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Abstract: In the safety technology of collaborative robots, standards differentiate between
various collision types, the identification and differentiation of which are essential for en-
suring safe operation. The objective of this paper is to develop and test a mechanism ac-
tuated by artificial muscle to examine the detection of these profiles in different collision
scenarios. The ISO 15066 standard distinguishes between two types of collisions: quasi-
static and transient. Using a simplified model, experiments were conducted to evaluate
whether sensors could identify collision types accurately. The results demonstrate the fea-
sibility of identifying collision types through sensor data. The findings have the potential
to enhance the safety of collaborative robots.

Keywords: collaborative robot; safety technology; artificial muscle; collision types;
sensing technology

1. Introduction

This work addresses the question of whether a mechanical collision image can be
obtained for a pneumatic artificial muscle (PAM) mechanism using different sensors. As
shown in Figure 1, the ISO 15066 standard distinguishes between two types of impact.
One is quasi-static collision and other is the transient collision [1].
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Figure 1. Quasi-static and transient contact.

For the safety of collaborative robots, it is particularly important to investigate dif-
ferent collision types due to the potential interaction with humans [2].
The ISO 15066 standard defines two types of possible contact:

e Quasi-static contact: “This includes clamping or crushing situations in which a per-
son’s body part is trapped between a moving part of the robot system and another
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fixed or moving part of the work cell. In such a situation, the robot system would
apply a pressure or force to the trapped body part for an extended time interval until
the condition can be alleviated [1].”

e  Transient contact: “This is also referred to as “dynamic impact” and describes a situ-
ation in which a person’s body part is impacted by a moving part of the robot system
and can recoil or retract from 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 inertia of the robot, the inertia of the person’s
body part, and the relative speed of the two [1]”.

Collaborative robots that support force- and power-limiting operations provide
means to configure limiting thresholds such as forces, torques, velocities, momentum, me-
chanical power, axis ranges, and space ranges. To reduce the risks associated with transi-
ent contact, the speed of moving parts should be limited, and the physical characteristics
of moving parts that could come into contact with the operator should be appropriately
designed. To reduce the risk of quasi-static contact, speed limits and physical characteris-
tics are similarly important, supplemented by design measures to prevent entrapment of
the operator or body parts [1].

If a robot’s motion has a risk of clamping or pinning a body part between the robot
and another object in the cell, the robot’s speed must be limited to comply with protective
thresholds for the affected body area, as illustrated in Figure 2 [1].

As shown in Figure 2, different collision types are defined in the standard for collab-
orative robotics [3]. These are quasi-static and transient collisions, as defined above. The
two types have different limits, the “transient limit” is less strict over a short time in terms
of force or pressure amplitude and the “quasi-static limit” is more strict over a long time
in terms of force or pressure amplitude. The fundamental difference between the two col-
lision types is the time course of the force signals. A quasi-static collision results in a
slower collision while a transient collision results in a faster “punch-like” intensity and
subsequent decay [2]. However, for transient collisions with higher allowable force or
pressure, the force or pressure must fall back below the quasi-static limit within 0.5 sec-
onds of time as defined by the standard in [1].

Transient limit

Unacceptable|region for force or pressure

Quasi-Static limit

Force or Pressure

Acceptable|region for force or pressure

05s
Time

Figure 2. Graphical representation of acceptable and unacceptable forces or pressures.

These collaborative robots can be driven by different mechanisms [4]. The traditional
electric servo drive is the most popular [4]. We can see a solution for a robot with a rotating
work cylinder in [5]. There is a more limited but growing segment of the market for soft-
actor mechanisms [6]. There are also many examples of mechanisms using PAMs [7].
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A PAM, Figure 3, is a soft actuator that operates with compressed down-air similar to
a reciprocating cylinder, but artificial muscles differ from reciprocating cylinders in that
they have no internal moving parts and are typically lighter and simpler in construction [8].

Figure 3. Pneumatic artificial muscle (PAM).

There has been research in a number of areas to see how different types of detection
help to determine the fact of a collision [9]. The most common sensing method is to test
for changes in position and motor current [10]. Based on the current draw of the robot’s
motors, the robot can detect when it hits an obstacle because the current draw changes
sharply in the event of a collision. In addition, we can also see solutions for detection with
vision systems where one or more cameras can determine the spatial position of the
worker and the robot and even the fact of a collision [11]. Furthermore, there is a solution
called the so-called “smart skin”, where the proximity of a person is detected by an induc-
tive and capacitive sensor. The electric field reflects the physical distance of the object; the
sensing area could be 0-24 mm around the skin [12]. Vibration detection is also an effec-
tive way to detect collisions. Vibration analysis enables robots to detect collisions in their
environment, thus improving the safety of human-robot interaction [13].

However, one of the most effective ways to determine the impact profile is to imple-
ment force measurement [14].

A possible alternative to force measurement could be the so-called force-sensitive
resistor, which allows the analysis of the given force conditions at the point of measure-
ment [15]. These sensors also have the advantage that they can be applied not only on
horizontal surfaces but also on curved or irregular surfaces due to their flexibility [16]. It
is argued that the use of sensor fusion solutions to determine different collision images
can improve the safety engineering of collaborative robots.

With respect to the above, the aim of this paper is to perform measurements on a
simplified model where it is possible to determine the collision image with different types
of sensors, which can later be used as a basis for the design of more complex devices, such
as safety reactions for soft actuator-driven robots.

2. Materials and Methods

The main goal was to build the simplest possible pneumatic artificial mechanism
model where one can model each collision scenario and evaluate it with the appropriate
sensor data. When constructing and planning the system, efforts were made to keep it
low-cost, and the availability of parts was also taken into account.

The simplified model was designed with the main objective of demonstrating, on the
simplest mechanics operated with PAM, what methods might be suitable for determining
the collision image. Further considerations in the design of the system were to be cost-
effective and simple to implement. The system consists of a pneumatic circuit and sensors
connected to it, and their electrical control circuit.
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2.1. Physical Implementation

The overall pneumatic system is simple in design, as illustrated in Figure 4, starting
with an air preparation unit set at a constant pressure of 0.6 MPa.

ST TN, ST NI

Figure 4. Pneumatic diagram: 1. air preparation unit; 2. artificial muscle: Festo MAS-10-40N-AA; 3.
cylinder: Hafner PLF32; 4. proportional valve: AVENTIC Series ED02.

The target object of the measurements is the PAM, which is a 250 mm-long PAM of
the type “Festo MAS-10-40N-AA”. It is capable of 25% total contraction at a pressure of
0.8 MPa. The PAM is mounted on a 32 mm diameter working cylinder with a piston rod,
type “Hafner PLF32”, which is able to provide the necessary back-pressure force and to
simulate the standing load for the measurements. These two pneumatic units are con-
trolled by 1-1 proportional valve “AVENTICS™ Series ED02”.

The measurements performed have two main focuses: One is whether each sensor
can be used to determine whether a collision is quasi-static or transient. The other is which
sensor can be used to determine the image of the collision. The precision force cell “S9M/1
kN” is mounted in front of the PAM by means of a ball joint. The next sensor is a “Rexroth
SM6-AL” analogue distance measuring sensor mounted on a cylinder, which helps to de-
termine the degree of contraction of the artificial muscle through the position of the cylin-
der piston. The third sensor is a “Festo SPTE-571484" analogue pressure transducer. The
force sensitive resistor “Legact FSR RP-C18,3-LT” is used to directly detect the impact.

Figure 5 shows the experimental setup designed for analysing collision types. The
figure illustrates the integration of a PAM and its connection to the supporting compo-
nents, enabling the simulation of both quasi-static and transient collisions. The setup in-
cludes a linear motion mechanism for controlled impact generation and precise measure-
ment of collision forces. This configuration allows for detailed evaluation of sensor per-
formance in detecting and distinguishing collision types, ensuring accurate data collection
and analysis. The measurement is performed with the point of collision marked in red.
The object impacted by the mechanism can be fixed or positioned to allow movement,
simulating whether the collision type is quasi-static or transient.
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Figure 5. Experimental setup for collision type analysis using PAM.

Figure 6 shows pictures of the completed measurement system. To test the sensors
and to perform a large number of measurements, a clampable steel cylinder was selected,
weighing 600 g and designed to be rigidly clamped and freely movable as required, as
shown in Figure 6a,b.

(a) (b)

Figure 6. Measurement system: (a) picture of assembled measurement system; (b) collision surface

with sensor.

2.2. Control System

The control core is an NI myRIO-1900 controller. This unit has a triple role. This unit
is responsible for processing/converting the incoming signals and controls the propor-
tional valves via the outputs, and also stores and sends the data to the PC. The system
voltage interfaces are implemented with a laboratory power supply and simple circuit
elements. Figure 7 illustrates the inputs and outputs of the system.

Inputs ! ! Outputs

A

Position sensor H
Data

| Proportional valve 1

X v J’

Pressure sensor >
Precision l

Load cell |ndus}rla| Proportional valve 1
amplifier
Force sensitive resistor > Vo]t_age
devider

Figure 7. Input/output diagram.
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The control software was developed in the LabVIEW (NI Labview 2019) programming
environment and its structure is illustrated in Figure 8. The control is designed to save a pre-
set data length when the moment of impact is detected. The necessary control and display
elements are divided into four main parts in the figure. The first part of the control interface
contains the sensor data, a stopping sphere, and a bar representing the position of the work-
ing cylinder. In the second part, the slider in yellow allows the preload to be set in MPa and
the preload value to be returned in N. The blue bar is used to adjust the PAM pressure in
MPA. As previously indicated the maximum pressure of the system is set to 0,6 MPa, so the
tests were performed at this pressure value. In the section marked with 3, the graphical rep-
resentation can be seen through diagrams and various visualisation elements. In the section
marked with 4, we find the trigger point setting variable; as mentioned earlier, this is the
stress value that, when measured on the force-resistive sensor, indicates the start of the
measurement, i.e., the moment of impact. The other variable is used to set the sampling rate,
which at the current setting corresponds to a sampling rate of 10 ms.
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Figure 8. LabVIEW user interface.

2.3. Theoretical Background

The PAM-based mechanism provided a simple and efficient tool for simulating and
testing different collision scenarios. During the test, fir key parameters of the system, such
as the sensed force on the cell and the force-sensitive resistor, both pressure and distance
were measured and evaluated using mathematical methods.

The force-time characteristics of a quasi-static collision can be described by the fol-
lowing mathematical formula:

Frax if0<t<tyux
RO = Com M
Fmax'<1_ )lftmax<tStmax+td

d

where F;: quasi-static collision force; F,4: collision force maximum; tp,,y: time to peak of
force; and t;: the damping period.
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During a transient collision, the force is characterised by an exponential decrease:

Ft(t) = Fmax : e_% (2)

where F;: transient collision force; 7: the time constant of the collision, which characterises
the speed.
The force output of a PAM is described by the following formula [17]:

Foay=P-A-(a-(1— e-k)*>— b) 3)

where Fpyy: force generated by the muscle; P: internal pressure (Pa); A: useful cross-
measures of the muscle; ¢: effective surface area; k: contraction; a and b: estimated PAM-
specific constants.

Furthermore, an important context for the analysis of the data obtained is the calcu-
lation of the simplified Pearson coefficient [18]:

o n(Exy) — () - (Xy)
JOZx? — (E02) - (nXy? — Ty)?)

where x and y: variables to be compared; n: number of data points.

(4)

2.4. Measurement Method

In order to carry out the measurements, the scenarios shown in Table 1 below were
defined.

Table 1. Measurement scenarios with preload.

No. Static Collision Transient Collision
1 0N 0N
2 10N 10N
3 50 N 50 N
4 150 N 150 N
5 200 N 200 N

The quasi-static collision scenario means that the metal cylinder was fixed in the sys-
tem and that is how the collision occurred. In contrast, in a transient collision, the system
has the possibility to move/push the rod.

All measurements were taken at the moment of impact, helping a later development to
relate the response to the detection. For the quasi-static collision type, 10 measurements were
taken in each scenario, and for the transient collision type, 10 measurements were taken in
each scenario. The measurements were taken with a sampling time of 10 ms and a duration of
1 s. The values of each of the four sensors were stored separately to facilitate analysis.

3. Results

All measurement results for each scenario are summarised in a table. The average of
these measurements is summarised in the following charts.

The position sensor data are shown in Figure 9. By comparing the transient and static
cases, we can see that the difference between the two collision types is clearly visible. In
the static case, the position varies in a small range due to the preload stretching the PAM
and thus the magnitude of the distance travelled varies proportionally. In the transient
case, the system can travel almost the entire distance.

One value I would like to highlight, in both cases, is the value measured at 200 N
preload. In this case, the PAM can hardly move/accelerate from this stretched state. This
will also be true for the measurements of the other sensors.
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Overall, however, it can be seen from the results that when approaching a limit stop,
it is not possible to stall only due to position based on the type of collision, as the values

are steady in the transient case.

Transient - Position
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Figure 9. Position measurement results. (a) PAM contraction/time diagram for transient collision;
(b) PAM contraction/time diagram for static collision.

Figure 10 illustrates the pressure change in the artificial muscle over the duration of
the collision. It is easy to see that there is no significant difference in the pressure value in
the artificial muscle between the collision cases. By examining the pressure at this pressure
and over this range, all that is obtained is that the system has reached the set value of 0.6

MPa in all cases.
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Figure 10. Pressure measurement results. (a) PAM pressure change/time diagram for transient col-

lision; (b) PAM pressure change/time diagram for static collision.
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Figure 11 illustrates the variation in the force cell values over time. Here, the two
types of collision are clearly visible. Since the measurement starts at the moment of colli-
sion, we can see that in the transient case, the steady state is already measured on the cell
and the preloads are nicely plotted. In the static case, the increasing force lines are nicely

drawn.
Transient - Load cell Static - Load cell
400 500
— 300 _ 400 e
= £ 300
B 20 ® 200
© ©
- s o 100
0 0
- 00 N N O O M NN S 1+ 00N NN 0 N N O O MW MN S 100N N O
O oo oo oo ©O 0o oo oo oo ooo oo O oo oo oo
Time [s] Time [s]
e==Tran. without Load =====Tran. with Load 10N e Static without Load === Static with Load 10N
Tran. with Load 50N Tran. with Load 150N Static with Load 50N Static with Load 150N
== Tran. with Load 200N == Static with Load 200N

(a) (b)

Figure 11. Measurement results of a load cell. (a) PAM force-time diagram for transient collision;

(b) PAM force-time diagram for static collision.

Figure 12 illustrates the change in the sensitive sensor’s time response to force at the
collision boundary. Observing the results, what can be pointed out at first glance is that
due to the lower forces, the voltage values read from the diagram are lower for transient
collisions between 0 and 1.2 V, and even in the static case the result goes towards 3 V. The
next thing that is clearly visible is that at a load of 150 N the signal loses its linearity, which
is due to the fact that the preload causes the contraction to lose speed, so the cylinder may
not be pushed off immediately, but just thrown off balance, and in turn slams back onto
the sensor surface. At a load of 200 N, the signal does not lose its linearity because the
PAM reaches a near-maximum contraction state. This limits further movement, thereby
reducing dynamic effects such as overshoot or rebound. As a result, the system operates
closer to a quasi-static state, where the preload force dominates.
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Figure 12. Force-sensitive resistor measurement results. (a) PAM voltage—time diagram for transient

collision; (b) PAM voltage-time diagram for static collision.

A correlation study between the load cell and force-sensitive values is worthwhile,

as the latter can be a much more cost-effective solution than a precision force-measuring

cell. The correlation between the values of the two sensors is shown in Table 2.

Table 2. Pearson correlation values between load cell and force-sensitive resistor values.

Preload

Static Correlation Transient Correlation

0N

10N
50N
150 N
200 N

0.974038 0.107883
0.971619 0.460071
0.948798 0.263943
0.926691 0.363808
-0.06596 -0.0293

Table 2 shows that in the case of a static collision, the values show high linearity, and

there is even more correlation in the case of a transient collision. At high loads, no linear

correlation between the values can be interpreted.

The cost-effectiveness of the system was primarily achieved using a force-sensitive

resistor instead of traditional precision force-measuring cells. Force-sensitive resistors are

significantly less expensive, with costs up to an order of magnitude lower, while still

providing sufficient accuracy for the intended collision type differentiation.

4. Discussion

The results show that the differential analysis of quasi-static and transient collisions

can be accurately performed in a PAM-based system. This approach is particularly rele-

vant for safety engineering of collaborative robots.

The experiments successfully demonstrated the capability of PAM-based systems to

distinguish between quasi-static and transient collisions. The findings validate the poten-

tial of PAM mechanisms with a force-sensitive resistor as cost-effective and efficient alter-

natives for collision detection and safety enhancement in collaborative robotics.

Furthermore, the use of a simplified model allowed for a clear demonstration of the

feasibility of various sensors in identifying collision types.
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Among these, the force-sensitive resistor sensor showed promise as a cost-efficient
alternative to precision force-measuring cells. Force sensitive resistors are significantly
less expensive, with costs up to an order of magnitude lower, while still providing suffi-
cient accuracy for the intended collision type differentiation.

The results also highlight the importance of understanding the impact of preload
conditions on collision profiles. At higher preloads, the limited movement of the PAM
affected the accuracy of the collision type classification. This emphasizes the need for fur-
ther investigations under dynamic and real-world conditions, such as varying impact sur-
faces and additional sensor variations, to enhance the robustness of the proposed system.
At high preloads, the PAM's ability to move was limited, which affected the accuracy of
the impact profiles.

The correlation analysis between force sensors and force-sensitive resistor sensors
has highlighted that more cost-effective force-sensitive resistor sensors may be a suitable
alternative to precision force-sensing cells in some cases.

The current studies were performed under fixed conditions; further analysis of more
dynamic or real application situations is needed, such as impact surface and testing of
additional sensor variations.

A safety response based on these indications can then be developed.

5. Conclusions

e  Tests have shown that PAM-based systems are not only able to detect collisions but
are also able to distinguish between collision types. This is essential for the safe op-
eration of collaborative robots.

e  Force-sensitive resistor sensors offer a cost-effective alternative to force measurement
cells, subject to certain limitations. However, a deeper understanding of the effects of
preload is essential.

e The results suggest the use of sensor solutions for the integration of PAM systems in
collaborative robotics applications, especially in environments where fast reactions
and human-robot interactions are of high importance.
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