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ABSTRACT

Over the past decade, the German Social Accident Insurance (DGUV) has supported studies in which empirical
limit values for mechanical impact loads were determined. In addition, Fraunhofer IFF and the IFA have presented
a methodology by which biomechanical corridors were determined for 24 body locations. The corridors can be
used to define new stiffness parameters for use in measuring devices to check compliance with the empirical limit
values.

With reference to an application example, we demonstrate here how the new values can be interpreted and applied
in the field. Risk assessments performed at workplaces involving collaborative robots (cobots) often reveal that
hands and arms are located within the danger zone. The study describes briefly how an evaluation was performed
on three lightweight cobots for collaborative applications, and the results of this evaluation. In addition, the IFA
has developed a tool for use with existing measuring devices, by means of which validation can be performed
safely and easily. ISO/PAS 5672 supports the comparability of measurements worldwide. It is also suggests how,
standardization may use simple and practical solutions to assure the safety and health of workers by the use of a
simplified safety diagram.

1 INTRODUCTION

The German Social Accident Insurance (DGUV) has funded studies in which empirical limit values for mechanical
impact loads were determined (FP317, FP411, FP430). In IFA-project 5160, Fraunhofer IFF and the IFA presented
a methodology for determining biomechanical corridors for 24 body locations. New stiffness parameters can be
derived from the corridors and used in measuring devices to check compliance with the new empirical limit values.
These stiffnesses were divided into 5 clusters (i.e. significantly fewer than set out in TS 15066) for use during
measurements in the field [1]. The application example described here shows how the new values are interpreted
and applied in practice.

Studies containing comparable measurements have often employed a single measuring device with only one
stiffness [2]. Furthermore, comparisons performed to date make reference to the provisional limit values in
TS 15066 rather than the results of recent studies [3]. Risk assessments conducted at workplaces involving
collaborative robots often reveal that hands and arms are located within the danger zone. Table 1, Section 1.1
shows values for the dynamic pain pressure thresholds that serve as a reference for assessment of the hazards that
arise. Table 1, Section 1.2 shows benchmarks for injury data from the literature. These data show that semi-sharp
contours can already be expected to cause minor injuries at values above 0.5 (joules). Accident investigations
including measurements on doors and gates show that the onset of finger fractures may also be anticipated above
this limit, for example should flexion occur; Hohendorff et. al. (2012) [4] described similar observations.



Table 1. Section 1.1: 75th percentile of the force pain pressure threshold and stiffness values (c2) for hand and
arm body locations; Section 1.2: observed benchmarks for injury data from the literature.
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2 MATERIALS

Three lightweight cobots manufactured by Universal Robots were used for the tests. A UR10e, a UR5 cb3 and a
UR3e were available in the laboratory. The e-series models were loaded with a payload of 50% of their rated
payload. These also featured enabling switches on the control panel (3PE, Universal Robots A/S, Denmark). A
probe identical to the "FQ10" contact body used in the studies on test subjects (FP317, FP411, FP430) was attached
to the flange of the robot and served as the contact body.

Five CBSF series measuring devices (CoboSafe force/pressure measuring system, GTE Industrieelektronik
GmbH, Germany) with spring stiffnesses of 150 N/mm, 75 N/mm, 40 N/mm, 25 N/mm and 10 N/mm, in each case
with a top layer with a thickness of 7 mm and a shore hardness of 70 A, were used as measuring devices. The
design of these measuring devices corresponds to the measurement methodology developed by the IFA [7, 8]. The
measurement data were processed in the manufacturer's CoboSafe-Vision program and logged with software
support.

3 TEST SETUP AND PERFORMENCE

The robots under test were bolted firmly to a profiled bench top (Figure 1). The robots performed a vertical
lowering movement along the z-axis. The target point was located at a distance of 50% of the robot's maximum
reach in the horizontal plane in the case of the UR5 and UR10e, and approx. 300 mm from the base of the UR3e.
The target point of the movement was located 1 cm above the bench top. The force value of the detection threshold
was set in each robot's safety settings to the lowest possible value of 50 N (UR3e) or 100 N (UR5 and UR10g).



Figure 1. Test setup with three robot models performing a linear downward movement along the z-axis

The measuring devices were bolted firmly to the profiled plate at the target point such that the point of collision
between the centre of the tool and the measuring plane was approx. 25 cm above the bench top. For design reasons,
the height of the instrument varied by a few centimetres, depending upon which spring was installed. For each
series of measurements, the robot's velocity was increased in increments of 50 mm/s until the maximum measuring
range of the instrument in use was reached or the target velocity was no longer reached. The procedure was
followed for each of the five stiffnesses and all three robot models.

4 MEASUREMENT RESULTS

The measurements were used to determine objectively the hazards associated with the lowering movement
described as a function of the robot velocity. Figure 2 (a) shows the results of the measurement series for a UR5
cb3. The actual stiffnesses of the measuring devices used are shown in black; the coloured lines show the robot
velocities in increments of 100 mm/s. The intersections correspond to the measured forces. Energy characteristics
are shown in blue for orientation purposes. The maximum force measured with a given stiffness is seen to increase
with rising velocity. At low velocities, the differences between the maximum force values measured at the various
stiffnesses are lower. These differences increase with rising velocity. At a given velocity, the maximum force
decreases with decreasing stiffness. The energy is seen to increase at lower stiffnesses, i.e. the apparent mass of
the system increases (see also [9]). A comparison between the three robot models (Figure 2 (b)) shows that at a
given velocity of the tool centre point (in this case 250 mm/s), the maximum forces are lowest for the UR3e and
highest for the UR10e. Owing to the increases in mass from the UR3e through the UR5 to the UR10e, this
behaviour was to be anticipated.
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Figure 2. (a) Maximum forces measured at 5 stiffnesses as a function of the velocity of a UR5 cb3; (b) Comparison
of the collision forces of three robot models at a velocity of 250 mm/s
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5 COMPARISON AND EVALUATION

Besides identification of the hazards, assessment of the risk requires the stresses arising to be compared with the
reference data. A safely reduced velocity can thus be identified as a measure. Figure 3 (a) shows the reference
values determined for semi-sharp contact for all locations in the hand and arm body region. Figure 3 (a) shows
that at the settings defined in the test and at half payload, velocities of approx. 300 mm/s may be reached with the
UR3e before limit values are exceeded. In addition, benchmarks of injury onsets (10) are shown by an asterisk to
emphasize the importance of compliance with the limit values. It should be noted that locations on the palm (17/18,
21, 22/23), which have a thick epidermis (upper skin layer with callus) and substantial soft tissue, are less sensitive
than the other locations on the body and may therefore be more tolerant of pain and injury. In case of a blunt
contact with the UR10e, bearing a payload of 5 kg, Figure 3 (b) shows that a velocity of approx. 150 mm/s leads
to rise to a borderline stress.

Once a safely reduced velocity has been determined, it must be implemented as Safely Limited Speed (SLS) in the
robot's safety control system. The measure can then be checked for its effectiveness and the results documented.
During operation, surveillance measurements should be carried out at regular intervals to prevent technical defects
from remaining undetected, or the possibility of changes on settings made by the operating personnel being
reverted.
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Figure 3. (a) Comparison of the reference data determined for semi-sharp contact with the results of measurement
on a UR3e; (b): Comparison of the reference data determined for blunt contact with the results of measurement
on a UR10e

6 LIMITS AND REQUIREMENTS

The measurement examples shown here apply only under the measurement conditions of the tests, such as the
safety parameters and velocities set in the robot controller. Other payloads or changes to the lowering positions
may yield different measurement results (see [10]). The most critical movement must always be evaluated. The
exact stiffness of the instruments may fluctuate. The stiffnesses determined from statistical tests were assumed
here. The actual stiffness may deviate slightly from these values owing to dynamic or geometric influences.
Since the contact body in this study is identical to that used in the FP317, FP411 and FP430 studies, the forces and
stiffnesses from the biomechanical corridors were used here for the comparison. The base of the curve (c1, d) was
ignored for the tests in this study as it lay below the detection threshold of the systems. Only the c2 stiffnesses
were therefore used for this study [1, 11]. Owing to the clustering already referred to, errors of 25% occur between
the stiffnesses and limit values for blunt contact. For this reason, the points do not lie exactly on the characteristic
curve for the measuring device. To compensate for potential inaccuracies and losses, the limit values should be
adjusted in consideration of the stiffnesses used in instruments. One such means of adjustment is for the limit
values to be shifted to the actual characteristic curve of the instrument in consideration of the absorbed energy (see
[12]). This approach can further reduce the number of measurements required for validation.

The recently published ISO/PAS 5672:2023 ‘Robotics — Collaborative applications — Test methods for measuring
forces and pressures in human-robot contacts’ formulates basic definitions and describes both the measuring
devices and the procedure for measurement. However, it provides no guidance on how the critical test points
should be determined; manufacturers, integrators, operators and standards developers are to work together in the
future to develop valid statements. Critical cases may include (a) that with the lowest deformation, (b) that with
the lowest maximum force/pressure and (c) that with the lowest total energy.



7 DISCUSSION AND FUTURE PROSPECTS

The tests show that the stresses increase with rising robot velocities. The reference data from the comparative
studies enable a permissible safely reduced velocity to be determined for the application. The permissible velocities
vary according to the robot model, settings, movement, payload and contact geometry. The permissible velocities
in the force/power limitation are lower than those in safeguarding methods for which other safety functions are
employed, such as distance monitoring.

The experience gained to date will enable a simplified measurement procedure to be developed based upon
knowledge of stress limits and robot characteristics. Harmonized arrangements for this purpose should be set out
in standardization activity, and procedures for measurement in the field simplified further. By judicious
conversion, the number of measurements required can be further reduced. The fact that the effective or apparent
mass of the system increases with decreasing stiffnesses (Figure 4 (a)) could enable measurements to be carried
out solely with a soft instrument variant. This assumes that the energy generated decreases for all greater stiffnesses
and that all other limit values lie above the energy characteristic.

UR3e +1.5kg - Example simplified safgty diagram
T T T T

w
S
S

T T T
100 mm/s 280 >}< 150 mm/s UR10e +5kg|
40 200 mm/s 1 aeo b ; g ————— 200 mm/s UR5 ch3 | ]
300 mm/s 60 2425 350 mm/s UR3e +1.5k
3B 400 mm/s 240 O Blunt
500 mm/s
I * 10
301 10 N/mm SH70A | 7| 220F e, T = 25N/mm Sh70A

...

25 N/mm SH70A e

= = =40 N/mm SH70A | |

= = =75N/mm SH70A

150 N/mm SH70A 7| o
————— 053 N

4 ~a
~

Tolerable Area
"""" Limit 0.5J
=== Limit 150 N
testpoint

N
a
T

Force [N]
& 3
o o

Apparent mass [kg]
N
o

N
@
1=}

~~~~~
- —— T —
~

0F ! e ey N e
e~ = = = = = 40+ 27 =Dy
=
5p - T-- -~ -7 5~ - -4 L SSsal, =
_____ ~.
. ~
0 I I I I L 120 L I I T Mnfed 1)
0 0.2 0.4 0.6 0.8 1 4 5 6 7 8 9 10 n 12
Energy [J] Deformatlanc2 [mm]
() (b)

Figure 4. (a) Apparent mass and measured energy for different velocities and instrument stiffnesses, with reference
to the example of a UR3e. (b) Simplified logarithmic safety diagram.

The available data can be used to develop a simplified safety diagram. Assuming that for a blunt geometry, a load
of 150 N is acceptable and a stress of 0.5 J is tolerable, the result for this example is the limit characteristic shown
in Figure 4 (b). In the diagram (logarithmic), the critical test point can be identified from the breakpoint of the
curve and can be tested reasonably closely by measurement with 25 N/mm + SH70 N/mm apparatus. The figure
also shows the force characteristics for the closest velocities for the three robot models. The aim is for the curves
to drop off to the right below the test point down to the detection threshold.

The blunt contact body used in the studies was manufactured from elastic foam, and deformed during the tests. If
a stiff contact body is used in its place, suitable minimum requirements for its geometry and dimensions must be
specified for which the diagram shown is still valid. For example, flat bodies should be larger than 2 cm?2 and have
rounded edges, cylindrical bodies should have a radius of at least 5 mm, and the radius of spherical bodies should
be greater than 15 mm [6, 13 - 16]. The permissible force and the tolerable energy value may be reduced for semi-
sharp contours. A pressure per unit area of 50 N/cmz2 can serve as a point of reference during planning; 100 N/cm?
should, however, not be exceeded in practice [17, 18]. In addition, it maid be necessary to set an upper limit that
connects the energy line to the ordinate axis. By the formation of classes, specific requirements can be specified
for manufacturers, which in turn can be used by the operator.

8 SUMMARY

Three robot models were used to show how biomechanical limits can be applied in the field to determine a safely
reduced velocity of collaborative robots with force and power limitation. The actual velocity depends on several
factors and must be determined on a case-by-case basis. The inclusion of further robot models from other
manufacturers in the comparison would be desirable. This study was only one example of how the methodology
can be applied. Means of attaining further simplification in the field with the aid of a safety diagram were
discussed.
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