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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 technical
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.
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Introduction

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 robot:system and
pepple share the same workspace. In such operations, the integrity of the safety-related centrolfsystem is
of major importance, particularly when process parameters such as speed and force are being cpntrolled.

A romprehensive risk assessment is required to assess not only the robot systemy itself, buk also the
environment in which it is placed, i.e. the workplace. When implementing applications in which geople and
ropot systems collaborate, ergonomic advantages can also result, e.g. improvements of worker gosture.

This Technical Specification supplements and supports the industrial robot safety $tandards
ISP 10218-1 and ISO 10218-2, and provides additional guidance on theidentified operational[functions
for collaborative robots.

THe collaborative operations described in this Technical Specification are dependent upon the use
of[robots meeting the requirements of ISO 10218-1 and their integration meeting the reqyirements
of[[SO 10218-2.

NQTE Collaborative operation is a developing field. The values for power and force limiting stated in this
Tefhnical Specification are expected to evolve in futuréeditions.

© ISO 2016 - All rights reserved v
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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
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bot operation given in ISO 10218-1 and 1SO 10218-2.

is Technical Specification applies to industrial robot systems as described in 150107
D 10218-2. It does not apply to non-industrial robots, although the safety principles present
eful to other areas of robotics.

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

Normative references

e following documents, in whole or in part, are normatively referenced in this documen
lispensable for its application. For dated references, only/the edition cited applies. For
ferences, the latest edition of the referenced document (in€luding any amendments) applies

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

D 10218-2:2011, Robots and robotic devices — Safety requirements for industrial robots — Par
ftems and integration

D 12100, Safety of machinery — General principles for design — Risk assessment and risk redu
D 13850, Safety of machinery — Emergency stop function — Principles for design

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

C 60204-1, Safety of machinery — Electrical equipment of machines — Part 1: General require

Terms and definitions

F

the purposes of this document, the terms and definitions given in ISO 10218-1, ISO 10

ISP 12100 and‘the following apply.

3.

colllaborative operation
stateinwhich a purposely designed robot system and an operator work within a collaborative v

18-1 and
ed can be

ublication.

t and are
undated

[ 1: Robots
t2: Robot

ction

s of parts

ments

P18-2 and

forkspace

[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


https://standardsiso.com/api/?name=3fca184e6f5038ece35a432b247e43d8

ISO/TS 15066:2016(E)

3.3

collaborative 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
quasi-st

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

tic contact

contactb
between

3.5

transient
contact b
andcanr

3.6

protectiy
shortest
in the col

Note 1 to 4

3.7
body mo
represent

btween an operator and part of a robot system, where the operator body part can be clamp)
h moving part of a robot system and another fixed or moving part of the robot cell

contact
btween an operator and part of a robot system, where the operator body pattjis not clamp|
bcoil or retract from the moving part of the robot system

e separation distance
ermissible distance between any moving hazardous part of thearobot system and any hum|
aborative workspace

ntry: This value can be fixed or variable.

el
ation of the human body consisting of individual body segments characterized

biomechanical properties

4 Collaborative industrial robot system design

4.1 General

ISO 1021
systems,
systems
machines
the robot
operator

B-2:2011 describes safety requirements for the integration of industrial robots and rol
ncluding collaborative robot systems. The operational characteristics of collaborative roh
hre significantly different from those of traditional robot system installations and ot}
and equipment. In-cellaborative robot operations, operators can work in close proximity
system while power to the robot’s actuators is available, and physical contact between
hnd the robot system can occur within a collaborative workspace. See Figure 1.

© ISO 2016 - All rights reserved
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Key
operating space
collaborative workspace

Figure 1 — Example of a collaborative workspace

Any collaborative robot system design requires protective measufes-to ensure the operator’s safety at
all times during collaborative robot operation. A risk assessment-is necessary to identify the hazards
and estimate the risks associated with a collaborative robot'system application so that pfoper risk
refluction measures can be selected.

4.2 Collaborative application design

A key process in the design of the collaborative robot system and the associated cell layput is the

ehlglination of hazards and reduction of risks@zand can include or influence the design of th¢ working
environment. The following factors shall be taken into consideration:

a)| the established limits (three dimensional) of the collaborative workspace;
b)[ collaborative workspace, access/and clearance:
1) delineation of the restricted space and collaborative workspaces;

2) influences on the-collaborative workspace (e.g. material storage, work flow requirements,
obstacles);

3) the needfor/clearances around obstacles such as fixtures, equipment and building supports;
4) accessibility for operators;

5) _the’intended and reasonably foreseeable contact(s) between portions of the robpt system
and an operator;

Pt = L 4=l bl 1 e = - | dade. 4l 111 - k .
Oj—accessToutes (T g patins takcIroy operator s, ratetr rar movenent to tirc corraporative wor space),

7) hazards associated with slips, trips and falls (e.g. cable trays, cables, uneven surfaces, carts);
c) ergonomics and human interface with equipment:

1) clarity of controls;

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

3) error or misuse (intentional or unintentional) by operator;

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

5) required training level and skills of the operator;

© IS0 2016 - All rights reserved 3
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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) rpstriction of access to authorized operators only;
e) trangjtions (time limits):
arting and ending of collaborative operation;

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

neral

rator shall conduct a risk assessment for the collabgrative operation as described |in
-2:2011, 4.3. Special consideration concerning potentiakintended or reasonably foreseeable
d contact situations between an operator and the.robot system, as well as the expectled
ility of an operator to interact in the collaborative werkspace, shall be taken into account.

The user|should participate in the risk assessment and design of the workspace. The integrator
is responsible for coordinating this participation.and for selecting the appropriate robot systém
components based on the requirements of the applieation.

4.3.2 azard identification

The list df significant hazards for robot and robot systems contained in ISO 10218-2:2011, Annex|A,
is the reqult of hazard identification.carried out as described in ISO 12100. Additional hazards (4.g.
fumes, gdses, chemicals and hot materials) can be created by the specific collaborative applicatigns
(e.g. weldfing, assembly, grinding,-or milling). These hazards shall be addressed on an individual bagis
through 4 risk assessment for the specific collaborative application.

The hazard identification.process shall consider the following as a minimum:
a) robofrelated hazards, including:

1) rpbot characteristics (e.g. load, speed, force, momentum, torque, power, geometry, surfdce
hape and material);

(%)

2) UQD; Dtatib LUlltaLt \,uuditiuuo ill thC I UbUt,
3) operator location with respect to proximity of the robot (e.g. working under the robot) ;
b) hazards 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;

4 © IS0 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);

c) application related hazards, including:

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.6peration)).

4.83.3 Task identification

In|consultation with the user, the integrator shall identify and document the tasks associated with the
ropot cell. All reasonably foreseeable task and hazard combinations shallbe identified. The collaborative
tagks can be characterized by:

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

b)| the frequency and duration of contact between, aivoperator and robot system with [the drive
power or application-related sources of energy active (e.g. hand guiding, physical interagtion with
tool or workpiece);

c)| transitioning between non-collaborative gperation and collaborative operation;

d)| automatic or manual restart of robot system motion after the collaborative operation|has been
completed;

e)| tasksinvolving more than oneloperator;

f)| any additional tasks withinithe collaborative workspace.

4.3.4 Hazard elimination and risk reduction

Affer hazards are idéentified, the risks associated with the collaborative robot system shall bg assessed
beffore applying riskreduction measures. These measures are based upon these fundamental principles
listed in their order of priority (see ISO 10218-2:2011, 4.1.2):

a)| the elithination of hazards by inherently safe design or their reduction by substitution;

b)| pretective measures that prevent personnel from accessing a hazard or control the hazards by
bringing them to a safe state (e.g. stopping, limiting forces, limiting speed) before an opdrator can
access or be exposed to the hazards;

c) the provision of supplementary protective measures such as information for use, training, signs,
personal protective equipment, etc.

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.

© IS0 2016 - All rights reserved 5
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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 safdty-related control system functions shall comply with ISO 10218-1:2011, 5.4)|or
[SO 10218-2:2011, 5.2.

5.3 Design of the collaborative workspace

The design of the collaborative workspace shall be such that the operator can perform all intended
tasks. Any risks introduced by machinery or equipment shall be sufficiently mitigated by the measufes
identified in the risk assessment. The location of equipment and machinery, should not introdyce
additional hazards. Safety-rated soft axis and space limiting, as described in SO 10218-1:2011, 5.12.3,
should belused whenever practicable, to reduce the size of the restricted space.

Risks asspciated with whole body trapping or crushing between thé robot system and, for example,
parts of Wuildings, structures, utilities, other machines, and equipment, shall be eliminated or safgly
controlledl. Clearance in accordance with ISO 10218-2:2011, 5.11.3'should be provided.

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

If other machines in the collaborative workspace present'a hazard, then protective measures shall jbe
applied irf accordance with ISO 10218-2:2011, 5.11.2, Any relevant safety-related functions shall comply
with the fequirements of 5.2.

5.4 Design of the collaborative robot eperation

5.4.1 General

The requirements for the design pf'the collaborative robot operation are provided in ISO 10218-2:2011,
5.11. Thel operating methodsin5.5 may be used singularly or in combination when designing a
collaborative application.

Any dete¢ted failure inshe’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 with
the operafor outside'of the collaborative workspace.

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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b)
c)

ISO/TS 15066:

amples of means to stop robot motion can include, but are not limited to:
an enabling device;
an emergency stop device;

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

2016(E)

The number and location of emergency stop devices shall be determined by risk assessment and shall
meet the requirements of ISO 13850.
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5.6

l.4 Transitions between non-collaborative operation and collaborative operation

hnsitions between methods of collaborative operation or between non-collaborative joper
laborative operation are particularly critical parts of a collaborative application. These shall bg
Ch that the robot system shall not pose unacceptable risks to the operator during-the transitig

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

.5 Enabling device requirements

D 10218-1:2011, 5.8, includes provisions for a pendant control having an enabliy
010218-1:2011, 5.8.3) and an emergency stop function (IS©.10218-1:2011, 5.8.4). If arisk a
termines that risk reduction traditionally achieved by)the use of an enabling device
ernatively achieved by inherently safe design measures or safety-rated limiting functions
ndant control for a collaborative robot system may beprovided without an enabling device

vice, then these functions shall always remain active. The limits (e.g. speed, force, or ra
set to a level that provides sufficient risk-reduction for programming, setting, trouble
hintenance and other tasks traditionally-performed with the use of an enabling device.

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

ht meets the requirements of ISO 10218-1:2011, 5.8.3.

hen an enabling device is.not included with the robot system, the information for use sha
e following:

a notification that’the enabling device is not included with the robot. If an enabling de|

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

6~ Collaborative operations

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

ation and
designed
n.

ations can

g device
sessment
would be
then the

W collaborative robot system relying upon safety<rated limiting functions is used without an enabling

hge) shall
shooting,

ition, the

laborative robot system shall include an alternative protection method, such as an enabling device

11 include

vice is an

4

jons 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 additjonal intervention only after the operator has exited the collaborative workspace.

5.5.2.2 |Robot requirements

For collgborative operation with safety-rated monitored stop, the following (t6bot systém
requiremgents apply:

a) whenrobot motion is limited, the limits shall comply with ISO 10218-1:2011£5712;
b) the rpbot shall be equipped with the function to achieve a protective stop in accordance with

ISO 1p218-1:2011, 5.5.3.

5.5.2.3 |Robot system requirements

The opergtions of the safety-rated monitored stop feature are outlined in Figure 2. The robot systen] is
permitted to enter the collaborative workspace only when an 6perator is not present in the collaboratjve
workspade. If an operator is not present in the collaborativésworkspace, the robot system may operate
non-collaporatively in the collaborative workspace.

L\‘oOperator's proximity to

Robot motion or collaborative workspace
stop function
Outside Inside
(N

@ﬁtside Continue Continue
1)

OC’

. Inside and
moving

Continue

Continue Continue

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 stop shall

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 accordance with

[SO 10218-1:2011, 5.4 and 5.5.3.

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.

A

en the operator leaves the collahorative workspace, the safety-rated monitored stop function may

be

An
ca

5.

5.

In
th
th

out by manually actuating guiding devices located at or neasthe robot end-effector.

Ra

amplification, virtual safety zones or tracking technologies.

If1

5.

Th
ra
m
ro

.5.3.2.1 General

deactivated and robot system motion may resume automatically.

y condition that violates these operational requirements shall result in a protective {
Legory 0) in accordance with [EC 60204-1.

5.3 Hand guiding

5.3.1 Description

this method of operation, an operator uses a hand-operated deviceto transmit motion com
b robot system. Before the operator is permitted to enter the gollaborative workspace an
e hand-guiding task, the robot achieves a safety-rated monitored stop (see 5.5.2). The task

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 do

b.3.2 Requirements

e robot shall utilize a safety:rated monitored speed function (ISO 10218-1:2011, 5.6.4) ang
fed monitored stop function(see 5.5.2). A risk assessment shall be used to determine the sa
nitored speed limit. If operator safety is dependent on limiting the range of motion of the
bot shall utilize safety-rated soft axis and space limiting (ISO 10218-1:2011, 5.12.3).

e operating sequenee for hand guiding is as follows:

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

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

top (stop

mands to
H conduct
is carried

as force

not apply.

a safety-
fety-rated
robot, the

d issues a
orkspace;

he safety-

d)

issued;

WITETT thEe Operator Teteases the guiting aevice, a safety-rated IMOMnitored Stop (5e€ 5.0.2) shall be

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

c) opergtor vantage point shall allow for unobstructed view of entire collaborative workspace (g.g.
additjonal persons entering collaborative workspace).

The mapping between the motion axes of the hand guiding device and the motion axes.of the robot shill
be clearly] presented and easily understood. The direction of motion of the robot,dnd end effector shall
be intuitiyely understandable and controllable from the hand guiding device.

5.5.3.2.3| Transitions between hand guiding and other types of operation

Transitions between hand guiding operations and non-collaborative operation or other types|of
collaborative operation shall not introduce additional risk. The operater shall control such transitions[by
deliberat¢ actions (e.g. activating enabling device) and behaviout:\(e:g. leaving collaborative workspade).

Specific agpects to consider in these cases are:

a) in trdnsitions from hand guiding to the safety-rated monitored stop (see 5.1), the halting of roljot
motign and the initiation of the safety-rated monitored stop shall not introduce additional hazargs;

b) trangjitions from safety-rated monitored stop.to hand guiding shall not lead to unexpected motidn;

c) intransitions from hand guiding to non=¢ellaborative operation, all operators shall have exited the
collalhorative workspace before the robot system can continue with non-collaborative operation

d) transjtions from non-collaborativeoperation to hand guiding shall not introduce additional hazargs.

5.5.3.2.4| Risk assessment

Risk rediction is achieved“by the combination of direct control of motion by the operator and
appropridte safety-rated limitation of speed and position, as determined by risk assessment. The r{sk
assessmeht shall specifically take into account:

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

b) the time.and distance that is required by the robot to come to a stop upon release of the enabli

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

2011, 5.6.4)
and a safety-rated monitored stop function (see 5.5.2). If operator safety is dependent(op limiting
the range of motion of the robot, the robot shall be equipped with safety-rated soft axis and space
limiting (ISO 10218-1:2011, 5.12.3). The speed and separation monitoring system |shall |meet the
refuirements of 5.2.

Speed and separation monitoring shall apply to all persons within the collaborative workspace. If
the performance of the protective measure is limited by the number of persons in the collaborative
workspace, the maximum number of persons shall be stated in the informatien for use. If that naximum
Va(ﬁue is exceeded, a protective stop shall occur.

If the separation distance between a hazardous part of the robotsystem and any operator falls below
the protective separation distance, then the robot system shall:

a

—r

initiate a protective stop;

b)| initiate safety-related functions connected to the rebotsysteminaccordance with ISO 10218-2:2011,
5.11.2 g), e.g. turn off any hazardous tools.

THe possibilities by which the robot control system can avoid violating the protective separation
distance include, but are not limited to:

—| speed reduction, possibly followed by‘@transition to safety-rated monitored stop (see 5.4.1);

—| execution ofan alternative path which does notviolate the protective separation distance, continuing
with active speed and separation monitoring.

When the actual separation distance meets or exceeds the protective separation distance, robjot motion
may be resumed.

5.5.4.2.2 Constant‘and variable speed and separation values

THe maximum permissible speeds and the minimum protective separation distances in an application
cah be either ¥ariable or constant. For variable values, the maximum permissible speedf and the
prptective<{separation distances may be adjusted continuously based on the relative speeds and
distances:of the robot system and the operator. For constant values, the maximum permissible speed
and the protective separation distance shall be determined through the risk assessment as wprst cases
ovefthe 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 protgctive separation distance, Sp, can be described by Formula (1):

Sy(to) =Sy +S, +S,+C+ 2y +Z, 1)

where

Sp(to) is|the protective separation distance at time to;

to is|the present or current time;

Sh is|the contribution to the protective separation distance attributable to the operator’s change|in
lokation;

Sr is|the contribution to the protective separation distance attributable to the robot system’s reac-
tipn time;

Ss isfthe contribution to the protective separation distaneé-due to the robot system’s stopping distanfe;

c is|the intrusion distance, as defined in ISO 13855; this is the distance that a part of the body dan
intrude into the sensing field before it is detected;

A is|the position uncertainty of the operator in the collaborative workspace, as measured by the
pilesence sensing device resulting fraein the sensing system measurement tolerance;

Zy is[the position uncertainty of the'robot system, resulting from the accuracy of the robot position
mleasurement system.

NOTE Sp(to) allows the protective’separation distance to be calculated dynamically, allowing the robot spged

to vary dyring the application,-Sp(£o) can also be used to calculate a fixed value for the protective separatjon
distance, Hased on worst case'values.

Formula [(1) applies to‘all combinations of personnel in the collaborative workspace and moving
parts of [the robot{system. The closest part of the robot and the person in the collaboratjve
workspagde could.be' moving away from each other, while a different part of the robot and the persjon
are apprdaching-each other.

The contifibution to the protective separation distance attributable to the operator’s change in locatign,
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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Ts is the stopping time of the robot, from the activation of the stop command until the
halted; Ts is not a constant, but rather a function of robot configuration, planned motion, speed,

end effector and load;

2016(E)

robot has

Vh 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;

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

THe quantity S, Tepresents the CONtribution to the Separation distance due to the operator s mqtion from

the current time until the robot has stopped. Here, vy, is a function of time, and can varyrdug
the person’s speed or direction changing. The system shall be designed to account for yjvary

to either
ing in the

manner that reduces the separation distance the most. If the person’s speed is not being’monifored, the

syptem design shall assume that vy, is 1,6 m/s in the direction that reduces the separation dis

tance the

m¢st. According to ISO 13855 and IEC/TS 62046:2008, 4.4.2.3, v, may be a value other thap 1,6 m/s

depending on a risk assessment.

usfng Formula (3):

The contribution to the protective separation distance attributable to the robot system’s reag
Sr|is expressed by Formula (4):

wiere vy is the directed speed of the robot in the direction of an operator in the coll
Wi
or|decreasing.

fonstant value for S, using the estimated human speed (1,6 m/s), expressed in m/s, can be

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

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

rkspace, and can be positive or negativé_depending on whether the separation distance is i

bstimated

(3)

tion time,

(4)

aborative
hcreasing

THe quantity S; represents the contribution to the separation distance due to the robot’s moftion upon

the person entering the sensing field up to the control system activating a stop. Here, vy is a fj
tirfpe, and can vary due to either the robot’s speed or direction changing. The system shall be
tolaccount for v varying in the manner that reduces the separation distance the most:

—| iftherobot’sspeed is being monitored, the system design may use the current speed of the

NOTE

speed of the rabot;

shall ageotint for the acceleration capability of the robot in the manner that reduces the s
distance’the most;

inction of
designed

if the robot’s speed'is not being monitored, the system design shall assume that v is the maximum

robot, but
eparation

npp]irah]p to the part of the robot under consideration

—| ,Af a safety-rated speed limit is in effect, the system design may use this speed limit if tTe limit is

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.

© ISO 2016 - All rights reserved
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A constant value for Sy can be estimated using Formula (5):

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

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

ta+T . +T.
= [ " Gy (t)ae (6)
to+T,

where vg |s the speed of the robot in the course of stopping, from the activation of the stop comriighd
until the fobot has halted.

The quantity Ss represents the contribution to the separation distance due to the robot’s motion during
robot stopping. Here, vs is a function of time and can vary due to either the robot’s speedior direction
changing] The system shall be designed to account for vs varying in the manner, that reduces the
separatioh distance the most:

a) if thelrobot’s speed is not being monitored, the system design shall assume,that this integral is the
robof’s stopping distance in the direction that reduces the separation distance the most;

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

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

The varidus 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 robgat(vy) is shown as a positive value, while the
speed of the robot toward the operator (v, vs) is shown.as a negative value.

Alternatiye implementations are permitted if they achieve the requirements of 5.5.4.2.
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Figure 3 — Graphical representation of the contributions to the protective separation fdistance
between an operator and a robot
5.5.5 Powerand force limiting
5.5.5.1 _Description
In[thiS\method of operation, physical contact between the robot system (including the workpiefe) and an
operator can occur either intentionally or unintentionally. Power and force limited collaborativejoperation

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. Insuch a situation, the rohot system would apply a pressure or force to the trapped hady part
for anp extended time interval until the condition can be alleviated.

— Trangient contact: This is also referred to as “dynamic impact” and describes a situation ifi which a
persdn’s body part is impacted by a moving part of the robot system and can recoil or getract fr¢m
the robot without clamping or trapping the contacted body area, thus making for a-short duration
of the actual contact. Transient contact is dependent on the combination of the inértia of the rohot
(see Note 1), the inertia of the person’s body part (see Annex A), and the relatiye speed of the twq.

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

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

5.5.5.3 |Risk reduction for potential contact between robetiand operator

Risk redulction shall consider means by which possible cotitact between the operator and robot systém
would not result in harm to the operator. This is achieved by:

a) identjfying conditions in which such contact would occur;
b) evaluating the risk potential for such contdcts;

c) designing the robot system and collaborative workspace so that such contact is infrequent apd
avoidable;

d) applyling 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 ot
protected by any risk reduction measures, including personal protective equipment. This identification
shall condider the following’criteria for potential contact events:

— exposed operatorbody regions;

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

— probability or frequency of OCCUrTence;,
— 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;

c)| limiting moving masses.

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

—| limiting forces or torques;

—| limiting velocities of moving parts;

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

—| use of safety-rated monitored stop function;

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

The applicatiom of these and other related measures shall address the expected exposyre of the
operator, as determined by a risk assessment.

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

4] il 4= loa 4ot £ M 4ot P | pa | 4t pa | 4=
|
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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 . \%% vatua Tasi-static
events shall be used in determining the proper level of risk reduction. Design or measures shall|be
implemer]ted so that the effects of the identified contacts remain below these threshold limit yalues.

Force or )
Pressure

\&J
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Quasi-static limit for relevant body region

Maximurp actual
quasi-static value

Sample force or pressure curve

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

»
o

0,5 sec Time

Figunje-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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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

pr

6
Se,

ovided in Annex A.

Verification and validation

1SO0 10218-2:201 1’ Clause A’ forverification and validation rnqnirnmnnfc

7

7.
Se|

7.

THe documentation that accompanies a collaborative robot system is directed toward
laborative application. The integrator shall provide the user with the necessary infornpation for

co
us

and mode selection required for collaboration operation. The integrator shall provide the

in
a)
b)
‘)
d)

7.

The following documents §hall be maintained:

A4 Descriptionmof theworkplaceapplication

Information for use

I General

e 1SO 10218-1:2011, Clause 7, and ISO 10218-2:2011, Clause 7, for information for use requin

P Information specific to collaborative robot operations

e of the collaborative system. The integrator shall include\in the information for use the s

'ormation on system design in addition to requirements'in ISO 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 of.the collaborative application;

B Description of the collaborative robot system

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

descriptiofvand specification data for the safeguards applied to the collaborative work
the entireg/workplace and the collaborative robot system;

ements.

h specific

hfeguards
following

description of the workplace application (name of workplace including collaborative robdt).

drawings

space and

description of controls for selecting and deselecting relevant types of collaborative operafion.

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) docu

e) ades

7.6 Inf

For robot

requirem
a) infor
1) t

2) t

b) antic
opery

1) t

2) a

3) t

4) t

c) thep
1) a4

2) i

(

For robot
Annex A,

power an

mentation of hazardous robot-to-person distance measurements in all work phases;

Cription or drawing of the collaborative workspace.

prmation specific to power and force limiting applications

ents shall be documented:

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

he effective payload (my);
e total mass of the moving parts of the robot (M);

pated and reasonably foreseeable contact situations:between the robot system and f
tor, including:

he specific body area(s) that could be contacted(see Table A.1);
declaration as to whether the contact is transient or quasi-static;

he anticipated surface area or geometric-conditions associated with the contact surfaces;

roposed risk reduction measures selected:
ctive or passive risk reduction measures recommended (see 5.5.5.4);

safety-rated speed control is used, the safety-rated speed limit value shall be document
bee A.3.6).

systems meeting the requirements of 5.5.5 using methods that differ from the guidance
the information for use shall include relevant data and information used to establish {
 force litniting function.

he maximum permissible biomechairical limit(s) associated with the contact (see Table A.2);

systems meeting the requirements of 5.5.5 by following the guidance in Annex’A, the following

in
he

20
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Annex A
(informative)

Limits for quasi-static and transient contact

AT General

ISP 10218-2:2011, 5.11.5.5, requires that parameters of power, force, and ergonomies._per
pawer and force limited robot systems be determined by a risk assessment. Information on t
of the collaborative robot system is provided in 5.4.4.

Th

syptem, particularly on power and force limiting applications. The undérlying premise bg
gulidance is that limits on the collaborative robot system can be calculated based on pain g
thresholds at the human-machine interface in situations where such ‘contact occurs. These
limit values can be used to establish pressure and force limit values' for various body ares

bo
in{
Th

coptact with an operator and a robot were to occur.

Th

sehsation.

Th
ca

Al

A
in

Ar
co

is annex provides guidance on how to establish threshold limit values on the collaboraf

dy model. This data can then be extrapolated to set energy transfer limits at the human
erface. Speed limits can then be prescribed for a robot mowing through a collaborative w
e speed limit values would maintain force and pressure yalues below the pain sensitivity th

e limit values in this annex are based on conservative estimates and scientific researc

e guidance in this annex is intended as an inféermative means to outline a method by which iq
h set limits in power and force limiting applications.

2 Body model

premise of a risk assessment for power and force limited collaborative robot applicatio
ridental contact between parts of the collaborative robot system and operator can occur.

initial consideration~in the risk assessment is to determine where on the operator’s |
htact between the robot and operator is likely to occur. This is critical since different body

h
F

bddy regions ‘has been created. Figure A.1 shows the contact areas in the body model, while
shpws thesspecific body regions, classified into general body regions, and designated as being
either/thefront or the back of the body.

e different threshoelds for withstanding biomechanical load without incurring minor injur
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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 pr¢ssure values can be used to estimate transient pressure and force limits using conservatjve
estimateq established by studies (see References [2], [3], [4] and [7]). The transfer energy resulting
from hyppthetical contact between a robot and human can then be modelled, assuming fully inelasEFic
contact between the robot and the operator, and taking into account the payload capacity of the roljot
and factors associated with the operator’s 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
Neck 4 Neck muscle Rear
5 Seventh neck vertebra Rear
Back and shoulders 6 Shoulder joint Front
7 Fifth lumbar vertebra Rear
Chest 8 Sternum Front
9 Pectoral muscle Front
Abdomen 10 Abdominal muscle Front
Pglvis 11 Pelvic bone Front
Upper arms and elbow joints 12 Deltoid muscle Rear
13 Humerus Rear
Lower arms and wrist joints 14 Radial-bone Rear
15 Forearm muscle Rear
16 Arm nerve Front
Hands 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 @ Rear
21 Thenar eminence Front
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 Rear
Thighs and knees 26 Thigh muscle Front
27 Kneecap Front
Lower legs 28 Middle of shin Front
29 Calf muscle Rear

a D =dominant body side; ND = non-dominant body side.
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Table A.2 — Biomechanical limits

Quasi-static contact Transient contact
Maximum Maximum Maximum Maximum
Body region Specific body area permissible ermissible permissible | permissible
yresg p y pressurea | P b pressure force multi-
force TR —
Ps multiplier plier
N
N/cmz PT FT
Skull and_fare-1 1 _|Middle of forehead 130 not applicable
head d 7 130 - not applicable
ea 2 |Temple 110 not applicable
Face d 3 |Masticatory muscle 110 65 not applicable | not applicable
4 |Neck muscle 140 2
Neck 150 2
5 |Seventh neck muscle 210 2
Back and thoul-| © |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
Ul;l))per arms and 150 2
elbow joirjts 13 |Humerus 220 2
14 |Radial bone 190 2
LOV."er. "".m}s and 15 |Forearm muscle 180 160 2 2
wrist joinfs
16 |Arm nerve 180 2
a  These |biomechanical values are the result of the study conducted by the University of Mainz on pain onset levdls.
Although this research was performed using state:0f:the-art testing techniques, the values shown here are the resplt
of a single |study in a subject area that has not béen‘the basis of extensive research. There is anticipation that additioral
studies will be conducted in the future that could Tesult in modification of these values. Testing was conducted using 1p0
healthy adplt test subjects on 29 specific body, areas, and for each of the body areas, pressure and force limits for quafsi-
static contact were established evaluatingonset of pain thresholds. The maximum permissible pressure values shown hdre
represent the 75th percentile of the range“of recorded values for a specific body area. They are defined as the physi¢al
quantity cdrresponding to when pressures applied to the specific body area create a sensation corresponding to the onset{of
pain. Peak pressures are based on-averages with a resolution size of 1 mm2. The study results are based on a test apparatjus
using a flaf (1,4 x 1,4) cm (metalj test surface with 2 mm radius on all four edges. There is a possibility that another t¢st
apparatus fould yield differenttésults. For more details of the study, see Reference [5].
b The vallues for maxinfum-permissible force have been derived from a study carried out by an independent organizatipn
(see Refergnce [6]), referring to 188 sources. These values refer only to the body regions, not to the more specific arefs.
The maxinfum permissible force is based on the lowest energy transfer criteria that could result in a minor injury, such af a
bruise, equfivalent te a'severity of 1 on the Abbreviated Injury Scale (AIS) established by the Association for the Advancemgnt
of Automotive Medicine. Adherence to the limits will prevent the occurrence of skin or soft tissue penetrations that qre
accompanipd’by bloody wounds, fractures or other skeletal damage and to be below AIS 1. They will be replaced in futyre
by values ftorraresearchinorespecificforcollaborative robots

d  Critical zone (italicized)

¢ 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].
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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

ge;r;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
krees 27 |Kneecap 220 2
28 |Middle of shin 220 2

Ldwer legs 130 2
29 |Calf muscle 210 2

a | These biomechanical values are the result of the study \conducted by the University of Mainz on pain opset levels.
Although this research was performed using state-of-the-art testing techniques, the values shown here arg the result
of|a single study in a subject area that has not been thig;basis of extensive research. There is anticipation thaf additional
stqidies will be conducted in the future that could result in modification of these values. Testing was conducted using 100
healthy adult test subjects on 29 specific body areas, and for each of the body areas, pressure and force limit$ for quasi-
stitic contact were established evaluating onset of pain thresholds. The maximum permissible pressure values ghown here
represent the 75th percentile of the range df recorded values for a specific body area. They are defined as the physical
quyantity corresponding to when pressures applied to the specific body area create a sensation corresponding to the onset of
pdin. Peak pressures are based on averages with a resolution size of 1 mm2. The study results are based on a tesf apparatus
usfing a flat (1,4 x 1,4) cm (metal) testsurface with 2 mm radius on all four edges. There is a possibility that apother test
apjparatus could yield different results. For more details of the study, see Reference [5].

b | The values for maximum permissible force have been derived from a study carried out by an independent ofganization
(s¢e Reference [6]), referrifig)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 injurly, such as a
bruise, equivalent to aSeyerity of 1 on the Abbreviated Injury Scale (AIS) established by the Association for the Advancement
of|Automotive Mediciy€. Adherence to the limits will prevent the occurrence of skin or soft tissue penetratiopns that are
acfompanied by bleody wounds, fractures or other skeletal damage and to be below AIS 1. They will be replacdd 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
beat 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 area 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
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aborative task involves transient contact, the contact scenario can de ‘modelled using

between a robot and operator, the body contact region and the cofitact area are known, a
y transfer can be modified by adjusting the robot velocity at the-point of contact.

p describe this contact scenario, a simple two-body model@soutlined in Figure A.2 is used.
, the effective mass of the robot, mp, is moving to come ihto contact with the effective masg
h body region, my, at a relative vector velocity, vre], actoss a two-dimensional surface area

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 bo
ng connected to other body regions:These computations are described in detail in this ann

pns are shown in Table A.3. The body spring constant values are higher in body regions wit
pportion of soft tissue, whieh'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
Enectivity of thee body region with adjacent body regions, particularly as it relates to the bo
ility to move’itl the same vector direction of the contact when contact occurs.

s in Table A.2 can be used to validate the performance of a collaborative robot system during

e

e outlined in this subclause. This modelling is based on the notion that for a given contact

d

In
of
A,

in an assumed fully inelastic contact situation, which'c¢orresponds to a worst case assumptign.
The relatjve kinetic energy is assumed to be fully deposited-in the affected body region.
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