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ABSTRACT The use of collaborative robots in the industrial domain has significantly grown in the last
years, allowing humans to operate in the same workspace occupied by robots without any physical barriers.
Understandably, the safety of the human operator has been a major concern both for researchers and
regulatory bodies. The power and force limited modality of robots is of particular interest in that sense, being
used in order to bound the energy of eventual collisions when a close physical interaction with humans is
necessary. Such an interaction modality allows the robotic system to operate without the use of barriers,
but a measurement of the force and pressure occurring due to a contact must be provided as part of the
risk assessment. However, the precise procedure to follow in order to reliably provide such measures is still
unclear for users and system integrators willing to self-assess the safety of their own collaborative robotic
system. In this work, the repeatability and reliability of such testing procedures and measures are analyzed
with an interlaboratory comparison approach, with the aim to establish the degree of variability possibly
encountered when performing the same test under slightly different conditions.
INDEX TERMS Industrial robot safety, human-robot collaboration, cobot, power and force limitation,
interlaboratory comparison.
I. INTRODUCTION

In the industrial sector, the number of workplaces where
people work in proximity to or even cooperate with robots
has significantly increased over the last few years [1], [2].
Some applications require robots to work in the same shared
workspace with the human operator for the entire duration of
the process. During such work processes, there is a risk of
collisions between humans and robots [3].
In order to be distributed and used in Europe, a programmable robotic system must comply with the Machinery
Directive 2006/42/EC [4] and be provided with an EC Declaration of conformity. The specific requirements for industrial
robots and robotic systems are illustrated in the ISO technical
standards 10218-1 [5] and 10218-2 [6]. However, the aforementioned standards do not comprehensively describe the
The associate editor coordinating the review of this manuscript and
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requirements of collaborative robotic applications. This led
to the development of a most recent technical specification
on the use of collaborative robots on the industrial domain,
which is ISO/TS 15066:2016 [7].
The aforementioned standard describes 4 different interaction modalities in a collaborative robotic system [8]:
•

•

•

•

Safety-rated monitored stop (SRMS): 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;
Hand guiding (HG): The operator uses a hand-operated
device to transmit motion commands to the robot
system;
Speed and separation monitoring (SSM): during robot
motion, the robot system never gets closer to the operator
than the protective separation distance;
Power and force limiting (PFL): physical contact
between robot system, contact events between the
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collaborative robot and body party of the operator could
come about a number of ways - e.g. intended or incidental contact.
The embedding of the interaction model within the safety
rules that run on robot controller has been investigated
recently. For example, [9] proposes a fuzzy-impedance controller with embedded safety rules in collaborative industrial
applications, while in [10] the interaction model was used
in combination with learning from demonstration techniques.
In general, over the past two decades, safety and reliability of
robots have been the subject of intense research efforts. Such
efforts have been directed on all fronts to ensure the emergence of safer and more reliable robotic systems. These works
address a wide range of issues ranging from robot safety in
terms of safe equipment and workplace design [11], [12] [13],
to human factor considerations [14], including legal aspects
related to robot technology [15]. Other investigations, such
as [16], have focused on providing standard safety measures
for testing, inspection, installation and maintenance of robots.
In [17] the problem of measuring the effectiveness of the
safety measures was taken into account.
The European project COVR [18], also named ‘‘being
safe around collaborative versatile robots’’, to which this
work belongs, has the main purpose of reducing complexity in safety validation of collaborative robotic applications,
bridging the gap between available standards and the emerging needs of final users. This is done by investigating all
those aspects which still create uncertainties for users in
the application of directives and standards in their specific
domain. On a general basis, these aspects can be linked to
the difficulties in the identification of safety requirements in
a specific domain of application, or to the lack of practical
testing procedures to execute in order to assess the fulfilment of such requirements in a collaborative system. There
is, indeed, a need for practical guidance for manufacturers,
system integrators, users and certification bodies on how to
perform these measures having at the same time both a slim
testing procedure and reliable results.
With reference to the four interaction modalities described
by the standard [7], this paper focuses on PFL and, in particular, on the assessment of unintended collisions between
human and robot, which stands as the most hazardous occurrence in human-robot collaboration (HRC). With regard to
this, there is currently a consolidation of testing procedures
aimed at reproducing the contact scenarios by substituting
the human with specific sensors with body-like features for
the evaluation of force and pressure. Considering that this
kind of test is expected to become a well-established best
practice in the assessment of contacts during HRC, it is
worth observing that there are several factors which may
influence test results, beyond the mere human-robot mutual
positions and velocities. For this reason, in this work an
interlaboratory comparison approach is used in the analysis
of testing procedures and measures concerning the safety of
a collaborative robotic system in relation to the occurrence
of unintended contacts with the operator. The scope of the
80874

work is to assess the degree of repeatability of such testing
procedures and identify the testing conditions which may lead
to untrustworthy results, with the final aim of minimizing the
sources of error.
A. POWER AND FORCE LIMITATION

Power and force limitation (PFL) has become one of the most
commonly used safety measures in industrial best practice,
aimed at preventing injuries and limiting the risk level of any
identified hazard related to the accidental contact between
parts of the collaborative robotic system and the operator.
According to this, a first consideration in the risk assessment
is to determine the exact parts of operator body and robot
structure which will likely be involved in such contacts,
as well as the state of the robot (i.e. configuration and velocities) when the contact can occur. This is crucial, since different areas of the human body are characterized by different
thresholds to resist the biomechanical load without incurring
minor injuries. For the purposes of this specification, a body
model has been proposed in [7], including 29 specific body
areas classified in 12 body regions. Figure 1 shows the contact
areas in the body model, while Table 1 shows the specific
labels of each body position, classified into general body
regions and designated as located in the front or back of the
body. For each body part, the biomechanical limits have been
established in terms of maximum force and pressure allowed.

FIGURE 1. Body model as described in [7], each specific body location
considered within the model is associated with a label from 1 to 29.

These values are the result of a study conducted by the
University of Mainz on the levels of onset of pain [19]. The
transferred energy, resulting from the hypothetical contact
between robot and human body, is modeled based on these
force and pressure thresholds and assuming a completely
inelastic contact; robot speed limits are obtained for each
body region potentially involved in the collision, depending
on the effective moving mass. When the risk of accidental
contact emerges from the risk assessment of a collaborative robotic application, two types of risk reduction measures (RRMs) can be considered:
VOLUME 9, 2021
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TABLE 1. Scheme of the impact thresholds for each specific labelled
body location, and its relative body region, according to [7]. Pressure and
Force thresholds are indicated for quasi-static (QS) contacts; for each
value, the correspondent threshold for a transient impact can be
calculated by multiplying by two. Values marked with an asterisk are
referred for transient contacts only, while QS contacts should never occur.

FIGURE 2. Figures taken from the ROB-LIE-1 COVR Protocol, representing
respectively: an example of collision hazard identified by the risk
assessment on the top left corner, the corresponding test setup on the
top right corner, and the architecture of a biofidelic sensing device at the
bottom.

active technical protective measures in the robot system,
such as tactile safeguards, torque sensors, force sensors,
speed and range limits.
• passive protective measures, like adapting the shape of
the robot, its gripper, the tool, workpiece, and of all
other devices involved in the work process; applying
protective materials on one or more parts of the robot
(skins); ensuring passive compliance in the design stage.
With the PFL function, collaborative robots can even be
used without conventional safety and protective devices,
such as fences and light curtains. In other application
cases, in which the implementation of other external safety
measures is provided, this functionality further reduces the
residual risk. In order to assess and validate risk reduction,
a measure of the load arising in critical collision processes
must be provided.
Relevant research efforts have been done towards a precise
and reliable estimation of external forces by the robot in PFL
modality, in order to improve its collision detection capability. In [20] for example, the authors propose a methodology
for the estimation of forces and currents in each robot joint for
a given trajectory, using a dynamic time-invariant model in
combination with Artificial Neural Networks. The computed
predictions are used to limit the current to a user-defined
threshold. Other sensorless approaches to improve robot’s
collision detection capability were proposed in [21] and [22].
Although these techniques are promising, they are mostly
useful to trigger post-impact strategies, rather than preventing
•
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possible collisions/impacts. The current best practices for the
assessment of the residual contact risk rely on the performance of impact tests to determine whether the whole system complies with the aforementioned biomechanical limit
values. This is done by reproducing the possible impact configurations, robot system state and conditions as identified
in the risk assessment. Accordingly, such testing procedures
should be performed using a biofidelic, i.e. biomechanically
humanlike, measuring instrument (see Figure 2). In connection with the current revision of the standards for industrial
robots, the German Institute for Occupational Safety and
Health (IFA) has defined new safety requirements specifically for the biomechanical/medical stressing of humans
in collisions [23]. These recommendations also refer to the
methodology for testing the individuated contact scenarios,
including sensor type and configuration for the simulation of
the different body parts (i.e. damping material Shore hardness, thickness and spring constant) and similar information
is provided in the ANSI RIA TR 15.806 [24]. The revised
ISO 10218-2 [25], currently under evaluation as a Draft
International Standard, is consistently updated concerning
HRC and new Annexes incorporate the approach for pressure
and force measurements in PFL applications, as well as the
information provided in the ISO TS 15066. In the online
COVR Toolkit [26], several testing protocols for the validation of HRC applications are made available and some of
these refer to the systematic assessment of force and pressure
in potential collision between human and robot, identified
with the safety skill ‘‘Limit Interaction Energy’’. They are
categorized considering the type of contact, which can be
‘‘transient’’ or ‘‘quasi-static’’, and the type of robotic devices,
as it is argued that even the assessment of rehabilitation robots
can benefit from analogue testing procedures [27].
80875
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FIGURE 3. Experimental setups in the four different research labs participating to the described collision tests, with the robot on the right side of
figures 3a, 3b and 3d, and on the left side in 3c. The sensor used to measure the impact force is hold by an high payload industrial robot in 3a and 3b,
in 3c is fixed in a welding table, and in 3d in an aluminium profile.

B. PAPER CONTRIBUTION

The interlaboratory performance comparison is an integral part of best-practices of most general laboratory quality control systems [28], and the range of application for
this kind of procedures varies from the chemical industry,
to medicine [29] and robotic systems. In particular, the aims
of characterizing and assessing collaborative robotics tasks
lead, in some cases, to the necessity of the involvement of
third parties as accredited measuring labs, reliable in accordance to the ISO IEC 17025 [30].
The comparison approach proposed in this work aims at
identifying the possible discrepancies which may occur in
testing the same contact scenario of a HRC task. The design
of test setup used in this work was based on these considerations and requirements, with the purpose of identifying
any possible source of variation, and possibly quantifying
its contribution within the obtained results. Four European
research centers, partners of the project, performed the test
procedure individually: the National Research Council of
Italy (CNR), The Fraunhofer Institute for Factory Operation
and Automation (IFF), the Danish Technological Institute
(DTI), The French Alternative Energies and Atomic Energy
Commission (CEA). Aiming at a detailed analysis, several
robot motion trajectories and impact points were set; in the
setups implemented by each of the partners, the kind of robot,
type of measuring instrumentation, motion programs and test
configuration were standardised, aiming at simulating the
case of testing specific contact scenarios by applying the
most general testing procedures. The only exceptions were
the following two aspects: robot controller and sensor fixture.
In fact, the available procedures do not provide prescriptions
for these parameters, which can both influence the energy
transferred during the impact in different ways, as will be
discussed in Section III.
Accordingly, this variability between the labs set-up can
be considered as pragmatically representative of conditions
possibly encountered by roboticists and stakeholders attempting to autonomously perform this task. The main aim of
this strategy is to observe whether using the same robot and
sensor and reproducing the same dynamic contact scenario is
sufficient to guarantee test reliability, or, otherwise, whether
it is necessary to take into account other relevant parameters.
Section II describes the setup of the tests and the methodology
80876

observed, while influence of such variations on the results is
discussed in detail in Section III.
II. MATERIALS AND METHODS

The experimental setup and methodology used in this work
relies on the biofidelic measuring instrumentation described
in [31]. The measuring instrument used replicates the
deformability of a human body part, modeling it as a massspring-damper system, to which parameters can be clearly
assigned.
This force/pressure measuring sensor is meant to be used
for assessing the external overall collision force in a variety
of practical industrial applications, and thus appears to be
suitable for the purpose of this work.
A. SETUP

Each laboratory was equipped with either ‘‘GTE Kolrobot
300N’’ or ‘‘GTE CBSF-75 Basic’’ force measuring sensors,
and with ‘‘TekScan I-Scan’’ or ‘‘FUJI foils’’ for pressure
measurements, each instrumentation included an analysis
software. All the labs used the same robot ‘‘family’’ (UR10(e)
from Universal Robots).
The experiments were performed considering body location 8 (sternum), body location 10 (abdomen) and body
location 25 (back of the hand), labelled according to the
schematization illustrated in Figure 1, which were considered
as the most probable locations possibly subject to an impact
during a collaborative task. The used sensors approximate
these body regions as a mass-spring-damper system [31],
as illustrated in Figure 2. Spring stiffness was set to respectively to 10N/mm, 25N/mm and 75N/mm for reproducing
the abdominal region, sternum and hand [7]. In the ‘‘contact
area’’ on the surface of the sensing system, a damper material of hardness SH70 was used for sternum and hand, and
SH10 for the abdominal region.
For the purpose of this analysis, the ‘‘transient contact’’
thresholds, as indicated in [7] and shown in Table 1, were
taken into account in the final evaluation of the measured
force signals (Section III). The highest peak of each force
signal was compared with the corresponding threshold. The
reason for this choice is to be found in the variability of factors
such as the stopping time of joint brakes and their elasticity,
which can determine whether the body region is subject to
VOLUME 9, 2021
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momentum, and force limits in the tool center point (TCP).
Also the speed limits were set to the maximum values detailed
in the table, in order to ensure that the robot reaches its target
speed during the motion.
B. METHODOLOGY

FIGURE 4. Structure of the designed tool applied in the end-effector of
the robot for collision testing. The axes x,y,z originate, in the tool surface,
from the three contact points mentioned in Table 3, being respectively C1 ,
C2 , and TCP.
TABLE 2. Description of the test parameters in terms of: physical features
of the tool applied on the robot end-effector and safety settings on the
robot controller.

‘‘quasi static’’ compression after an impact with the robot or
not, and the detected force after an impact [32], [33] [34].
Considering only the peak of the force signal allows us to
eliminate the influence of the aforementioned aspects from
the obtained measures and also to extend their applicability
to different types of robots than the ones used in this work.
The values in the force curves relative to the nominal
spring rate 75N/mm were considered with respect to the hand
threshold (280N).
The robot itself is expected to be the main source of
variability in these impact tests. Differences in the used robot
models or versions, despite coming from the same manufacturer, could have a great influence on their behavior after an
impact, for example in terms of reaction time of joint brakes.
In order to determine the influence of the robot controller
and hardware structure on the results, two slightly different
versions were used in this trials: UR10 and UR10e.
Figure 4 represents the structure of the tool mounted at
the end-effector of all the robots and its main geometrical
features. Its mass is detailed in Table 2, and its orientation was
set with the z’ axis of the tool frame directed in the negative
vertical direction (w.r.t. robot base frame).
Table 2 also details the safety settings in each robot
controller; these settings restrict maximum allowed power,
VOLUME 9, 2021

For contact evaluation, apart from the force and pressure
values over time, the robot states were also saved in order
to monitor the robot controller variables during the collisions. In particular, referring to the Universal Robots’ data
exchange interface, robot states are expressed as: joint positions, velocities and currents; forces in the Tool Center Point
(TCP); Cartesian coordinates (position and orientation vectors (x, y, z, rx , ry , rz )) of the tool; and speed of the tool (also
in Cartesian coordinates).
The impact force and pressure were recorded in four joint
configurations, corresponding to four different positions of
the TCP inside the operational volume where an impact
between human and robot is more likely to occur. These
points of measure are represented in Figure 5 as M1 , M2 , M3
and M4 . The percentages in Figure 5 indicate how the four
points of measure are computed and distanced. If maxx is
the maximum possible extension of the robot along its x-axis
(according to robot base frame) in which the tool can be
positioned with its z0 -axis along the negative vertical direction, M1 and M4 are respectively at 66% and 33% of maxx .
While M2 and M3 are considered to be at 33% with respect to
M1 along its positive and negative vertical direction.
The impact occurred in the four points of measurement
with three types of movements which are commonly the most
likely to be executed by the robot in a collaborative task:
• x + , rotation around base link
• y+ , linear movement along y axis
• z+ , linear movement along the vertical axis
where axes are referred with respect to robot base frame,
every movement started 300 mm before the considered
impact point if linear, and 30◦ if rotational. These points and
motions, corresponded to four different configurations of the
robot joints. For each point of measure and motion trajectory,
the velocity in which the motion was executed was varied
starting with value of 50mm/s and increasing it in increments
of 50mm/s for each test. The final value was set to 450mm/s,
or to the value in which the resulting force overcame the
body sensor’s saturation limit. The total number of tests was
1456 for the three considered body locations. The robot was
rigidly fixed on a table, whose mass and stiffness can be
considered infinite for the purpose of this analysis, while the
sensor was held in four different ways:
• Industrial robot, with 60kg payload
• Industrial robot, with 165kg payload
• Aluminium profile
• Welding table
An overall description of the five experimental setups used
by the four participating research institutes is summarized
in Table 4, where the differences in terms of robot controller, spring and damper materials, and sensor fixtures are
80877
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TABLE 4. Comparison among the experimental setups used from the four
research institutes participating to the experiments.

FIGURE 5. Schematic representation of the test setup. The four points of
measure were computed as follows: M1 and M4 were respectively the
66% and the 33% of the robot maximum extension along x-axis (with
respect to its base frame), while M2 and M3 were obtained adding to
M1 position a 33% displacement along positive (M2) and negative (M3)
z-axis direction.

TABLE 3. Summary of the different types of tested configurations. For
each point of measure in which the sensor was placed (M1 to M4 ) three
different movements were executed along the axis x,y, and z. This lead to
a total number of 12 tests for each velocity setting.

specified. For the body location 25 (back of the hand) a
total number of 423 tests was carried out. Due to the high
number of tests to be performed, it was chosen to repeat
the measurement three times only for the highest possible
velocity.
III. RESULTS ANALYSIS

Impact forces measured when performing the tests in the
12 joint configurations appeared to have very similar trends
in most cases, although some variations can be noticed in a
significant number of tests.
80878

The first known parameter that affects the measured impact
force is the velocity: Figure 6 shows the behavior of force over
velocity for x, y and z direction, for body location 25, respectively in the first, second and third row. Columns represent
the four joint configurations. It was observed that generally
the collision force varies linearly with velocity, but not with
a proportional relation, as predicted by the simple inelastic
model described in ISO/TS 15066:2016. Instead, a force
offset is evidenced in all the curves in Figure 6, indicating
that the robot would apply a force to the object/person at low
velocities. In these collaborative tests, high velocities were
not reached, since the tests were stopped if the limit value of
the specified body part were exceeded.
In order to highlight more this aspect, the force collision
tests were used to determine the maximum speed which
ensures that the maximum force reached during the impact,
remains below the limits defined in ISO/TS 15066:2016.
Box plots in Figure 7 show the variance in the value of maximum velocity obtained for all the 12 tested configurations
below the force limit of 280 N. Indeed in most cases, such as:
configuration 1 for impact direction x; configurations 3 and
4 for impact direction y; and configuration 1 and 4 for direction z, the range of values observed from all the five setup
types were very similar. Nevertheless, important exceptions
are evident, like in joint configuration 2 and impact direction
y, which corresponds to test ID5 according to Table 3, where
the observed range of velocities is very wide.
If looking at configuration ID5 in Figure 6, the same
consideration can be confirmed, being the test configuration
in which the maximum offset can be observed between the
five force-velocities curves. In particular, ID5 is the tested
configuration in which the maximum moment arm between
the collision force and the weakest robot axes is minimum.
This means that an identical collision force would produce
less perturbing torque at joints, and also makes the results
more sensitive to small positioning differences. This suggests
that the measured force can be influenced by the distance
between the collision point and the robot base frame. This
aspect was investigated in other research works [35], in which
the variation of the measured impact force over the distance
is studied for various velocities of the robot, and is confirmed
by these evidences. By looking at both Figures 7 and 6,
it can be noticed that in impact direction y, corresponding
to an extension movement of the robotic arm, where the
distance between the tool and robot base frame increases over
time, the variability between the results is averagely more
VOLUME 9, 2021
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FIGURE 6. Plots representing the behavior of force over velocity relative to the impact tests performed with body location 25 (back of the
hand), for all the five setup types, indicated according to the nomenclature detailed in Table 4. Each column (e.g. ID1 to ID3, ID4 to ID6,
etc.) represents a joint configuration, while rows represent the three collision directions.

FIGURE 7. Box plots representing the maximum admissible velocity, derived from the collision tests for the 12 testing configurations with
spring 75N/mm and damper SH70, whose corresponding impact force stays below the limit of 280 N established from ISO/TS 15066:2016.

relevant if compared to those obtained from impact direction
x (rotation around base link), where this value is constant.
In general, Point To Point motions (the ones directed along
positive x axis) presented a typical variety of 5◦ /s, with a
maximum of 25◦ /s. Linear movements (y and z axis) were
averagely more critical, with a typical variety of 50mm/s and
maximum values up to 200mm/s.
VOLUME 9, 2021

On the other hand, on the sensor side, the influence of the
variation of the total stiffness on the measured force was also
taken into account. The total stiffness of the system is given
by the sum of the two contributing factors derived from the
stiffness of the spring used inside the sensor and the stiffness
of the fixture. With regards to the spring stiffness, spring constants were measured in order to determine the deviation from
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their nominal value, as indicated in Table 4. Relatively significant differences were observed in some cases. Moreover,
the used fixtures had in turn very variable stiffness, ranging
from a 60 kg payload industrial robot to welding table. It is
known that both aspects may potentially have an influence
on the measured force, as illustrated in [36] and [23]. Despite
this, looking at the results is evident that in the majority
of cases both spring constant and fixture type seemed to
have limited effects on the variability of measured force
signals.
However, in configurations where the maximum distance
between the robot tool and the base frame was highest,
the effect of sensor fixturing was more influential on the
variation of impact energy. In the end, another critical aspect
of the performed tests was the pressure measurement, which
proved to be difficult to be replicated in a reliable way by an
end user. The obtained results appeared to be very sensitive
to movements of the robot, the cylindrical shape of the tool
(Figure 4) caused high pressure on its edges, that maximized
the errors due to small misalignments.
IV. CONCLUSION

The presented work deals with the reliability of impact assessment tests for the safety validation of collaborative robotics
applications. Considering a pre-defined set of impact configurations, the same tests were performed in four different
laboratories, simulating the assessment of hypothetic ‘‘quasistatic’’ human-robot contact scenarios. The tests were performed according to the state-of-the-art testing procedures for
collision testing in robotic applications characterized by PFL
[23], [24], [26]. A first remark is related to confirming the
necessity of testing the potential impact scenarios identified
by the risk assessment replicating the real configurations,
as robot state and human-robot (or, sensor-robot) mutual
positions are fundamental variables of the assessment. Therefore, the testing procedures need to be repeated by users
whenever there are changes in such conditions, thus limiting
in practice the flexibility of collaborative robotic applications.
Although the majority of tests resulted in reliable measurements, in some cases the actual resulting values seemed
to be quite sensitive to the variability of the experimental
conditions, even using commercially available testing sensors
co-developed with IFA [31]. Such variability occurs in particular combinations of robot-sensor configuration and type of
movement, which can be related, conversely, to the scenarios
in which the distance between robot base and impact location
was at maximum. The analyzed results showed that the most
critical boundary conditions to focus on are robot controller
and sensor fixture.
Considering the robot controller, since variations on the
exerted force were observed in different configurations and
types of movement, the general validity of such testing procedures is still in question, limiting in practice the flexibility
of collaborative robotic applications. Despite this, for an
end-user performing the assessment test in a specific collaborative application, the same controller of the real robotic
80880

application is supposed to be used. Under this premise, it can
be considered a minor issue.
In relation to sensor fixture, it is worth observing that
reproducing a specific contact scenario can require particular
setups, which may introduce some uncertainties in the test,
consequently affecting the repeatability. This paper highlights the relevance of realizing effective setups when dealing
with this kind of tests, warning about the necessity of a
preliminar evaluation of the overall stiffness of the structure.
Accordingly, in the current revision of the ISO 10218-2 [25],
it is prescribed that the used sensor ‘‘is to be fixed and secured
on a solid base having as much rigidity as practicable’’.
The open question concerns whether it would be necessary
to provide more strict indication in relation to this aspect,
possibly indicating some reference stiffness values.
ACKNOWLEDGMENT

Author contributions: A.Scibilia, S.Herbster, A.Magisson,
C.Bidard and M. Kühnrich designed research and conducted experimental activities; M.Valori, R.Behrens, I.Fassi,
N.Pedrocchi, J.Saenz, A.B. Lassen and K.Nielsen conducted
review and editing.
The reproduction of excerpts from ISO/TS 15066:2016 has
been authorized by UNI Ente Nazionale di Normazione also
on behalf of ISO International Organization for Standardization. The only authentic version is that available in full version at UNI and ISO website www.uni.com and www.iso.org
REFERENCES
[1] V. Villani, F. Pini, F. Leali, and C. Secchi, ‘‘Survey on human–robot collaboration in industrial settings: Safety, intuitive interfaces and applications,’’
Mechatronics, vol. 55, pp. 248–266, Nov. 2018.
[2] L. Gualtieri, E. Rauch, and R. Vidoni, ‘‘Emerging research fields in
safety and ergonomics in industrial collaborative robotics: A systematic
literature review,’’ Robot. Comput.-Integr. Manuf., vol. 67, Feb. 2021,
Art. no. 101998.
[3] F. Vicentini, N. Pedrocchi, M. Beschi, M. Giussani, N. Iannacci,
P. Magnoni, S. Pellegrinelli, L. Roveda, E. Villagrossi, M. Askarpour,
and I. Maurtua, ‘‘PIROS: Cooperative, safe and reconfigurable robotic
companion for CNC pallets load/unload stations,’’ in Bringing Innovative Robotic Technologies From Research Labs to Industrial End-Users.
Springer, 2020, pp. 57–96.
[4] I. Fraser, ‘‘Directive 2006/42/EC of the European parliament and of the
council of 17 May 2006,’’ Off. J. Eur. Union, vol. 9, no. 6, p. L157, 2006.
[5] Robots and Robotic Devices—Safety Requirements for Industrial Robots—
Part 1: Robots, Standard ISO 10218-1, International Organization for
Standardization, Geneva, Switzerland, Jul. 2011.
[6] Robots and Robotic Devices—Safety Requirements for Industrial Robots—
Part 2: Robot Systems and Integration, Standard ISO 10218-2, International Organization for Standardization, Geneva, Switzerland, July 2011.
[7] Robots and Robotic Devices—Collaborative Robots, Standard ISO TS
15066, International Organization for Standardization, Geneva, Switzerland, Feb. 2016.
[8] R. Behrens, J. Saenz, C. Vogel, and N. Elkmann, ‘‘Upcoming technologies
and fundamentals for safeguarding all forms of human-robot collaboration,’’ in Proc. 8th Int. Conf. Saf. Ind. Automated Syst. (SIAS), Königswinter, Germany, 2015, pp. 18–20.
[9] L. Roveda, S. Haghshenas, M. Caimmi, N. Pedrocchi, and L. M. Tosatti,
‘‘Assisting operators in heavy industrial tasks: On the design of an
optimized cooperative impedance fuzzy-controller with embedded safety
rules,’’ Frontiers Robot. AI, vol. 6, p. 75, Aug. 2019.
[10] L. Rozo, S. Calinon, D. G. Caldwell, P. Jimenez, and C. Torras, ‘‘Learning
physical collaborative robot behaviors from human demonstrations,’’ IEEE
Trans. Robot., vol. 32, no. 3, pp. 513–527, Jun. 2016.
VOLUME 9, 2021

A. Scibilia et al.: Analysis of Interlaboratory Safety Related Tests in Power and Force Limited Collaborative Robots

[11] S. Haddadin, S. Haddadin, A. Khoury, T. Rokahr, S. Parusel, R. Burgkart,
A. Bicchi, and A. Albu-Schaffer, ‘‘A truly safely moving robot has to know
what injury it may cause,’’ in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
Oct. 2012, pp. 5406–5413.
[12] A. Bicchi and G. Tonietti, ‘‘Dealing with the safety-performance tradeoff
in robot arms design and control,’’ IEEE Robot. Autom. Mag., vol. 11, no. 2,
pp. 22–33, Jun. 2004.
[13] M. Zinn, B. Roth, O. Khatib, and J. K. Salisbury, ‘‘A new actuation
approach for human friendly robot design,’’ Int. J. Robot. Res., vol. 23,
nos. 4–5, pp. 379–398, Apr. 2004.
[14] O. Ogorodnikova, ‘‘Methodology of safety for a human robot interaction designing stage,’’ in Proc. Conf. Hum. Syst. Interact., May 2008,
pp. 452–457.
[15] R. Leenes, E. Palmerini, B.-J. Koops, A. Bertolini, P. Salvini, and
F. Lucivero, ‘‘Regulatory challenges of robotics: Some guidelines for
addressing legal and ethical issues,’’ Law, Innov. Technol., vol. 9, no. 1,
pp. 1–44, Jan. 2017.
[16] J. Heinzmann and A. Zelinsky, ‘‘Quantitative safety guarantees for physical human-robot interaction,’’ Int. J. Robot. Res., vol. 22, nos. 7–8,
pp. 479–504, Jul. 2003.
[17] K. Ikuta, H. Ishii, and M. Nokata, ‘‘Safety evaluation method of design
and control for human-care robots,’’ Int. J. Robot. Res., vol. 22, no. 5,
pp. 281–297, May 2003.
[18] J. Bessler, L. Schaake, C. Bidard, J. H. Buurke, A. E. Lassen, K. Nielsen,
J. Saenz, and F. Vicentini, ‘‘COVR–towards simplified evaluation and
validation of collaborative robotics applications across a wide range of
domains based on robot safety skills,’’ in Proc. Int. Symp. Wearable Robot.
Nancy, France: Springer, 2018, pp. 123–126.
[19] A. Muttray, ‘‘Collaborative robots–determination of pain sensitivity
at the human-machine-interface,’’ Universitatsmedizin, Institut
Für Arbeits, Sozial Umweltmedizin, Mainz, Berlin, Germany,
Tech. Rep. Project FP0317, 2014.
[20] K. Kokkalis, G. Michalos, P. Aivaliotis, and S. Makris, ‘‘An approach for
implementing power and force limiting in sensorless industrial robots,’’
Procedia CIRP, vol. 76, pp. 138–143, Jan. 2018.
[21] A. de Luca and R. Mattone, ‘‘Sensorless robot collision detection and
hybrid force/motion control,’’ in Proc. IEEE Int. Conf. Robot. Autom.,
Apr. 2005, pp. 999–1004.
[22] A. Caldas, M. Makarov, M. Grossard, P. Rodriguez-Ayerbe, and D. Dumur,
‘‘Adaptive residual filtering for safe human-robot collision detection under
modeling uncertainties,’’ in Proc. IEEE/ASME Int. Conf. Adv. Intell.
Mechatronics, Jul. 2013, pp. 722–727.
[23] ‘‘DGUV-information—Collaborative robot systems. Design of systems
with ‘power and force limiting’ function’’ in Fachbereich Holz und Metall,
German Social Accident Insurance (DGUV). Mainz, Germany: German
Social Accident Insurance, 2017, pp. 11–12.
[24] Technical Report—Industrial Robots and Robot Systems—Safety
Requirements—Testing Methods for Power & Force Limited Collaborative
Applications, document ANSI RIA TR R15.806-2018, American National
Standards Institute, 2018.
[25] Robotics—Safety Requirements for Robot Systems in an Industrial
Environment—Part 2: Robot Systems, Robot Applications and Robot Cells
Integration, Standard ISO/DIS 10218-2, International Organization for
Standardization, Geneva, Switzerland, 2020.
[26] COVR Toolkit. Accessed: Mar. 23, 2021. [Online]. Available: https://www.
safearoundrobots.com/toolkit/protocollibrary
[27] J. Bessler, G. B. Prange-Lasonder, L. Schaake, J. F. Saenz, C. Bidard,
I. Fassi, M. Valori, A. B. Lassen, and J. H. Buurke, ‘‘Safety assessment
of rehabilitation robots: A review identifying safety skills and current
knowledge gaps,’’ Frontiers Robot. AI, vol. 8, p. 33, Mar. 2021.
[28] Conformity Assessment—General Requirements for Proficiency Testing,
Standard ISO/IEC 17043, International Organization for Standardization,
Geneva, Switzerland, Feb. 2010.
[29] Medical Laboratories—Requirements for Quality and Competence, Standard ISO 15189, International Organization for Standardization, Geneva,
Switzerland, Nov. 2012.
[30] Testing and Calibration Laboratories, Standard ISO/IEC 17025, International Organization for Standardization, Geneva, Switzerland, Nov. 2017.
[31] M. Huelke and H. Ottersbach, ‘‘How to approve collaborating robots—The
IFA force pressure measurement system,’’ in Proc. 7th Int. Conf. Saf. Ind.
Automat. Syst. (SIAS), 2012, pp. 11–12.
[32] T. Lens and O. von Stryk, ‘‘Investigation of safety in human-robotinteraction for a series elastic, tendon-driven robot arm,’’ in Proc.
IEEE/RSJ Int. Conf. Intell. Robots Syst., Oct. 2012, pp. 4309–4314.
VOLUME 9, 2021

[33] A. De Luca, A. Albu-Schaffer, S. Haddadin, and G. Hirzinger, ‘‘Collision detection and safe reaction with the DLR-III lightweight manipulator arm,’’ in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., Oct. 2006,
pp. 1623–1630.
[34] N. C. Karavas, N. G. Tsagarakis, and D. G. Caldwell, ‘‘Design, modeling
and control of a series elastic actuator for an assistive knee exoskeleton,’’
in Proc. 4th IEEE RAS EMBS Int. Conf. Biomed. Robot. Biomechatronics
(BioRob), Jun. 2012, pp. 1813–1819.
[35] A. Schlotzhauer, L. Kaiser, J. Wachter, M. Brandstotter, and M. Hofbaur,
‘‘On the trustability of the safety measures of collaborative robots: 2D
collision-force-map of a sensitive manipulator for safe HRC,’’ in Proc.
IEEE 15th Int. Conf. Autom. Sci. Eng. (CASE), Aug. 2019, pp. 1676–1683.
[36] J. A. Falco, J. A. Marvel, and R. J. Norcross, ‘‘Collaborative robotics:
Measuring blunt force impacts on humans,’’ Chest, vol. 140, no. 210, p. 45,
2012.

ADRIANO SCIBILIA received the B.Sc. degree
in electronic engineering from the University of
Catania, in 2015, and the M.Sc. degree in biomedical engineering from the Politecnico di Milano,
in 2018. He is currently pursuing the Ph.D. degree
with the University of Catania. From 2017 to 2018,
he was a part of the Advanced Robotics Department, Italian Institute of Technology. Since 2018,
he has been a Research Fellow with the Institute
of Intelligent Industrial Technologies and Systems
for Advanced Manufacturing, National Research Council of Italy. His
research interests include physical human–robot interaction, safety in collaborative robotic systems in the industrial domain, and analysis of human
behaviour in human–robot collaboration.

MARCELLO VALORI received the M.Sc. degree
in mechanical engineering from the Polytechnic
University of Bari, in 2010, and the Ph.D. degree,
in 2014. From 2012 to 2013, he was a Visiting
Researcher with the Robotics and Mechatronics
Group, University of Twente (NL). From 2014 to
2015, he was with an enterprise as an internal
sales engineer. In 2016, he joined the Institute
of Intelligent Industrial Technologies and Systems
for Advanced Manufacturing, National Research
Council of Italy (STIIMA CNR), where he is currently working as a
Researcher. He is involved in several research projects, with technical and
management roles. His current research interests concern safety aspects of
collaborative robotics, strategies and devices for assemblies in the electronics
field, the combined rapid manufacturing of functional components, and the
design of devices for minimally invasive surgery.

NICOLA PEDROCCHI received the M.Sc. degree
in mechanical engineering from the University of
Brescia, Brescia, Italy, in 2004, and the Ph.D.
degree in applied mechanics and robotics, in 2008.
From 2008 to 2011, he was a Research Assistant with the Institute of Industrial Technologies
and Automation, National Research Council of
Italy. Since 2011, he has been a Full Researcher
with the Institute of Industrial Technologies and
Automation. His research interests include control
techniques for industrial manipulators in advanced application requiring the
interaction robot-environment (technological tasks) or robot–human operator (workspace sharing and teach-by-demonstration). He is involved in
researches for accurate elastic modeling and dynamic calibration of industrial robots. Since 2015, he has been coordinates the activity of the Robot
Motion Control and Robotized Processes Laboratory, CNR-STIIMA.
80881

A. Scibilia et al.: Analysis of Interlaboratory Safety Related Tests in Power and Force Limited Collaborative Robots

IRENE FASSI received the M.Sc. degree in
mechanical engineering from the Politecnico di
Milano, in 1997, and the Ph.D. degree in industrial technologies, in 2001. Since 1998, she has
been a full-time Researcher with CNR-ITIA (now
CNR-STIIMA), where she founded and leads
the Research Group MEDIS. She is currently an
Adjunct Professor with the University of Brescia
and the Politecnico di Milano for robotics, precision engineering and advanced manufacturing
systems. She is a member of the Executive Board of SIRI (Italian Robotics
and Automation Association), the Italian Association of Manufacturing
Technologies (AITeM), the ASME/DED Technical Committee on Micro and
Nano Manufacturing, and currently serves as the President Elect for the
International Institution for MicroManufacturing.

SEBASTIAN HERBSTER received the bachelor’s degree in mechanical engineering from the
Baden-Wuerttemberg Cooperative State University, Mosbach, Germany, in 2013, and the M.Sc.
degree in mechatronics from Otto von Guericke
University Magdeburg, Magdeburg, Germany,
in 2018. Afterwards, he worked as a Development Engineer at Bosch Diesel-Systems, Stuttgart
Germany, where he focused on hybrid powertrain
technologies and 3-D printing of metal. Since
then, he has been working as a Research Engineer with the Robotic Systems
Business Unit, Fraunhofer Institute for Factory Operation and Automation,
Magdeburg. His research interest includes safe human–robot interaction.

ROLAND BEHRENS received the degree in
mechatronics from Otto von Guericke University
Magdeburg and the Ph.D. degree from the Technical University of Ilmenau. His doctoral thesis has
been concerned with the question of what risks for
human health arise from direct cooperation with
robots. He has been associated with the Fraunhofer
IFF, since 2009. He dedicates his research the
development of models, which allow for evaluating the risk of human–robot collision through
simulation. Besides his scientific work, he is also involved in the German
mirror committee to standardize safety aspects of human–robot collaboration
in industrial application.

JOSÉ SAENZ received the B.S. degree in
mechanical engineering from Stanford University,
USA, in 1999, the M.S. degree in mechatronics from Otto von Guericke University Magdeburg, Germany, in 2004, and the Ph.D. degree in
automation from the École Nationale Supérieure
d’Arts et Métiers, France, in 2019. He has been
with the Fraunhofer Institute for Factory Operation
and Automation, Magdeburg, since 2000, where
he is currently a Senior Research Scientist. His
main research interests include the fields of safe human–robot collaboration,
mobile manipulation, inspection and cleaning service robots, and safety
sensor development. He was elected to the euRobotics AISBL Board of
Director, in 2017. He is the Coordinator of the Topic Group Industrial Robots
euRobotics AISBL, responsible for updating the multi-annual roadmap from
the perspective of industrial robots.
80882

ALICE MAGISSON received the degree in mechatronics engineering from the INSA of Strasbourg,
France, in 2016, and the master’s degree in
robotics, automatics, and vision from the University of Strasbourg, France, in 2016. Since 2016,
she has been working as a Project Manager and
an Application Engineer at CEA, Metz, France.
Her research interests include industrial robotics,
vision, deep learning algorithms, and virtual reality applications, all for the ‘‘future factory.’’

CATHERINE BIDARD received the Ph.D. degree
in robotics, Lyon, in 1994. She has been working with CEA Robotics Laboratories, since 1991.
Her main expertise is on robot kinematics design,
dynamic modelling and simulation, dynamic identification, and control for active assist devices.
She has been involved in several developments of
robotics arms for telerobotics, haptic interfaces,
active exoskeletons, and intelligent assist devices.
She is currently involved in several projects focusing on the ergonomics and safety assessment of collaborative robots and
active assist devices.

MORTEN KÜHNRICH received the M.Sc. degree
in computer science and the Ph.D. degree in formal
methods for security analysis of distributed from
Aalborg University, Denmark, in 2005 and 2011,
respectively. From 2014 to 2019, he worked as
a Developer with Universal Robots. He currently
holds a position as a Senior Specialist with the
RTO organization Danish Technological Institute.

ASKE BACH LASSEN graduated in electrical
and electronic engineering background, in 2014.
He joined the Danish Technological Institute
(DTI)’s Centre for Robot Technology, in 2017.
Prior to his employment at DTI, he worked as a
Consultant with KPMG Denmark and the AX Specialists. He is currently working as Project Leader
within robotics projects whilst coordinating the
H2020 funded projects, including projects such as
Robott-Net and COVR. He manages DTI contributions to the EU mega-projects, like the RobotUnion and DIH-World Project.

KURT NIELSEN received the master’s degree in
robot technology from the University of Southern
Denmark, in 2005. Prior to his employment at DTI,
he worked in a start-up company called Intelligent
Welding Automation (IWA). He joined the Danish
Technological Institute (DTI)’s Centre for Robot
Technology, in 2008, starting as a Robot Developer. He is currently the Director of the Robotics
Centre, DTI, and has more than ten years of experience in managing robotics research following
three years in industry. He is currently leading a team of above 45 researchers
and consultants within industrial and service robotics.

VOLUME 9, 2021

