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Abstract—In this paper, a suitable measurement setup is presented 

to conduct force and pressure measurements for transient contact cases 
at the example of lathe machine tending. Empirical measurements 
were executed on a selected collaborative robot’s behavior regarding 
allowable operating speeds under consideration of sensor- and 
workpiece-specific factors. Comparisons between the theoretic 
calculations proposed in ISO/TS 15066 and the practical measurement 
results reveal a basis for future research. With the created database, 
preliminary risk assessment and economic assessment procedures of 
collaborative machine tending cells can be facilitated. 
 

Keywords—Biomechanical thresholds, collaborative robots, force 
and pressure measurements, machine tending, transient contact. 

I. INTRODUCTION 
N the last decade, machine tending became an established 
application for collaborative robots (cobots). Small and 

medium-sized enterprises (SME’s) with high-mix-low-volume 
production programs increasingly benefit from the high 
flexibility of robotic machine loading and unloading. The main 
benefit in human-robot-collaboration lies in the fast and 
convenient system adaptation to new requirements and 
fenceless operation. Despite the evident benefits, particular 
attention must be paid to the extensive risk assessment, 
especially regarding the force and pressure measurements 
defined in ISO/TS 15066. Thereby, the compliance to body-
region-specific biomechanical threshold values of the robot’s 
movements relative to the velocity must be verified, delivering 
the actual cycle times. Since a prototypical cell is required to 
conduct these tests, the project must already be well-advanced 
for validating the targeted operating times. However, for 
economic considerations, a preliminary database of realistic 
velocities and, therefore, cycle times would be beneficial to 
approximate the return on investment (ROI) of an automation 
project upfront. This is also relevant for alternative investment 
considerations, such as industrial robots or linear systems. 
Currently, end-users and system integrators have only the ISO/ 
TS 15066 as a guideline, which provides equations to calculate 
the allowed collaborative speed for the transient contact case. 
Alternatively, the standard proposes the option to execute 
respective force and pressure measurements. Modeling the 
system parameters that influence the velocity result and 
demonstrated risk assessment studies are lacking and do not 
meet the expectation of new cobot users. 

This study aims to derive more insights on maximum 
allowable collaborative speeds (MACS) of cobots. Two typical 
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risk cases with different collision angles of rotary workpieces 
were evaluated in detail, considering the influence of different 
sensor sensitivity settings and operating speeds on the force and 
pressure distribution. The results enable the planner to estimate 
the maximum allowed collaborative speed based on practical 
empirical data. Comparisons to the equations, as provided by 
the standards body, reveal research potentials for the future. 

For the conduction of this study, a selected collaborative 
robot model has been used. Other cobots are welcomed to 
replicate this test setup and adapt the proposed measurement 
process and research method to contribute to this empirical 
database. In the future, exemplary velocity values for selected 
robots can serve as assistance to facilitate the planning and risk 
assessment process. 

In this paper, we contribute to fundamental research in terms 
of influencing factors on the allowed collaborative speed in 
transient contact cases with a strong emphasis on 
biomechanical threshold values and respective forces and 
pressures. 

II. THEORY 
References [1]-[5] give a general overview of safety aspects 

and concepts. Contact cases between human and robot are 
subdivided into quasi-static and transient ones. While the first 
type occurs in clamping situations in which continuously 
increasing weight is partially compensated by elastic 
deformation, the collision object maneuvers in the resultant 
direction from the impact in the second category. To avoid 
injuries of the operator, biomechanical threshold values for 
various body parts were defined based on human subject 
research. Empirical studies derived body-part-specific pain 
entrance levels that were transferred to ISO/TS 15066 [6]. In 
[7], several studies are presented with the purpose to refine and 
expand these values. To conduct a risk assessment for 
collaborative work cells, the whole system consisting of robot, 
gripper, and workpiece is critically assessed regarding potential 
contact cases. Since standards demand rounded edges of 
collaborative robot and gripper's outer contours, the critical 
system is usually the workpiece. Besides the physical robot 
system, the working environment and programmed robot paths 
must be included. The identified worst-case scenarios must be 
measured using either a prototypic or the actual commissioned 
cell. Therefore, designated measurement devices from different 
manufacturers are available, which enable the safety engineer 
to determine the occurring forces and pressures of a selected 
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contact situation. An integrated load cell measures the collision 
forces and delivers the time-dependent force applied to a 
respective software that generates a force graph over time. For 
pressure measurements, pressure indicating films in different 
resolutions are placed on top of the device. During the collision 
event, small air bubbles burst and discolor the film relative to 
the intensity. A scanner with respective software digitizes and 
visualizes the results. Besides the actual device, damping 
materials (K1) and a spring (K2) are used that simulate the 
single body parts by combination.  

Since the current risk assessment procedure requires 
measurement of a specific situation, upfront determination of 
compliant velocities is not feasible. Adaptive safety systems 
that can adjust to dynamic environments (i.e., workpiece 
change), as presented in [8], would require a thorough 
understanding of influencing factors and the robot system 
behavior. In the following, different scientific approaches to 
analyze quasi-static and transient contact cases are summarized.  

In [9], a three-dimensional map is presented that illustrates 
the collision forces relative to the robot’s working space. Based 
on empirical measurements with the cobots UR10e and KUKA 
LBR Iiwa with the last robot joint, the influence of robot pose, 
distance, and velocity have been investigated. Reference [10] 
analyzed crash tests with different industrial robots considering 
the robot mass, velocity, and singularity forces during 
clamping. In [11], the power flux density is introduced as a 
factor by incorporating transferred energy and area, as well as 
contact duration. Furthermore, various influencing factors have 
been tested on the proposed rapid contact model. To reduce 
collision forces of the robot tool and the attached workpiece, a 
robotic airbag has been developed in [12] that has been 
evaluated regarding its effectiveness in empirical crash test 
dummy tests. Reference [13] introduces a multi-phase collision 
event procedure, which enables collision characterization and 
classification based on the force's direction and intensity as well 
as occurrence, severity, and duration. Models to calculate quasi-
static forces were developed in [14], [15]. Virtual force sensors 
and simulations were presented in [16], [17]. 

III. MATERIALS AND METHODS 

A. Risk Assessment and Experimental Setup 
Within a preliminary risk assessment for lathe machine 

tending applications, a transient contact case has been derived 
from the movement sequence illustrated in Fig. 1. During this 
operation, the robot moves from the machine’s door 
(transparent) to the material position (opaque). If the worker is 
operating the machine or restacking workpieces, a collision 
with the hand can be anticipated. Therefore, the biomechanical 
threshold values of the back of the hand (non-dominant side, 
ND) are used for the further procedure. In the illustration, a 
double gripper can be seen, which is dominantly used in 
machine tending. For simplification reasons, this paper deals 
with single grippers. For comprehensive results, future research 
can analyze the influence of the gripper installation angle. 

For this empirical study, a Yaskawa HC10DT IP67 
collaborative robot with the software version 

YAS4.12.01A(EN/DE)-00 was used, which is installed on a 
robot pedestal. A metal base plate, where both the pedestal and 
a rigid frame were mounted upon, served as a solid structure. 
On top of the rigid frame, an adapter plate has been attached on 
which a guide rail was installed. Force and pressure were 
measured using the PILZ collision measurement set PRMS for 
collaborative robots following the specifications of ISO/TS 
15066.  

 
 

 
Fig. 1 Transient Contact Case 

 

 
Fig. 2 Experimental Setup: 1 – Measurement Setup, 2 – Rigid Frame, 
3 – Robot, 4 – Robot Pedestal, 5 – Base, 6 – Adapter plate, 7 – Guide 
rail, 8 – Rail carrier, 9 – Holding construction, 10 – Adapter plate for 
measurement device and locating bolt, 11 – Measurement device, 12 

– Weight plates 

B. Considered Influencing Factors 
To understand the most critical influences on the 

measurement results, a list of potential factors with a criteria 
catalog for rotary workpieces has been developed in prior 
research [18]. This information builds the basis for 
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measurement planning and execution. Figure 3 gives an 
overview of influencing factors, classified by the 5M's machine, 
method, material, (hu)man, and measurement. On this general 
basis, those factors have been specified with respective 
characteristics, which are summarized in Table I. 

 

 
Fig. 3 Influencing Factors on the Collaborative Operating Speed 
 

TABLE I 
INFLUENCING FACTORS ON THE COLLABORATIVE OPERATING SPEED 

5 M’s Criteria Characteristics 
Machine Force Limit 140 N, 130 N, 100 N, 50 N
Machine Software Version YAS4.12.01A(EN/DE)-00 

Machine Measured Feature Individual 
Method Collision Case Transient 
Method Contact Case Frontal, Lateral 

(Hu)man Allowed Pressure/ Force P: 380 N/cm2/ F: 280 N 
Measurement Damping Material K1 Shore A 70 
Measurement Spring K2 75 N/mm 
Measurement Thickness 7 mm 

Material Diameter 20 mm 
Material Length 230 mm 
Material Material Steel 
Material Weight 6.041 kg 

C. Experimental Design 
In order to emulate the body regions’ specific physical 

characteristics, technical drawings of a suitable measurement 
device were provided by the Fraunhofer Institute IFF, resulting 
from their latest research. It is designed for adjustment to the 
considered body regions’ mass as defined in ISO/TS 15066 by 
adding appropriate weight plates if needed. In case of the hand 
region (m = 0.6 kg) this is not required, since the whole setup 
already weighs 3.8 kg, which can be considered as reality 
mismatching. We note that a setup design at 0.6 kg is not 
realistic due to the own weight of the measurement device and 
required stability to ensure replicable results. In future research, 
a conversion factor must be determined to deduce more realistic 
measurement results. According to [6] and [18], a spring with k 
= 75 N/mm, black silicone damping material with shore A 70 
hardness, and a thickness of 7 mm must be used for the 
measurement device to match the back of the hand ND. 

In the PRMS manual, three force measurements per series 
are recommended to counterbalance the device’s inaccuracy. 
However, for this research, 10 measurement runs have been 
executed to provide scientific and statistically valid results. By 
excluding the maximum and minimum values (outliers), the 
eight remaining values were averaged for comparison to the 
defined biomechanical threshold values. Humidity and room 
temperature for the tests were measured at 60% and 21 °C on 
average, meeting the pressure-sensitive foils’ limiting 
conditions of 35-80% humidity and a temperature range from 
17 °C to 38 °C. To guarantee optimal foil development, a 
waiting time between pressure measurement and registry of at 
least 30 minutes has been adhered to. 

To simulate a realistic collision with a workpiece, a steel 
shaft has been designed for simplification that matches the 
length and mass characteristics (d = 110 mm, l = 230 mm, m = 
6.041 kg) of an industrial gripper with a small chuck part. For 
the collision itself, two different realistic cases have been 
derived from the beforementioned motion sequence: 1) plane 
contact with a round surface and 2) edge contact. Prior 
measurement studies on the diameter-dependent pressure 
impact from 110 mm to 20 mm show that 20 mm are critical. 
Therefore, the workpiece’s surface has been turned to 20 mm 
in diameter to match these characteristics. In the second case, 
the robot was tilted by 45° while maintaining the same collision 
position. To determine the MACS, velocities are iteratively 
adjusted with a predefined scaling until one value exceeds the 
thresholds. The last compliant speed is the MACS. For the 
plane contact, a granularity of 1 mm/s is used since force is the 
dominant metric. However, for the edge contact, the scaling has 
been increased to 10 mm/s to reduce the measurement effort of 
scanning the single pressure-sensitive foils. For valid 
measurements of both cases, the distance between the initial 
position and the final position must be sufficiently high to 
ensure that the robot achieves the programmed operating speed. 
Also, the final position must be located at a fair distance behind 
the collision point to prevent the robot from decelerating before 
the impact. Tool data were configured, and torque sensors were 
calibrated regularly to ensure consistent measurement quality.  

By selecting different sensor sensitivities (adjustable in the 
safety controller with force limits in N), robot-dependent 
factors have been covered. For this study, the values 140 N, 130 
N, 100 N and 50 N were used.  

IV. RESULTS 

A. Test on Plane Transient Contact 
According to ISO/TS 15066, the MACS can be calculated 

with the beforementioned equations. To analyze the difference 
between theoretic and practical considerations, exemplary 
measurements were executed. Therefore, the guide rail setup is 
mounted on the middle position of the frame and the 
measurement device is positioned at the end of the mechanical 
stop. For the exact speed setting, a linear robot movement is 
used. At first, the contact situation is theoretically investigated. 
Secondly, those values are compared to the actual measurement 
results. The following information serves as input values: 

Sensor 
Sensitivity 

Machine Method 

Collision  
Case 

Contact 
Case 

Measured 
feature 

Weight 

Diameter 
Length 

Material 

Material 

(Hu)Man 

Body Region 

Measurement 

Spring 
Thickness 

Damping 
Material 
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	0,49	 	 	0,49	 	                            (1) 
 0,6	 ; 	 58	 ; 	 6,041	 ; 	 0,02    (2) 
 280	 ; 	 75.000	 ; 	 2.800.000	      (3) 
 

Based on this information, the MACS of the transient plane 
contact case is calculated using either energy, maximum 
permissible force, or maximum permissible pressure as a 
dominant criterion: 

 	 6,041	 	 	35,041	              (4) 
 

, 	 , 	 0,61045	   (5) 
 

Energy-based calculations: 
 

 ; 	 , 	∗	 , 	 	∗	 	, 	 1,267	    (6) 

 
Force-based calculations: 

 

, 	 	∗	 . 	 1,3085              (7) 

 
Pressure-based calculations: 

 	 	 ∗ ∗ 0,02	 3,142 ∗ 10 	              (8) 
 

, ∗ . . 	∗ , ∗, 	∗	 . 	 4,111      (9) 

 
Depending on the used reference basis, different speed 

values are calculated. Overall, the MACS exceed the maximum 
linear speed of the cobot of 1 m/s. While the energy- and force-
based calculations lead to nearly similar results of about 1.3 
m/s, the pressure-based result is nearly three times higher. 
Consequently, the forces and energies are the limiting factors, 
while pressure could be enormously increased. 

The practical results deliver a much slower MACS of 645 
mm/s to 647 mm/s. This deviation can be traced back to the 
experiment design regarding the weight of the measurement 
setup and friction effects of the guide rail, and the used values 
for the calculation. Due to the mass deviation between actual 
hand mass and measurement setup, the recoiling mass is much 
higher, which distorts the result.  

For calculation, a robot mass of 58 kg was assumed, which 
included the whole robot, while ISO/TS 15066 describes the 
mass of moving robot elements. Furthermore, it is interesting to 
see that the sensor sensitivity does not affect the results. Due to 
the high contact energies, the robot stops immediately at the 
collision moment. In contrast to the quasi-static measurements, 
where the device is mounted firmly on the frame, the rail moves 
after the collision in the transient case. Therefore, the sensitivity 

takes no effect. For this experiment, measurements with a 50 N 
force limit setting were not possible, since the torque sensors 
were triggered by the robot’s acceleration due to the high 
sensitivity, leading to a secure stop of the robot. 

B. Test on Edge Transient Contact 
Calculations based on maximum permissible force and 

energy yield the same result as specified in Subsection A. 
Therefore, only the calculations based on allowable pressures 
lead to different results since the size of the collision surface is 
significantly smaller in this case. The collision area can be 
simplified assumed as a rectangle. 

 	 	0,002 ∗ 0,010 2 ∗ 10 	          (10) 
 

, ∗ . . 	∗	 ∗, 	∗	 . 	 0,266       (11) 

 
Due to the small collision surface, pressure is the dominant 

criterion. For the whole sensor sensitivity area, an equal MACS 
of 80 mm/s has been identified. According to the theoretical 
calculations, the force is the restrictive factor, while the 
pressure could be highly increased. The practical 
measurements, however, show the opposite. Figure 4 illustrates 
the occurring forces and pressures at 80 mm/s (dotted) and 90 
mm/s (full) operating speed relative to the threshold values. 
Forces are strongly undercutting the allowed values for both 
velocities. On the other side, pressures are very close to the 
threshold at a speed of 80 mm/s but exceed those limits at 90 
mm/s. Irregularities in the pressure results can be traced back to 
the inaccuracy of the pressure-sensitive foils. Therefore, the 
slightly exceeding pressure value at 130 N can be considered as 
within the tolerance.  

 

 
Fig. 4 Occurring Forces for Transient Edge Case at 80 mm/s (dotted) 

and 90 mm/s (full) operating speeds 
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Fig. 5 Occurring Pressures for Transient Edge Case for 80 mm/s 

(dotted) and 90 mm/s (full) 
 

Figure 6 shows an exemplary pressure distribution within the 
allowed specifications. 

 

 
Fig. 6 Exemplary Pressure Distribution for Transient Edge Contact  

V. CONCLUSIONS 
In this paper the influence of the contact surface in transient 

contact cases have been analyzed by comparing measurements 
with a 20 mm diameter plane and an edge case. As body region, 
the back of the hand ND was assumed within the risk 
assessment, that could collide during a robot movement from 
the machine’s door to a material deposit position. For 
theoretical backup, the equations defined in ISO/TS 15066 were 
used to calculate the maximum allowed speeds. It has been 
demonstrated that the calculated maximum velocity highly 

deviates depending on the utilized metric. Comparisons to the 
actual measured results show high differences of approximately 
0.62 m/s to 3.47 m/s for the plane contact and 0.19 m/s to 1.23 
m/s for the edge contact, depending on the reference basis. 
Especially the pressure distribution estimation seems to lack 
precision. Measurement deviations can be traced back to 
inaccuracies of the setup and the measurement procedure, 
especially the pressure-sensitive foils.  

Since the robot safely stops immediately, the sensor 
sensitivity minimally influences the results. Measurements with 
a force limit of 50 N showed difficulties to perform due to self-
triggering of the robot sensors at high velocities. 

This research is limited to the selected robot model and 
cannot be transferred to other collaborative robots. In the future, 
similar tests with other models can help to build up a database 
of the maximum allowed collaborative speeds under 
consideration of different influencing factors. On the safety 
engineering side, such a tool would facilitate the risk 
assessment effort and reduce certification time and cost on the 
economic side. The investment reliability can be increased due 
to the exact determination of allowed robot velocities and, 
therefore, cycle times. For the robot planner and end-user, such 
a database supports performance transparency of different robot 
products and the cycle time-based selection of the most 
profitable robot. Lastly, robot manufacturers can follow up on 
these data to improve the utilized sensor technology's 
performance.  

Future research could focus on the influence of double 
gripper utilization, a conversion factor to counterbalance the 
mass deviation between theoretical hand mass and the 
measurement setup as well as protective effects of different 
damping materials. 
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