergency stop function (ISO~10218-1:2011, 5.8.4). Ifarisk a
ermines that risk reduction traditionally achieved by/tHe use of an enabling device
ernatively achieved by inherently safe design measures or safety-rated limiting functions

collaborative robot system relying upon safety-rated limiting functions is used without a

Uice, then these functions shall always remain active. The limits (e.g. speed, force, or ra
set to a level that provides sufficient risk Teduction for programming, setting, troubl
intenance and other tasks traditionally@erformed with the use of an enabling device.

A

enever safety-rated limiting functions are not active in the task-specific configur

collaborative robot system shall iriclude an alternative protection method, such as an enabl
th3t meets the requirements of ISO 10218-1:2011, 5.8.3.

When an enabling device js‘not included with the robot system, the information for use sh

the
a)

b)

5.}

following:

a notification that-the enabling device is not included with the robot. If an enabling d¢

a disclairer stating a robot without an enabling device shall only be used in applicat
inherently safe design measures or active safety-rated limiting functions.

b . Collaborative operations

hdant control for a collaborative robot system may be.provided without an enabling device.

option, the manufacturer shall provide instructions for how to install the enabling devicg;

ation and
b designed
bn.

rations can

g device
ssessment
would be
, then the

h enabling
nge) shall
bshooting,

htion, the
ng device

h1l include
vice is an

)

ions with

5.5.1 General

Collaborative operations may include one or more of the following methods:

a)
b)
‘)
d)

safety-rated monitored stop;
hand guiding;
speed and separation monitoring;

power and force limiting.
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5.5.2 Safety-rated monitored stop

5.5.2.1 Description

In this method, the safety-rated monitored stop robot feature is used to cease robot motion in the
collaborative workspace before an operator enters the collaborative workspace to interact with the
robot system and complete a task (e.g.loading a part onto the end-effector). If there is no operator in the
collaborative workspace, the robot may operate non-collaboratively. When the robot system is in the
collaborative workspace, the safety-rated monitored function is active and robot motion is stopped, the
operator is permitted to enter the collaborative workspace. Robot system motion can resume without
any additional intervention only after the operator has exited the collaborative workspace.

5.5.2.2 obot requirements

For collaborative operation with safety-rated monitored stop, the following robot system
requirements apply:

a) when|robot motion is limited, the limits shall comply with ISO 10218-1:2011,5.12;
b) the r¢bot shall be equipped with the function to achieve a protective.-stop in accordance wijith

[SO 10218-1:2011, 5.5.3.

5.5.2.3 Robot system requirements

The opergtions of the safety-rated monitored stop feature are ofitlined in Figure 2. The robot systenp is
permitted to enter the collaborative workspace only when an operator is not present in the collaboratjve
workspack. If an operator is not present in the collaborativestorkspace, the robot system may operpte
non-collalporatively in the collaborative workspace.

N7 .
[\ Operator’s proximity to

Robot motion or collaborative workspace
stop function
Outside Inside
L\
8 @ut’side Continue Continue
g8
zE Of ——
@ : nsi 'e an Continue
moving
SN

Continue Continue

Robot
collaborati

Figure 2 — Truth table for safety-rated monitored stop operations

The collaborative workspace shall be established with distances that meet the requirements of
[SO 13855. The robot system shall be equipped with safety-rated devices which detect the presence of
an operator within the collaborative workspace. Access to the restricted space outside the collaborative
workspace shall be prevented in accordance with a risk assessment.

When the safety-rated monitored stop feature is used, an operator shall be permitted to enter the
collaborative workspace only under the following conditions:

a) when the robot system or other hazards are not present in the collaborative workspace;

8 © IS0 2016 - All rights reserved
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when the robot system is in the collaborative workspace and is in a safety-rated monitored stop

(stop category 2) in accordance with ISO 10218-1:2011, 5.4 the safety-rated monitored
remain active at all times when an operator is in the collaborative workspace;

when the robot system is in the collaborative workspace in a protective stop in accord
[SO 10218-1:2011, 5.4 and 5.5.3.

stop shall

ance with

In the intended use of this function, the robot may decelerate, resulting in a safety-rated monitored
stop (stop category 2) in accordance with IEC 60204-1.

When the operator leaves the collaborative workspace, the safety-rated monitored stop fun

be

An
cat

5.5

5.5

In

ou

Ro|

anjplification, virtual safety zones or tracking technolegies.

If

5.3.3.2 Requirements

5.3.3.2.1 General

ction may

deactivated and robot system motion may resume automatically.

y condition that violates these operational requirements shall result in a protective
egory 0) in accordance with IEC 60204-1.

.3 Hand guiding

.3.1 Description

' by manually actuating guiding devices located at or nearythe robot end-effector.

bot systems used for hand guiding can be equipped with additional features, such

he requirements of 5.5.5 are fulfilled in a hand guiding task, then the requirements of 5.5.3 ddg

e robot shall utilize a safety-rated monitored speed function (ISO 10218-1:2011, 5.6.4) an

stop (stop

this method of operation, an operator uses a hand-operated device to transmit motion corrlJ\mands to
the¢ robot system. Before the operator is permitted to enter the ¢gllaborative workspace a
the¢ hand-guiding task, the robot achieves a safety-rated monjtered stop (see 5.5.2). The task

d conduct
is carried

as force

not apply.

1 a safety-

rafed monitored stop functioni(see 5.5.2). A risk assessment shall be used to determine the saffety-rated

mqnitored speed limit. If operator safety is dependent on limiting the range of motion of the
rolpot shall utilize safety-rated soft axis and space limiting (ISO 10218-1:2011, 5.12.3).

Th
a)

b)

)

d)

e operating sequence for hand guiding is as follows:

the robot systeém is ready for hand guiding when it enters the collaborative workspace af
safety-rated monitored stop (see 5.5.2) — the operator may then enter the collaborative W

when'the operator has taken control of the robot system with the hand guiding device,
rated monitored stop is cleared and the operator performs the hand guiding task;

robot, the

dissues a
orkspace;

he safety-

when the operator releases the guiding device, a safety-rated monitored stop (see 5.5.2) shall be

issued;

when the operator has exited the collaborative workspace, the robot system may resume non-

collaborative operation.

If the operator enters the collaborative workspace before the robot system is ready for hand guiding, a
protective stop (ISO 10218-1:2011, 5.5.3) shall be issued.

Access to the restricted space outside the collaborative workspace shall be prevented in accordance
with a risk assessment.
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5.5.3.2.2 Guiding device

The robot system shall be equipped with a guiding device that incorporates an emergency stop
(ISO 10218-1:2011, 5.5.2 and 5.8.4) and an enabling device (ISO 10218-1:2011, 5.8.3), unless the
enabling device exclusion requirements of 5.4.5 are met.

The guiding device shall be located considering the following:

a) proximity of operator to robot so as to be able to directly observe robot motion and any hazards
that might arise from this motion (e.g. controls mounted on end effector);

b) operator position and posture shall not lead to additional hazards (e.g. operator not under hegvy
loads|or under manipulator arm);

c) operator vantage point shall allow for unobstructed view of entire collaborative workspace (¢.g.
additional persons entering collaborative workspace).

The mappjing between the motion axes of the hand guiding device and the motion axes‘of the robot sHall
be clearly|presented and easily understood. The direction of motion of the robotand end effector shall
be intuitively understandable and controllable from the hand guiding device.

5.5.3.2.3 | Transitions between hand guiding and other types of operation

Transitior)s between hand guiding operations and non-collaboratiVe operation or other types| of
collaborative operation shall not introduce additional risk. The opetator shall control such transitions by
deliberatq actions (e.g. activating enabling device) and behaviourfe.g. leaving collaborative workspage).

Specific agpects to consider in these cases are:

a) in tr:zlrsitions from hand guiding to the safety-ratedimonitored stop (see 5.1), the halting of robot
motign and the initiation of the safety-rated monitored stop shall not introduce additional hazards;

b) transjtions from safety-rated monitored stop.to hand guiding shall not lead to unexpected moti¢n;

c) intrapsitions from hand guiding to non-gollaborative operation, all operators shall have exited the
collaHorative workspace before the robot system can continue with non-collaborative operationj

d) transitions from non-collaborative‘operation to hand guiding shall not introduce additional hazar(ds.

5.5.3.2.4 | Risk assessment

Risk redyction is achieved by the combination of direct control of motion by the operator gnd
appropria]:e safety-rated\imitation of speed and position, as determined by risk assessment. The rjisk
assessment shall specifically take into account:

a) safety-ratedsmonitored speed that allows the operator control of the robot and relevant hazards;

b) the timé-ahd distance that is required by the robot to come to a stop upon release of the enabling
deviceorimitiatiomrof theprotective stop,eg—for workspace tayoutwith respecttotocation of
operator and obstacles;

c) hazards caused by the workpiece, end effector, peripherals, or application devices.
5.5.4 Speed and separation monitoring

5.5.4.1 Description

In this method of operation, the robot system and operator may move concurrently in the collaborative
workspace. Risk reduction is achieved by maintaining at least the protective separation distance
between operator and robot at all times. During robot motion, the robot system never gets closer to the
operator than the protective separation distance. When the separation distance decreases to a value
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below the protective separation distance, the robot system stops. When the operator moves away from
the robot system, the robot system can resume motion automatically according to the requirements
of this clause while maintaining at least the protective separation distance. When the robot system

reduces its speed, the protective separation distance decreases correspondingly.

5.5.4.2 Requirements

5.5.4.2.1 General

T

an
thd
li

Sp
thd
WwW(Q
va

If 1
the

a)
b)

Th
did

ref

e robot shall be equipped with a safety-rated monitored speed function (ISO 10218-1:2

11, 5.6.4)

1 a safety-rated monitored stop function (see 5.5.2). If operator safety is dependent;q
range of motion of the robot, the robot shall be equipped with safety-rated softaxis
iting (ISO 10218-1:2011, 5.12.3). The speed and separation monitoring systerh|shall
uirements of 5.2.

bed and separation monitoring shall apply to all persons within the collaborative wor

performance of the protective measure is limited by the number of persons in the col
rkspace, the maximum number of persons shall be stated in the information for use. If that
ue is exceeded, a protective stop shall occur.

he separation distance between a hazardous part of the robot 8ystem and any operator f]
protective separation distance, then the robot system shall:

initiate a protective stop;

initiate safety-related functions connected to the robot'system in accordance with ISO 102
5.11.2 g), e.g. turn off any hazardous tools.

q

e possibilities by which the robot control system can avoid violating the protective
tance include, but are not limited to:

speed reduction, possibly followed by.atransition to safety-rated monitored stop (see 5.4

execution ofan alternative pathwhich does not violate the protective separation distance, ¢
with active speed and separatien monitoring.

When the actual separation distance meets or exceeds the protective separation distance, rok

md

5.5

Th
ca
pr
dis
an
ov

y be resumed.

4.2.2 Constantand variable speed and separation values

be either-variable or constant. For variable values, the maximum permissible speed
ptective.separation distances may be adjusted continuously based on the relative sj
tances of the robot system and the operator. For constant values, the maximum permiss
1 the protective separation distance shall be determined through the risk assessment as w

n limiting
hnd space
meet the

kspace. If
aborative
maximum

alls below

8-2:2011,

eparation

.1);

ontinuing

ot motion

maximum permissible speeds and the minimum protective separation distances in an application

s and the
eeds and
ble speed
orst cases

prthe entire course of the application.

The means for determining the relative speeds and distances of the operator and robot system shall be
safety-rated in accordance with the requirements in ISO 10218-2:2011, 5.2.2.

5.5.4.2.3 Maintaining sufficient separation distance

During automatic operation, the hazardous parts of the robot system shall never get closer to the
operator than the protective separation distance. The protective separation distance can be calculated
based on the concepts used to create the minimum distance formula in ISO 13855, modified to take into
account the following hazards associated with speed and separation monitoring.

a) In constant speed setting situations, the worst-case value for the safety-rated monitored speed of
the robotis used. This value depends on the application and is validated by the risk assessment. The
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constant limit value shall be set as a safety-rated monitored speed according to ISO 10218-1:2011,
5.6.4, to ensure the constant limit is not exceeded.

b) Invariable speed setting situations, the speeds of the robot system and of the operator are used to
determine the applicable value for the protective separation distance at each instant. Alternatively,
the maximum allowed robot speed can be determined based on operator speed and actual
separation distance between the robot and operator. The control function to accomplish this shall
comply with ISO 10218-2:2011, 5.2.2.

c) The stopping distance of the robot is determined according to ISO 10218-1:2011, Annex B.

The proteftive separation distance, Sp, can be described by Formula (1):

Spltg) =Sy +S, +S,+C+Zy+7Z, (1)

where

Sp(to) isfhe protective separation distance at time to;

to is fhe present or current time;

Sh is the contribution to the protective separation distance attributable to the operator’s changg in
log¢ation;

Sr is the contribution to the protective separation distance atttibutable to the robot system’s refc-
tiqn time;

Ss is the contribution to the protective separation distancée-due to the robot system’s stopping distance;

c is the intrusion distance, as defined in ISO 13855; this is the distance that a part of the body ¢an

infrude into the sensing field before it is detected;

A is the position uncertainty of the operator in the collaborative workspace, as measured by the
presence sensing device resulting fromy'the sensing system measurement tolerance;

Zy is the position uncertainty of the robot system, resulting from the accuracy of the robot positjon
measurement system.

NOTE Sp(to) allows the protectiveseparation distance to be calculated dynamically, allowing the robot spged
to vary dufing the applicationSy(£o) can also be used to calculate a fixed value for the protective separatjon
distance, bpsed on worst case-values.

Formula (1) applies t0.all combinations of personnel in the collaborative workspace and moving
parts of the robotsystem. The closest part of the robot and the person in the collaboratjve
workspade couldbe/moving away from each other, while a different part of the robot and the pergon
are approaching-each other.

The contrjbdftion to the protective separation distance attributable to the operator’s change in locatipn,
Sh, is expressed by Formula (2):

t +Tl.+TS
S, = ft 0 v, (t)dt 2)

where

Tr is the reaction time of the robot system, including times required for detection of operator posi-
tion, processing of this signal, activation of a robot stop, but excluding the time it takes the robot
to come to a stop;
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is the stopping time of the robot, from the activation of the stop command until the
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robot has

halted; Ts is not a constant, but rather a function of robot configuration, planned motion, speed,

end effector and load;

is the directed speed of an operator in the collaborative workspace in the direction of the moving
part of the robot, and can be positive or negative depending on whether the separation distance

is increasing or decreasing;

is the integration variable in Formulae (2), (4) and (6).

current time until the robot has stopped. Here, vy, is a function of time, and can vary.du
person’s speed or direction changing. The system shall be designed to account for i}, vary
nner that reduces the separation distance the most. If the person’s speed is not being’mon
tem design shall assume that vy, is 1,6 m/s in the direction that reduces the separation di
st. According to ISO 13855 and IEC/TS 62046:2008, 4.4.2.3, v, may be a vdlue other thg
bending on a risk assessment.

onstant value for Sy using the estimated human speed (1,6 m/s), expressed in m/s, can be
ng Formula (3):

S, =1,6x(T, +T,)

e contribution to the protective separation distance attributable to the robot system'’s read
is expressed by Formula (4):

to+T,
S, = f v, (t)dt
to

ere vy is the directed speed of the robot in the direction of an operator in the col
rkspace, and can be positive or negative.depending on whether the separation distance is
decreasing.

e quantity S represents the contribution to the separation distance due to the robot’s ma
person entering the sensingfield up to the control system activating a stop. Here, vy is a f

hccount for vy varying in the manner that reduces the separation distance the most:

if the robot’s speédyis not being monitored, the system design shall assume that v is the
speed of the robat;

ifthe robof's speed is being monitored, the system design may use the current speed of the
shall accetnt for the acceleration capability of the robot in the manner that reduces the s
distance’the most;

if a-safety-rated speed limit is in effect, the system design may use this speed limit if t

ption from
b to either
ring in the
tored, the
stance the
n 1,6 m/s

estimated

(3)

tion time,

(4)

aborative
ncreasing

tion upon
unction of
designed

maximum

robot, but
eparation

he limit is

Janlicablatatha nart oftha rohaot i dar concidarating
dppHeante te-Ppat SBot+H1ae

To T Ottt T T COoTTroTOCTotIor:

TE

A safety-rated speed limit that only monitors the Cartesian speed of the robot TCP does not monitor

other parts of the robot that might pose hazards to the operator. A safety-rated speed limit that monitors joint
speeds might also be needed.
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A constant value for Sy can be estimated using Formula (5):

S, =v.(ty)xT, (5)

The contribution to the protective separation distance that occurs while the robot system is stopping
is expressed using Formula (6):

ty +Tr +TS

S. = t)dt 6
=S O (6)

where vs Is the speed of the robot in the course of stopping, from the activation of the stop commgnd
until the robot has halted.

The quantity Ss represents the contribution to the separation distance due to the robot’s mgtien durjng
robot stopping. Here, vs is a function of time and can vary due to either the robot’s speed-or direct{on
changing.| The system shall be designed to account for vs varying in the manner,that reduces the
separatiof distance the most:

a) ifthejrobot’s speed is not being monitored, the system design shall assume-that this integral is the
robot[s stopping distance in the direction that reduces the separation diStance the most;

b) if the|robot’s speed is being monitored, the system design may use(the robot’s stopping distance
from that speed, applied in the direction that reduces the separation distance the most.

Values for]Ss should be obtained from the data provided in accordance with ISO 10218-1:2011, Annex B.

The variolis contributions to the protective separation distance are illustrated in Figure 3. In the top
plot of Figure 3, the speed of the operator toward the robotvy) is shown as a positive value, while the
speed of the robot toward the operator (v, vs) is shown as a negative value.

Alternative implementations are permitted if they achieve the requirements of 5.5.4.2.
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Figure 3 — Graphical reppesentation of the contributions to the protective separation|distance
between an operator and a robot
5.3.5 Power.and force limiting
5.3.5.1 _Description
In this'method of operation, physical contact between the robot system (including the workpielce) and an
operator can occur either intentionally orunintentionally. Power and force limited collahorative operation

requires robot systems specifically designed for this particular type of operation. Risk reduction is
achieved, either through inherently safe means in the robot or through a safety-related control system,
by keeping hazards associated with the robot system below threshold limit values that are determined
during the risk assessment. A means to establish the threshold limits values is outlined in Annex A.

5.5.5.2 Contact situations

During collaborative operation using power and force limiting, contact events between the collaborative
robot and body parts of the operator could come about in a number of ways:

a) intended contact situations that are part of the application sequence;
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b) incidental contact situations, which can be a consequence of not following working procedures, but
without a technical failure;

c) failure modes thatlead to contact situations..

Possible types of contact between moving parts of the robot system and areas on a person’s body are
categorized in the following manner.

— Quasi-static contact: This includes clamping or crushing situations in which a person’s body part is
trapped between a moving part of the robot system and another fixed or moving part of the work
cell. In such a situation, the robot system would apply a pressure or force to the trapped body part
for anj extended time interval until the condition can be alleviated.

— Transient contact: This is also referred to as “dynamic impact” and describes a situation in'which a
person’s body part is impacted by a moving part of the robot system and can recoil or fetract frpm
the rgbot without clamping or trapping the contacted body area, thus making for acshort duratjon
of thel actual contact. Transient contact is dependent on the combination of the inértia of the robot
(see Note 1), the inertia of the person’s body part (see Annex A), and the relative speed of the tw.

NOTE1 |[The relevant inertia of the robot is the moving mass as computed at the contact location. This might
be anywhere along the length of the kinematic chain (i.e. the manipulator arm, linkages, tooling and workpiete),
so estimating this value makes use of the specific robot pose, link speeds, mass distribution and contact locatfion
or uses a worst case value.

NOTE 2  |The inertia of human body parts is addressed in reference doguments listed in the Bibliography.

5.5.5.3 Riskreduction for potential contact between robat.and operator

(ED

Risk reduftion shall consider means by which possible contact between the operator and robot syst
would notl result in harm to the operator. This is achieved by:

a) identifying conditions in which such contact would occur;
b) evalupting the risk potential for such contacts;

c) desighing the robot system and collaborative workspace so that such contact is infrequent gnd
avoidpble;

d) applylng risk reduction measures to keep the contact situations below threshold limit values.

For the purposes of risk assessment, any such potential contact should consider that the operator is pot
protected|by any risk reduction measures, including personal protective equipment. This identificat{on
shall consfider the following criteria for potential contact events:

— expoged operatox’body regions;

— origin] of centact events, i.e. intentional action as part of intended use vs. unintentional contact| or
reasopably foreseeable misuse;

— probability or frequency of occurrence;
— type of contact event, i.e. quasi-static or transient;

— contactareas, speeds, forces, pressures, momentum, mechanical power, energy and other quantities
characterizing the physical contact event.

Objects with sharp, pointed, shearing or cutting edges, such as needles, shears, or knives, and parts
which could cause injury shall not be present in the contact area.

NOTE1  Suitable housings, covers or separating planes can be used to mitigate potential hazards.

NOTE 2  There can be other hazards besides contact, including process hazards.
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Contact exposure to sensitive body regions, including the skull, forehead, larynx, eyes, ears or face shall
be prevented whenever reasonably practicable.

5.5.5.4 Passive and active risk reduction measures

Risk reduction measures to address the quasi-static contact and transient contact are either passive
or active in nature. Passive safety design measures address the mechanical design of the robot system,
whereas active safety design measures address the control design of the robot system.

Passive safety design methods include, but are not limited to:

a) | increasing the contact surface area:

1) rounded edges and corners;

2) smooth surfaces;

3) compliant surfaces;

b) | absorbing energy, extending energy transfer time, or reducing impact forces:
1) padding, cushioning;

2) deformable components;

3) compliant joints or links;

) | limiting moving masses.

Active safety design methods include, but are not limited to:

—| limiting forces or torques;

—| limiting velocities of moving parts;

— | limiting momentum, mechanicalpower or energy as a function of masses and velocities;
— | use of safety-rated soft axis.and space limiting function;

— | use of safety-rated monitered stop function;

— | use of sensing toanticipate or detect contact (e.g. proximity or contact detection to redjice quasi-
static forces).

The application2.of these and other related measures shall address the expected exposure of the
opgrator, as.determined by a risk assessment.

NOTE A combination of safety functions can be required, e.g. the force limiting safety function can be effective
only up\to a certain speed limit. In such a case, an additional speed limiting safety function would be ngcessary.

In the event that one or a combination of passive or active TisK reduction measures do not adequately
reduce risk, the use of other risk reduction measures, including guards or safeguarding, may be required.

Any clamping event between the collaborative robot system and human body regions shall occur in a
way such that the person shall be able to escape independently and easily from the clamping condition.

5.5.5.5 Power and force control limits

The robot system shall be designed to adequately reduce risks to an operator by not exceeding the
applicable threshold limit values for quasi-static and transient contacts, as defined by the risk
assessment. Annex A provides information on how threshold limit values can be determined.
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Robots supporting collaborative operation with power and force limiting can be supplied with means
to configure limiting thresholds, e.g. on forces, torques, velocities, momentum, mechanical power,
axis ranges or space ranges. Risk reduction associated with transient contact could involve limiting
the speed of moving parts (such as the robot, tooling, or workpiece) and an appropriate design of the
physical characteristics such as the surface area of the moving part that could contact the operator.
Risk reduction associated with quasi-static could include speed limits and physical characteristics,
similar to transient contact, plus design characteristics of the parts of the robot system that involve the
possible trapping or clamping of an operator or body area.

The limit values for the relevant contact events on the exposed body regions shall be analysed for
the most gtri vees “ “ vevs i =static
events shall be used in determining the proper level of risk reduction. Design or measures shall|be
implemented so that the effects of the identified contacts remain below these threshold limit values,

Horce or
Pressure

v

Transient limit for rele@body region

Maximunp actual
transientjvalue

Unacceptable regioQ@ force or pressure
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quasi-static value

Sample force or pressure curve

|
I
|
i Acceptable region for force or pressure
|
I
|

»
o

0,5 sec Time

Figurie 4'— Graphical representation of acceptable and unacceptable forces or pressures

If robot motion can result in clamping or pinning a body area between a part of the robot and another
item in the robot cell, the robot speed shall be limited so that the robot system is able to comply with
the protective limits associated with the exposed body area, as shown in Figure 4. The robot shall also
be equipped with a means for the operator to manually extricate the body area.

Ergonomic limits can be different from the biomechanical limits. For frequent contacts or other special
cases, the applicable threshold limit values can be further reduced to an ergonomically acceptable level.
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5.5.5.6 Speed limits

To reduce the risk associated with transient contacts, the robot system shall limit the speed of moving
robot system parts. The speed limits depend on the inertia (mass) and the minimum size of the area on
the robot that can contact the exposed body region. Guidance on how speed limits can be established is
provided in Annex A.

6
Se

Verification and validation

IS0 10218-2:2011, Clause 6, for verification and validation requirements

7
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Se
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a)
b)
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d)

7

The following documents shall be maintained:

c)

1 General

Thr documentation that accompanies a collaborative robot syStem is directed toward
la

.3 Description of the collaborative robot system

Information for use

e [SO 10218-1:2011, Clause 7, and ISO 10218-2:2011, Clause 7, for informatign for use requit

. Information specific to collaborative robot operations

borative application. The integrator shall provide the usér with the necessary inforr
e of the collaborative system. The integrator shall include in the information for use the s
1 mode selection required for collaboration operatiofn The integrator shall provide the
pormation on system design in addition to requiremerits in [SO 10218-2:2011, Clause 7:

manufacturer or integrator (if an integrator designed the collaborative robot system);
testing organization (if testing was conducted);
type of robot and brief description ofithe collaborative application;

description of the workplace application (name of workplace including collaborative robd

specification data-for using the collaborative robot in the application (descriptions,
and pictures);

descriptionéand specification data for the safeguards applied to the collaborative work
the entite'workplace and the collaborative robot system;

description of controls for selecting and deselecting relevant types of collaborative operd

ements.

a specific
nation for
afeguards
following

drawings

space and

tion.

7.4

Description of the workplace application

The following documents shall be provided:

a)
b)

description of spatial environmental conditions, entries, exits, traffic routes;

description of equipment, installations, machines, optional pieces of equipment, tools and
production goods found in the work area that are relevant to the application and their positioning,

including that of the robot system;

detailed drawings and pictures.
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7.5 Description of the work task

The following information shall be documented:

a) description of all the operator’s relevant work activities or operations;

b) description of the collaborative robot system’s relevant work activities or operations;

c) specification of the chronological sequence of all work activities, especially those within the
collaborative workspace;

d) docuy

e) adesq

7.6 Information specific to power and force limiting applications

For robot
requiremsd

nentation oI hazardous robot-to-person distance measurements 1n all wWork phases;

ription or drawing of the collaborative workspace.

Eystems meeting the requirements of 5.5.5 by following the guidance in Annex A, the follow
ents shall be documented:

a) infor

1) the effective payload (my);
2) the total mass of the moving parts of the robot (M);

b) anticipated and reasonably foreseeable contact situationswbetween the robot system and
operaltor, including:

1) the specific body area(s) that could be contacted (see Table A.1);
2) aldeclaration as to whether the contact is transient or quasi-static;
3) the anticipated surface area or geometric-conditions associated with the contact surfaces;

4) tlhe maximum permissible biomechanical limit(s) associated with the contact (see Table A.2]

c) the pj
1) a

2) if]

(s

For robot
Annex A,

power andl forceldimiting function.

ation specific to the robot, tooling and workpiece (see A.3.6), including:

oposed risk reduction meastires selected:
Ctive or passive risk redtiction measures recommended (see 5.5.5.4);

safety-rated speed:.control is used, the safety-rated speed limit value shall be documen
ee A.3.6).

systems meeting the requirements of 5.5.5 using methods that differ from the guidancs
the informdtion for use shall include relevant data and information used to establish
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(informative)

Limits for quasi-static and transient contact

:2016(E)

f—Generat

10218-2:2011, 5.11.5.5, requires that parameters of power, force, and ergonomics per
wver and force limited robot systems be determined by a risk assessment. Information on
he collaborative robot system is provided in 5.4.4.

is annex provides guidance on how to establish threshold limit values on\the collabora
tem, particularly on power and force limiting applications. The underlying premise b
dance is that limits on the collaborative robot system can be calculated based on pain §
esholds at the human-machine interface in situations where such-contact occurs. These
it values can be used to establish pressure and force limit values’ for various body are
y model. This data can then be extrapolated to set energy, transfer limits at the humar
erface. Speed limits can then be prescribed for a robot meving through a collaborative w

coptact with an operator and a robot were to occur.

Th

limit values in this annex are based on consenvative estimates and scientific researd

semsation.
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can set limits in power and force limiting applications.
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2 Body model

bremise of a risk assessmernt. for power and force limited collaborative robot applicatig
idental contact between parts of the collaborative robot system and operator can occur.

initial consideratiomin the risk assessment is to determine where on the operator’s |

coptact between the fobot and operator is likely to occur. This is critical since different body

ha

Fo
bo

Ve different thresholds for withstanding biomechanical load without incurring minor injur

" the purpaosesof this specification, a body model including 29 specific body areas categor
Hy regions\has been created. Figure A.1 shows the contact areas in the body model, while

shows thespecific body regions, classified into general body regions, and designated as being

eit
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herdhe front or the back of the body.
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threshold
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speed limit values would maintain force and pressure values below the pain sensitivity threshold if

h on pain

e guidance in this annex is intended as an inférmative means to outline a method by which integrators

ns is that
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Table A.1
located in
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A.3 Biomechanical limits

A.3.1 General

Biomechanical limits are set forth to prevent biomechanical load initiated by robot motion to create a
potential for minor injury to an operator in the event of contact between the operator and the robot.

= 19

L

Front Rear
Figure A.1 — Body model

These pressure values can be used to estimate transient pressure and force limits using conservatjve
estimates| established by studies (see References [2], [3], [4] and [7]). The transfer energy resultjng
from hypg¢thetical contact between a robot and human can then be modelled, assumlng fully inelagtic
contact b ot
and factors associated with the operators body part undergoing contact. Once the transfer energy
is established, speed limit recommendations for robot motion in the collaborative workspace can be
established to maintain the transfer energy at a level below a threshold of minor injury to a human in
the event of contact between the robot and operator in the collaborative workspace.

A.3.2 Maximum pressure and force values

Table A.2 provides quantitative maximum values for quasi static and transient contact between persons
and the robot system.

The contact data in Table A.2 does not reflect any use of personal protective equipment or anything
other than clothing typical of any working environment.
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Although Table A.2 provides data for contact with face, skull and forehead, contact with these areas is

not permissible. See 5.5.5.3.

Table A.1 — Body model descriptions

Body region Specific body area Front/Rear
Skull and forehead 1 Middle of forehead Front
2 Temple Front
Face 3 Masticatory muscle Front
N¢ck 4 Neck muscle Ikear
5 Seventh neck vertebra Ikear
B4ck and shoulders 6 Shoulder joint Front
7 Fifth lumbar vertebra Rear
CHest 8 Sternum Front
9 Pectoral muscle Front
Ahdomen 10 Abdominal muscle Front
Pdlvis 11 Pelvic bone Front
Upper arms and elbow joints 12 Deltoid muscle Rear
13 Humerus Ikear
Ldwer arms and wrist joints 14 Radial'‘bone Ikear
15 Férearm muscle Ikear
16 Arm nerve Hront
H4nds and fingers 17 Forefinger pad D 2 Front
18 Forefinger pad ND 2 Front
19 Forefinger end joint D 2 Rear
20 Forefinger end joint ND @ Ikear
21 Thenar eminence Hront
22 Palm D a Front
23 Palm ND a Front
24 Back of the hand D 2 Rear
25 Back of the hand ND a Ikear
Thighs and\khees 26 Thigh muscle Front
27 Kneecap Hront
Ldwer legs 28 Middle of shin Front
29 Calf muscle Rear

a D =dominant body side; ND = non-dominant body side.

© ISO 2016 - All rights reserved
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Table A.2 — Biomechanical limits

Quasi-static contact Transient contact
Maximum . Maximum Maximum
. g permissible Max1_m1.1m permissible | permissible
Body region Specific body area pressure 2 pe;(r::g::)ble pressure force multi-
Ps multiplier ¢ plier ¢
N
N/cm?2 P Fr
Skull and fore-| 1 |Middle of forehead 130 not applicable )
d 136 - ot uppticable
head 2 |Temple 110 not applicable
Face d 3 |Masticatory muscle 110 65 not applicable | not applicabjle
4 |Neck muscle 140 2
Neck 150 2
5 |Seventh neck muscle 210 2
Back and dhoul-| © |Shoulder joint 160 210 2 2
ders 7 |Fifth lumbar vertebra 210 2 2
8 |[Sternum 120 2
Chest 140 2
9 |Pectoral muscle 170 2
Abdomen 10 |Abdominal muscle 140 110 2 2
Pelvis 11 |Pelvic bone 210 180 2 2
12 |Deltoid muscle 190 2
Upper arms and 150 2
elbow joinks 13 |Humerus 220 2
14 |Radial bone 190 2
LOV."er. arms and 15 |Forearm muscle 180 160 2 2
wrist joings
16 [Arm nerve 180 2

a2 These piomechanical values are the result of thestudy conducted by the University of Mainz on pain onset lev¢ls.
Although this research was performed using state-of-the-art testing techniques, the values shown here are the reqult
of a single $tudy in a subject area that has not beéenthe basis of extensive research. There is anticipation that additiopal
studies wil] be conducted in the future that could result in modification of these values. Testing was conducted using 100
healthy adylt test subjects on 29 specific bady areas, and for each of the body areas, pressure and force limits for qudsi-
static contdct were established evaluatingonset of pain thresholds. The maximum permissible pressure values shown here
represent the 75th percentile of the range of recorded values for a specific body area. They are defined as the physical
quantity cofresponding to when pressures applied to the specific body area create a sensation corresponding to the onsef of
pain. Peak pressures are based on@averages with a resolution size of 1 mm2. The study results are based on a test apparatus
using a flaff (1,4 x 1,4) cm (metal)\test surface with 2 mm radius on all four edges. There is a possibility that another test
apparatus dould yield different results. For more details of the study, see Reference [5].

b The vajues for maximwmrpermissible force have been derived from a study carried out by an independent organizatjon
(see Referepce [6]), referying to 188 sources. These values refer only to the body regions, not to the more specific ardas.
The maximpm permissible force is based on the lowest energy transfer criteria that could result in a minor injury, such s a
bruise, equjvalenttoa severity of 1 on the Abbreviated Injury Scale (AIS) established by the Association for the Advancemegnt
of Automotjive Medicine. Adherence to the limits will prevent the occurrence of skin or soft tissue penetrations that fre
accompanigdiby bloody wounds, fractures or other skeletal damage and to be below AIS 1. They will be replaced in futfire

1 adon £ 111l o 1 b
by values fromraresearchrmore SpeCIHTC IO CorapoTrative ToDots:

¢ The multiplier value for transient contact has been derived based on studies which show that transient limit values can
be at least twice as great as quasi-static values for force and pressure. For study details, see References [2], [3], [4] and [Z].

d  Critical zone (italicized)
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Quasi-static contact Transient contact
Maximum . Maximum Maximum
Body region Specific body area permissible l\e/ll:jlr)r(llirsrlslilll)l;e permissible | permissible
yreg p y pressure2 | P force b pressure force multi-
ps multiplier ¢ plier ¢
N

N/cm?2 Pr Fr
17 |Forefinger pad D 300 2
18 |Forefinger pad ND 270 2
19 |Forefinger end joint D 280 2
20 |Forefinger end joint ND 220 2

{}gleerr;ds and fin-1" 1 T enar eminence 200 140 2 2
22 |PalmD 260 2
23 |Palm ND 260 2
24 |Back of the hand D 200 2
25 |Back of the hand ND 190 2
i 26 |Thigh muscle 250 2

Thighs and g 220 2
knees 27 |Kneecap 220 2
28 |Middle of shin 220 2

Lower legs 130 2
29 |Calf muscle 210 2

a | These biomechanical values are the result of the studjconducted by the University of Mainz on pain dnset levels.
Alghough this research was performed using state-of-thetart testing techniques, the values shown here ar¢ the result
of p single study in a subject area that has not been the’basis of extensive research. There is anticipation thaf additional
stydies will be conducted in the future that could result in modification of these values. Testing was conductefl using 100
healthy adult test subjects on 29 specific body areas, and for each of the body areas, pressure and force limits for quasi-
stdtic contact were established evaluating onset.of pain thresholds. The maximum permissible pressure values phown here
reppresent the 75th percentile of the range ef.recorded values for a specific body area. They are defined as the physical
qupntity corresponding to when pressures applied to the specific body area create a sensation corresponding to|the onset of
paln. Peak pressures are based on averages with a resolution size of 1 mm2. The study results are based on a test apparatus
using a flat (1,4 x 1,4) cm (metal) test'surface with 2 mm radius on all four edges. There is a possibility that gnother test
apparatus could yield different reSults. For more details of the study, see Reference [5].

b | The values for maximum pecmissible force have been derived from a study carried out by an independent ofganization
(sge Reference [6]), referring to 188 sources. These values refer only to the body regions, not to the more sp¢cific areas.
The maximum permissibleforce is based on the lowest energy transfer criteria that could result in a minor injufy, such as a
bryiise, equivalent to aseyerity of 1 on the Abbreviated Injury Scale (AIS) established by the Association for the Advancement
of Automotive Medicine. Adherence to the limits will prevent the occurrence of skin or soft tissue penetratigns that are
ac¢ompanied by bloedy wounds, fractures or other skeletal damage and to be below AIS 1. They will be replacg¢d in future
by[values from.aresearch more specific for collaborative robots.

¢ | The multiplier value for transient contact has been derived based on studies which show that transient limif values can
befat leasttwice as great as quasi-static values for force and pressure. For study details, see References [2], [3], [4] and [Z].

d | Critical zone (italicized)

A.3.3 Relationship between pressure and force

For the purposes of evaluating the contact scenario for a collaborative robot risk assessment, both the
force and pressure values need to be calculated and considered.

EXAMPLE1 Inthe event of an operator intruding into the tool area of a running robot system, the hands could
be clamped by parts of the tool or workpiece. The resulting force value could be well below the force threshold
limit value. In such a case, the pressure limit would likely be the limiting factor.

EXAMPLE 2 In the event of contact with a body region with a padded machine surface with a relatively large
surface area or a body region with a higher proportion of soft tissue (such as the abdomen), the resulting pressure
value could be well below the pressure threshold limit value. In such a case, the force limit would likely be the
limiting factor.
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In order to reduce the potential for high pressure applied to the operator, the robot system, including
the workpiece, should have as high a surface area as possible. Additional padding can increase the

surface ar

ea which can result in lower pressure.

Contact between rigid robot system parts and human body parts can lead to a non-uniform pressure
distribution (pressure peaks) over the contact surface. Under such circumstances, the peak pressure

occurring

on the contact area is relevant.

The pressure and force limits given by this Technical Specification are not restricted to a specific
surface or edge curve. See 5.5.5.3 for restrictions on collaborative robot system parts having sharp

edges such-as knifes or needles

A.3.4 Relationship between biomechanical limits and transfer energy during

transie

The value
quasi-staf]

If the coll
procedursg
scenario
the energ)

In order t
the model
the huma
resulting
The relati

For the py
capacity g
my can b

contact

5 in Table A.2 can be used to validate the performance of a collaborative robetsystem dur
ic contact situations using measurement devices on the robot system.

aborative task involves transient contact, the contact scenario can be. modelled using
outlined in this subclause. This modelling is based on the notion{that for a given cont
etween a robot and operator, the body contact region and the contact area are known, J
 transfer can be modified by adjusting the robot velocity at the-point of contact.

describe this contact scenario, a simple two-body model@s)outlined in Figure A.2 is used
the effective mass of the robot, mp, is moving to come.into contact with the effective mass
W body region, my, at a relative vector velocity, vre], across a two-dimensional surface area
n an assumed fully inelastic contact situation, which corresponds to a worst case assumpti
ve kinetic energy is assumed to be fully depositedin the affected body region.

rposes of the contact model, mg can be conservatively estimated as a function of the payld
f the robot system (including the workpiece) and the mass of the moving parts of the rob
e estimated as a function of the actual‘mass of the body region and the effects of the bd

ng

he
het
nd

In
of
A,

ad
ot;
dy

region beilng connected to other body regions, These computations are described in detail in this annlex.

For mode
body regi
higher pr

NOTE

The effect
of interco
region’s al

ling purposes, the effective masses and the spring constants used to represent the humn
ns are shown in Table A.3. The body spring constant values are higher in body regions wit
portion of soft tissue, which-can deform and absorb contacts.

The quoted spring constants are valid for contact areas of approximately 1 cm?2.

ive mass values represent a combination of the mass of the body region along with the effe
nectivity of theybody region with adjacent body regions, particularly as it relates to the bd
pility to move/in the same vector direction of the contact when contact occurs.

an
h a

cts
dy
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