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Abstract: In the context of Industry 5.0, human-robot collaboration (HRC) is increasingly
crucial for enabling safe and efficient operations in shared industrial workspaces. This
study aims to implement a hybrid robotic architecture based on the Speed and Separation
Monitoring (SSM) collaborative scenario defined in ISO/TS 15066. The system calculates
the minimum protective separation distance between the robot and the operators and
slows down or stops the robot according to the risk assessment computed in real time.
Compared to existing solutions, the approach prevents collisions and maximizes workcell
production by reducing the robot speed only when the calculated safety index indicates
an imminent risk of collision. The proposed distributed software architecture utilizes
the ROS2 framework, integrating three modules: (1) a fast and reliable human tracking
module based on the OptiTrack system that considerably reduces latency times or false
positives, (2) an intention estimation (IE) module, employing a linear Kalman filter (LKF)
to predict the operator’s next position and velocity, thus considering the current scenario
and not the worst case, and (3) a robot control module that computes the protective
separation distance and assesses the safety index by measuring the Euclidean distance
between operators and the robot. This module dynamically adjusts robot speed to maintain
safety while minimizing unnecessary slowdowns, ensuring the efficiency of collaborative
tasks. Experimental results demonstrate that the proposed system effectively balances
safety and speed, optimizing overall performance in human-robot collaborative industrial
environments, with significant improvements in productivity and reduced risk of accidents.

Keywords: collaborative robots; intention estimation; industrial robotics; Al-based decision-
making

1. Introduction
1.1. Context and Motivations

Collaborative robots (cobots) are poised to revolutionize manufacturing by working
alongside humans, interacting during shared tasks that combine human expertise with the
precision and repeatability of robotic automation. Industry 5.0 emphasizes the integration
of cobots into industrial workflows to increase productivity, safety, and operator well-being.

The research work is carried out within the framework of the DYNAMICA project [1],
which proposes novel robotized assembly paradigms for SMEs that aim to evaluate the
impact of cobots on production and human energy expenditure, facilitate the teaching
of new tasks, and define novel safety assessment strategies. This work focuses on the
third objective and addresses the challenge of balancing human safety specifications with
production requirements. While current state-of-the-art methods primarily focus on limited
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aspects such as human detection or just robot speed scaling strategies (see Section 3),
the proposed research introduces a comprehensive approach, which combines a robust
and reactive human tracking module (see Section 4), an intention estimation algorithm
(see Section 5), and a robot control module (see Section 6). The reactive perception setup
consists of a few retro-reflective markers worn by each human operator who moves in the
collaborative space, which are continuously identified by a reliable perception system. The
speed scaling algorithm is based on real-time risk assessment and adapts the robot speed
according to the actual behaviors of operators, so as to allow the robot speed to increase
during low-risk situations while reducing it during more hazardous situations. To do that,
the algorithm computes a minimum protective distance in real time, according to current
safety regulations (see Section 2) and factoring in the prediction of the operator’s intentions.
The proposed approach ensures operator safety while optimizing production efficiency,
aiming at improving industrial profitability in collaborative workcells. Furthermore, by
gradually adjusting the robot’s speed, the system also considers psychological factors,
ensuring comfort for operators, whether working alone or with robots. Finally, robust
experimental results demonstrate the applicability of the strategy, which improves the
overall performance of the HRC task for industrial environments (see Section 7).

1.2. Paper Contributions

This paper addresses solutions to balance safety specifications and production require-
ments in industrial HRC environments. Although there are several studies on this topic,
to the best of the authors” knowledge, few, if any, comprehensively tackle all the relevant
challenges or are specifically designed to align with production requirements, with the goal
of maximizing overall throughput. The main paper contributions are as follows:

*  The development of a reliable human detection strategy based on a robust and fast
perception system able to detect multiple workers in large workspaces (see Section 4);

¢  The definition of a simple and fast human-tracking pipeline that considers only the
points of the human body that are truly exposed to risk, avoiding complex software
architectures and data processing latency;

¢  The development of an intention estimation predictive technique through the real-time
estimation of human velocity based on a linear Kalman filter (see Section 5);

¢  The development of a smooth robot control system that performs a real-time risk anal-
ysis and, therefore, evaluates the actual danger of the scenario to appropriately adjust
the speed of the robot and avoid unnecessary slowdowns or stops (see Section 6).

In summary, the proposed strategy uses commercial devices, such as the OptiTrack
vision system, which can be easily adopted in real industrial applications. The software
architecture is based on existing methods integrated with new solutions to develop a
complete collaborative application. Furthermore, the system is flexible and easily applicable
in a lot of industrial contexts. The three modules presented work together to better predict
the operator’s intentions and prevent unnecessary slowdowns, adjusting the robot’s speed
only when an imminent risk is detected. The theoretical novelty lies in the interaction
between these modules, which optimizes both human safety and production time.

2. Safety Standards

The safety standards represent the preliminary starting point of the proposed method-
ology. In fact, the main focus of the robotic safety regulations is operators” safety during
industrial robotic tasks. The safety standards for these applications are laid out by the Inter-
national Organization for Standardization (ISO) 10218-1 [2], 10218-2 [3], and by the ISO/TS
15066 [4]. The research work implements a pre-collision scenario called SSM (Clause 5.5.4).
As expected by the definition of SSM described in ISO/TS 15066 Clause 5.5.4.1 [4], this
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collaborative scenario allows the robotic system and the operator to move simultaneously
in the collaborative workspace. Risk reduction is achieved by always maintaining at least
the protective separation distance, S, between the robot and the operator. During opera-
tions, the robotic system never approaches the operator beyond S. When the separation
distance between the robot and the operator, d, decreases to less than S, the robot stops.
When the operator moves away, the robot automatically resumes the task according to the
requirements of this clause while maintaining at least the protective separation distance.
When the robot system reduces its speed, S decreases accordingly.
The regulation provides additional information and further guidelines to compute S
(Clause 5.5.4.2.3):
S=vovygTl,+ovgTs+ovrTy +B+C+Z2;+ Z,, (1)

where the following definitions apply:

* vy represents the maximum speed of the operator and it is assumed as 2000 mm/s
with the option to use 1600 mm/s when S > 500 mm;

*  0g is the maximum robot speed;

¢ T, is the time required by the machine to respond to the operator’s presence;

. Ts represents the response time of the machine, which brings the robot to a safe,
controlled stop;

*  Bis the Euclidean distance traveled by the robot while braking;

*  (is the intrusion distance safety margin, which represents an additional distance,
based on the expected intrusion toward the critical zone prior to the actuation of the
protective equipment;

*  Z,is the operator position uncertainty (i.e., the sensor uncertainty);

*  Z,is the robot position uncertainty.

Note that Clause 5.5.4.2.1 specifies that S must be computed for all human operators
within the collaborative workspace. According to Clause 5.5.4.2.2, the maximum allowable
speeds, vy and vg, and the minimum protective separation distances, S, can be constant or
variable. For constant values, the maximum allowable speed must be determined through
risk assessment during the entire course of the application. For variable values, the speeds
must be continuously adjusted based on the relative human-robot speeds and distances.

3. Literature Review

In the literature, two types of collaborative scenarios are identified: post-collision and
pre-collision scenarios [5]. In the first case, the collision could be dangerous if the robot
limits are poorly defined or when the robot is equipped with sharp tools; moreover, any
collision stops the task execution, thus affecting production time. Several techniques have
been proposed to minimize the energy transmitted during the contact [6] by using robots
endowed with sensors for assessing force exchange when the impact occurs, e.g., force or
tactile sensors [7], or by using only proprioceptive measurements in the case of industrial
manipulators with closed control architecture [8]. However, industrial safety standards
prohibit the use of post-collision systems, as they involve physical impact between the robot
and the human operator before the machinery comes to a complete stop.

In contrast, a pre-collision approach uses exteroceptive sensors to detect the presence
of humans and prevent potential collisions before they occur. This paper presents a
novel strategy, which implements an SSM pre-collision scenario. The proposed strategy
complies with the most recent perspective of Industry 5.0, as described in [9], where HRC
enables seamless collaboration between humans and robots, with a focus on enhancing
worker safety and comfort. Indeed, this collaboration involves robots that are capable of
understanding human actions, responding to their intentions, and adapting their behavior
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accordingly. To address this, three modules have been developed and integrated, each one
proposing innovative technologies with respect to the state of the art: the human tracking
module, the intention estimation module, and the robot control module.

3.1. The Human Tracking Module

Human tracking task requires to robustly fuse several sensors with different physical
properties. For example, refs. [10,11] propose a novel CNN that processes images obtained
by an innovative multimodal vision system that merges depth and thermal data into a
single image. However, in the field of human—machine safety, the response time of safety
systems is a very important parameter. Unfortunately, the cited work is based on image
processing, which is a very computationally intensive operation; thus, the human tracking
response time is unsuitable for industrial collaborative applications. Similar sensor fusion
approaches are proposed in [12,13] where a data association approach is developed for
HRI, based on the covariance intersection, with the aim of increasing the robustness and
reliability of HRI. In this paper, however, the system classifies a very limited number of
human behaviors used to determine the movements of the robot; therefore, this approach
cannot be applied in a real-world environment due to the large set of natural behaviors
that human operators can attain during collaborative tasks. On the contrary, the human
tracking module described in Section 4 defines a human tracking pipeline that uses the
OptiTrack system, which is a gold standard in motion capture and tracking systems, to
consider only the points of the human body that are truly exposed to risk (e.g., hands and
head), avoiding both complex software architectures and the latency of data processing,
and false positives, which are not negligible in the applications mentioned above.

3.2. The Intention Estimation Module

Most systems developed by researchers for human-robot distance monitoring and
intention estimation are based on point cloud-based pipelines [14] or computer vision
systems [15]. The use of the OptiTrack system enables reliable and accurate detection of
retro-reflective markers, which are used to track the separation distance between each
human operator and the robot and are convenient for estimating any human behavior in a
very fast way. More in detail, approaches based on point clouds require extremely high
processing times: just think that a human cluster is on average represented by a cloud of
(minimum) 500 points, while the proposed strategy can also adopt just one marker. The
intention estimation module described in Section 5 considers only the points of the human
body that are truly exposed to risk, avoiding complex software architectures and data
processing latency. In addition, while standard SSM implementations are conservative
and retain the constant value of S (Equation (1)), which corresponds to the worst-case
application, the proposed intention estimation module executes a real-time evaluation
of human velocity, vy, based on an LKF with the aim of optimizing the S computation
according to the actual risky situation.

3.3. The Robot Control Module

The primary goal of the proposed robot control module is to reduce the robot’s pre-
programmed speed in response to a real and imminent collision risk with a human worker.
Achieving this objective is particularly challenging because human behavior is highly
variable and unpredictable, making it difficult to reliably foresee or react to potential inter-
actions. In the literature, a common approach uses reactive motion planning that modifies
the pre-programmed path to generate a new collision-free path [16,17]. Unfortunately, in
industrial environments, it is often required not to modify the robot’s pre-programmed
path because it can involve the violation of some of the production constraints. On the
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other hand, the research work [18] presents a general framework for computer-aided risk
assessment that uses a temporal logic language. It discusses the SSM method as a measure
for risk reduction, but the robot’s speed is reduced based on predefined thresholds for the
protective distance S. More in detail, the control logic uses a predefined warning zone
and a danger zone around the robot base and continuously monitors the proximity of
the operator: if the operator enters the warning zone, the speed of the robot becomes a
prevention default value; if the operator gets too close, entering the dangerous area, the
robot stops completely. The control module described in Section 6 develops a smooth
robot control system that performs real-time risk analysis and then evaluates the actual
danger of the scenario to adequately adjust the robot speed. The entire range from 0% to
100% of the robot speed override is considered, and not a limited number of predefined
thresholds, so as to avoid unnecessary slowdowns or stops, taking into account both safety
and production requirements.

4. Human Tracking Module
4.1. Experimental Setup Configuration

The experimental setup demonstrates the advantages of using the OptiTrack [19] vision
system for the workspace monitoring, i.e., a reduction of occlusions and false positive
detections. The use of a multi-camera setup, covering the entire workspace, ensures that
the human operators are tracked from multiple angles, significantly reducing the chances
of occlusion as the system can continue tracking through any visual obstruction by relying
on alternative camera views. The proactive nature of the system comes from its ability to
adjust tracking based on real-time data from multiple cameras, which helps avoid false
positive detections caused by partial occlusions or errors in individual camera views. In
cases of full occlusions, the system may experience temporary tracking loss, but once the
occlusion is cleared (e.g., the human moves out of the blocked area), the system quickly
re-establishes tracking. Figure 1 shows an image of the experimental setup, acquired by one
of the cameras. The laboratory environment is approximately 80 sqm large and simulates
a real industrial environment in which there may be multiple operators, multiple robots,
desks, and work equipment. The whole space is monitored by 12 cameras that use infrared
light to capture retro-reflective markers, also called rigid bodies (RB), as shown in the top left
of the image. It is here assumed that the part of the human body that is most representative
of the operator’s motion is the hand; therefore, rigid bodies are attached to operators’
gloves. The fundamental requirement for the OptiTrack system to be able to distinguish
one rigid body from another is the uniqueness of the number of markers and the relative
distances between them.

OptiTrack is considered the gold standard in motion capture and tracking systems
due to its high accuracy (0.2 mm), high frame rate (from 20 Hz up to 1000 Hz), reliability,
and versatility. Its advanced software, called Motive, enables easy integration with other
systems, making it a trusted solution for complex applications of advanced robotics in
collaborative robotic tasks for industrial, large spaces.

4.2. Networking Configuration

The diagram shown in Figure 2 represents how to network the necessary devices
together. A computer capable of running Motive 3.1.0 software is the slave PC and it is
connected to the 12 cameras through the OptiTrack switch to serve as the Motive PC. A
second computer running Ubuntu 20.04 is the master PC on which ROS2 executes the
software pipeline. It is connected to a router with an internet connection, separated from
the OptiTrack switch. The router connects a second Network Interface Card for the Motive
PC, the Ubuntu PC, and the UR5e robot controller through ethernet cables.
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Figure 1. Experimental setup of the collaborative workspace.
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Figure 2. Network configuration of the proposed hybrid architecture.

Motive offers multiple options to stream tracking data onto external applications in
real time. For the proposed architecture, tracking data were streamed in Live mode at
20 Hz through the NatNet SDK, which enables the construction of a custom client-server
application to stream captured data. In the field of human-machine cooperation, the
response time of safety systems is an important feature, so details are provided below. The
20 Hz rate refers to the frequency at which the OptiTrack system provides tracking data
to the robot. It is important to note that the frequency control of the robot used for the
experimental results (see Section 7) was 500 Hz. This means that the robot can adjust its
movements and react to control commands at a faster rate than the tracking data are being
updated. The combination of the robot control frequency rate and the vision data processing
rate impacts the robot’s ability to respond to speed adjustments and stop thresholds. Even
though the OptiTrack system’s frequency can be increased up to 1000 Hz, in the described
experiments, the minimum frequency of 20 Hz (comparable to the frequency used by other
vision systems, e.g., Intel RealSense) was used to highlight how smooth the system operates
even with the lowest configurable performance settings.
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4.3. System Calibration

The OptiTrack system needs two different calibration tools to ensure accurate motion
tracking and system alignment: the CW-500 tool and the CS-400 tool. Figure 3 shows the
calibration tool; each one is used for specific calibration purposes: the calibration with the
CW-500 is performed for environment identification, while the calibration with the CS-400
is mandatory for reference system definition.

The CW-500 tool is a calibration tool that is manually moved throughout the working
volume for wanding acquisition, as shown in Figure 3 left and center. This process allows
the Motive 3.1.0 software to dynamically gather the poses of the three retro-reflectors
attached to the tool from all the cameras. The captured data help the system to identify
the working environment by defining the tracking boundaries and optimizing the intrinsic
configurations of the cameras to ensure accurate coverage of the entire space. Reference [20]

details the calibration procedure that has been followed.

Figure 3. The CW-500 tool (left and center) and the CS-400 tool (right) used for OptiTrack calibration.

The CS-400 tool is a Custom Calibration Square used to define the reference frame
of the OptiTrack system, Tppt, against which each rigid body pose is accurately expressed.
For the proposed application, the tool was positioned on the edge of the robot workbench,
as shown in the Figure 3, on the right. This choice was made to calibrate the base frame
of the robot, Ty, intuitively and accurately with respect to Tpt, which provides sensory
vision data. In this way, the kinematic chain of the robot, contained in the URDF file that
simulates the environment in ROS2, is accurately connected to the reference frame of the
vision system, avoiding positioning errors of the rigid bodies. To do that, four markers
were positioned on the robot base; then, a rigid body was created including these markers
in order to obtain the transformation matrix Tgfste of the centroid of the rigid body itself.
Finally, the original OptiTrack drivers for ROS2 were edited in order to send to the Ubuntu
PC the tracked rigid bodies expressed in the Ty, reference system, i.e., Tﬁ”,’gsf .

4.4. Rigid Body Tracking

At this point, the last configuration step of the Motive 3.1.0 software is the definition
of the rigid bodies. The number of rigid bodies to be used for the application depends on
the number of gloves to be tracked. Assuming that a maximum of five human operators are
allowed to access the monitored work environment, ten rigid bodies should be prepared,
thus identified from the software for the first time and finally registered with an ID. The
strong advantage of this step is that, during the collaborative task, it is not mandatory
that all the registered rigid bodies are actually present in the scene: in case of absence, the
system simply will not acquire their pose. This means that the rigid body array that is sent
to the Ubuntu PC, and which contains the pose of each tracked rigid body, has a dynamic
size depending on how many rigid bodies are present in the scene at that moment. In
other words, when a new operator enters the collaborative environment with pre-registered
gloves, these will be instantly added to the sent array; in the same way, they will disappear
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if an operator leaves the monitored environment. This process is completely automatic and
does not need any system reconfiguration.

Figure 4 shows the result of the human tracking module: the four rigid bodies tracked
by the OptiTrack system through the Motive PC are sent to the Ubuntu PC, where they
have been acquired, processed, and visualized into the simulated environment RViz (right)
as green spheres.

S

Figure 4. Four rigid bodies tracked by the OptiTrack system (left) and visualized in ROS2 (right).

5. Intention Estimation Module
5.1. Estimation of the Operator Velocities

Another key aspect of the HRC problem is intention estimation (IE), which involves
predicting human movements. In this work, a linear Kalman filter (LKF) was implemented
to estimate the operator’s velocity by combining OptiTrack sensor acquisitions with a
motion model. It predicts the future position and velocity of each rigid body present
in the collaborative workspace and updates these predictions with new sensor readings,
improving accuracy. This real-time estimation, applied to Equation (1), allows the robot
to anticipate the operators’ movements, adjust its actions, and avoid potential collisions,
ensuring safe and efficient interaction, as explained in Section 6. The advantage of using
an LKEF is its ability to smooth trajectory data and continuously refine velocity estimates,
which enhances the robot’s responsiveness and safety in dynamic, industrial environments.

The implemented LKF solves the problem of estimating the state of a discrete-time
process governed by the equations

I Atl
Xpy1 = 033 133 X + Wy, )
Ye = [13 03} Xg + Mg 3)

where At is the sampling time, I3 and O3 are the identity and zero matrices of size 3 x 3,
respectively; w and n are the process and measurement noises with covariance matrices
W and N, respectively. Finally, x is the state vector of the system, i.e., the position and

T
the velocity of the rigid body x = [pITQ B, pr Bi:| , and the measured output y is a vector
containing the coordinates of the point Pgp, described in Section 4.4. The covariance matrix
N is experimentally estimated, while the covariance matrix Q has been chosen as

LAP O3

Q= 03 @

)

where Q; quantifies the uncertainty on the velocity dynamics (assumed constant) of the
state equations. Note that the LKF equations used in this work are the standard ones and
are therefore not included here for the sake of brevity.
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Figure 5 on the left shows the estimated velocities of the four rigid bodies appearing
in Figure 4: two belonging to an operator holding a toolbox and the other two belonging
to another operator carrying out an assembly operation. The developed LKF software
computes and displays the three components of the estimated velocity (rgb arrows) and
the resulting speed (yellow arrow). Their length is scaled according to their own module:
vRrp, and vgp, represent a human walking and they are significantly higher than vgp, and
URB, representing the speeds used for the assembly task.

Figure 5. Human operator (left) and robot (right) velocities estimated through the LKFE.

5.2. Estimation of the Robot Velocity

In order to obtain a practical solution to minimize production time, the proposed
algorithm monitors the robot end-effector position, pr, by using a common convention
based on the knowledge of the robot joint angles g [rad]. In fact, pg is computed by
retrieving the transform between the robot base frame, Tj,,,, and the end-effector frame,
Tee, which are updated in real time by the robot controller and drivers.

On the other hand, the equation implemented to compute the end effector velocity, vy,
is based on the change in the end-effector position over time. More in detail, the change
in position is calculated between current and previous positions of pr, while the time
difference, dt, is calculated between the current and previous timestamps of the transform.
The velocity components in the x, y, and z directions are computed by dividing the position
differences by the time difference:

B P%{rr _ p;}{z@v B p%uyrr o Pﬁtjv B P%uzﬂ B pgrzev

UR, T , Y TR UR, T 5)

Figure 5 (center and right) shows the robot end-effector positions and velocities during
its motion. The yellow arrow represents the speed, calculated as the Euclidean norm
(magnitude) of the velocity vector in 3D space. The velocity vector is represented by the
three components vg,, vr,, and vg, in rgb convention.

5.3. Relative Speed Computation

The last step of the proposed IE module is to calculate the relative speeds between the
humans and the robot: they represent how fast the humans and robot are moving towards
each other (or away from each other), which is crucial for computing the protective distance
S, according to ISO/TS 15066 [4].

Human-directed speed, U‘Ii{Bi/ measures how fast the i-th rigid body is moving towards
(or away from) the robot. It is calculated by projecting the rigid body velocity, vgp,, onto
the direction from the RB; to the robot, expressed by the unit vector dgp, . Thus, v‘fz B,
is the dot product of the rigid body velocity, vgp,, and the direction from the human to
the robot, dgp,,g: it measures how much the human operator velocity is aligned with the
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direction towards the robot. A positive value indicates that the human is moving towards
the robot, while a negative value indicates that they are moving away.

PR — PRB;
T prg . ke = Phe oo ©)
i

dRB, R =
On the other hand, the robot-directed speed, v?{, measures how fast the robot is moving
towards (or away from) the human. It is calculated by projecting the robot velocity, vy,
onto the direction from the robot to the selected rigid bodies, RB;. The equations are similar
to the previous ones:
PRB; — PR
AR-RB; = T vl = vk - dr_rs, 7)
lpre; — PRI

These directed speeds are crucial for determining the protective distance, S;,, between
each human and the robot, which depends on how fast both the human and the robot are
closing the distance between each other. If v, is large and positive, it means the human is
moving quickly towards the robot, which might reduce the time until the robot needs to
stop or react. Similarly, if 0% is large and positive, the robot is moving quickly towards the

human, which might reduce the time to avoid the human.

6. Robot Control Module
6.1. Human—Robot Separation Distances

A crucial step for the implementation of the SSM collaborative task is the computation
of the separation distance array between the robot and each human operator. As explained
above, the developed pipeline identifies in real time both the robot end-effector point, pg,
and the tracked rigid body, prp,. The separation distances between the robot and each i-th
rigid body are computed by means of the Euclidean norm:

di = |[pr — pra; | = \/(PRx = PrB,)* + (PR, — PRB,;)* + (PR, — PRB.)? ®)

6.2. Minimum Protective Separation Distance Computation

As suggested in ISO/TS 15066 [4], the minimum protective distance S is computed
for each rigid body (human) by the Formula (1). Bringing the equation back into the
application context described in this paper, in which there are i human operators, S; is
based on various factors such as the velocities of the robot and the i-th rigid body, the
reaction time of the robot, the robot’s stopping distance, and the uncertainties in positions.
The protective distance ensures that the robot is kept at a safe distance from the human to
prevent any collision. The pipeline computes S; using several components:

*  Sgp;: contribution from the rigid body speed towards the robot;

e  Sg: contribution from the robot’s reaction time;

*  Sg: contribution from the robot’s stopping distance;

¢  Safety margins: intrusion distance (C) and uncertainties in robot and human positions
(Z; and Z,).

The equation for the minimum protective distance for each rigid body (human) is
Si=Srp;+SrR+Ss+C+Zs+Z )

where the following definitions apply:
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*  Sgp,: the contribution from the human velocity is calculated as
Sks, = vkp - (Ts + T (10)

where v‘f{ s, is the directed speed of the i-th rigid body towards the robot, and T and
T; are the stopping and reaction times of the robot.
*  Sg: the contribution from the robot velocity is calculated as

Sg=0% T, (11)

where v4 is the directed speed of the robot towards the human.
*  Sg: the robot stopping distance is a constant value B.
. C: intrusion distance, a small buffer to avoid accidents.
e Z,: robot position uncertainty.
e Z;: rigid body position uncertainty.

6.3. Robot Speed Override Computation

The last step of the developed robot control module is to process the information
about the separation distances, d;, and the minimum separation distances, S;, related to
each i-th tracked rigid body according to the regulations. More in detail, these values have
been compared to compute the robot speed override, or scaling factor, k, which satisfies the
SSM principle. A key aspect of the strategy is also to ensure smooth and stable changes in
robot speed.

The speed override is computed by checking the relationship between the maximum
scaling factor (Smayx) and the corresponding distance, d;. The speed override is defined
as follows:

1.0 ifd; > AS X Siax
k=1<0.0 if di < Syax orif di < dmin (12)

di *Smax s
ASxe s — otherwise

where Sy is the maximum value in the S; array, AS is a constant scaling factor that
determines the range of distances for which the speed override is computed (it was chosen
as 2) and d,,;;, is a minimum distance threshold that has been introduced to stop the robot
if the operator is extremely close to the robot itself (it was chosen as 0.30m). The first
condition represents a totally safe condition for the human operators; thus, the robot can
move to its maximum speed while the second condition satisfies the regulation ISO/TS
15066 [4]. For intermediate distances, the proposed strategy uses a linear interpolation to
gradually shape the scaling factor between 0.0 and 1.0 based on the distance.

7. Experimental Results

This section presents the experimental results to evaluate the practical significance
of the proposed methodology. The experiments were conducted using the same setup
for two different tasks. The setup, designed for an industrial environment, features a
Universal Robot, the UR5e, a cobot engaged in a pick-and-place operation, specifically, a
cyclic pre-programmed trajectory. This application uses a ROS2 industrial architecture,
which is connected to the robot according to the networking configuration described in
Section 4.2. The first task represents an inspection task in which a technician approaches
the robot to carry out some visual assessments, while the second task represents a co-kitting
task in which two operators work close to the robot.

The proposed algorithm, except the Motive 3.1.0 software, runs on a standard desktop
PC running Ubuntu 20.04 LTS with an Intel Core i7-8700K CPU at 3.70 GHz, 12 GB of RAM
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and an nVidia GeForce GT 740 GPU with 12 GB of memory. The Motive 3.1.0 software,
runs on a separate PC running Windows 11 Enterprise with an Intel Core i9-13900KF CPU
at 3.0 GHz, 128 GB of RAM and an nVidia RTX A4000 GPU.

The accompanying videos that show the full experiments are available at the follow-
ing links: inspection task (https://www.dropbox.com/scl/fi/v0mkt2fn0z23lfjkagojm/
inspection-task-MDPI-applsci-3412264.mp4?rlkey=t6r5webolj6ythdkep6yrdlef&dI=0, ac-
cessed on 21 January 2025) and co-kitting task (https:/ /www.dropbox.com/scl/fi/2ba9w3
1dfmjy70g8vhnbe/cokitting-task-MDPI-applsci-3412264.mp4?rlkey=x2x30s219922epr8iqd4
bjwz1&dI=0, accessed on 21 January 2025).

7.1. Inspection Task
7.1.1. Task Description

The scene simulates a robot executing a pre-planned path at a given nominal speed,
and a human operator who enters the collaborative workspace to perform some inspec-
tion checks. The operator handles a notepad, close to the robot, at different distances
and approaches it randomly. Figure 6 shows the main snapshots of the task execution
evidencing the performances of the proposed algorithm. The full demo is provided in the
accompanying video. More in detail, at the beginning, the operator is stationary and the
robot moves at its maximum predefined speed (STEP 1). At t = 8s the operator walks
towards the robot station for about 7 s (STEP 2), then stops in front of the desk and takes
some notes (STEP 3). After this phase, the operator gets close to the robot less than the
minimum distance, d,,;,; thus, the robot stops immediately at t = 21 s (STEP 4). Finally,
he steps away for a few seconds (STEP 5) before leaving the robot station at about t = 355
(STEP 6).

Figure 6. Snapshots of the inspection task experiment.

7.1.2. Task Results

Results are shown in Figure 7. The top graph compares the speeds vgp, (dark green
line, operator’s right hand), vgp, (light green line, operator’s left hand), and vy (yellow line,
robot end effector), while the bottom graph represents the computed distances, which are
processed to compute the robot speed scaling factor, k (black line). The minimum protective
separation distances Sgp, (dark blue line) and Sgp, (light blue line) are compared with the
respective distances drp, (purple line) and dgp, (violet line) and the minimum allowed
distance d,,,;,, (red line).
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Figure 7. Results of the inspection task experiment.

More in detail, during STEP 1, the operator is stationary (vgp, ~ vrp, ~ 0 m/s), so
Sgrp; only depends on vR: the separation distances drp, and dgp, are much greater than the
minimum permitted, so the robot moves at its maximum speed (k = 1).

STEP 2 starts at about 8s: the operator walks towards the robot station; thus, the
speeds vgp, increase up to a peak of 1.8 m/s. During this motion, since the direction
of motion of the operator is opposite to the direction of motion of the robot, S increases
according to the contribution of vgp,. Also, the human-robot distances drp, decrease, until
they become very similar: the system supposes a possible risk for the operator, so it slows
down the speed of the robot from approximately 9 s to 11.5 s, until the robot stops (k = 0)
because Sgp, > drp,- When the operator stops in front of the robot, vgp, =~ 0 m/s and the
robot resumes its speed gradually (k increases).

STEP 3 highlights that, even if the operator is almost stationary, the robot still slows
down slightly when it passes in front of him to prevent possible risky situations (f ~ 17 s).

During STEP 4, the operator approaches the robot at a distance lower than the mini-
mum allowed (t ~ 21's, drp, < dyin), 0 the robot immediately stops (k = 0). After that,
the operator backs away for a few seconds (STEP 5) and the behavior is similar to STEP 3.

Finally, in STEP 6, at t ~ 35 s, the operator moves away from the robot station.
Differently from STEP 2 in which they move at opposite directions that causes a decrease
in k, in this case, S decreases even if vgp, increases because the human operator directions
of motions are the same, so the vgp, contribution is negative in the Sgp, computation: the
collaborative scenario is strongly safe and k = 1.

7.2. Co-Kitting Task
7.2.1. Task Description

The scene simulates a robot executing a pre-planned path at a given nominal speed,
and two human operators who enter the collaborative workspace to perform some co-
kitting tasks. Figure 8 shows the main snapshots of the task execution, which demonstrate
the performances of the applicability of the proposed strategy in multi-operator scenarios.
The full demo is provided in the accompanying video. More in detail, in the beginning,
the operators are not present in the collaborative workspace; thus, the robot moves at its
maximum predefined speed (STEP 1). At t = 65 the operator A, wearing gloves numbered
RBj3 and RB,, walks towards the robot station for about 6 s (STEP 2), then stops in front
of the assembly desk and starts some activities (STEP 3). After this phase, the operator B,
wearing gloves numbered RB; and RBj, carries a toolbox to the work table and leaves the
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scene (STEP 4). At this point, the operator A takes the toolbox and brings it to his assembly
desk, getting close to the robot at less than the minimum distance, d,,;,,; thus, the robot
slows down and then stops at about t = 29 s (STEP 5). Finally, operator A leaves the scene,
while operator B enters the workspace (STEP 7) to replace a drip tray on the robot table
(STEP 8).

Figure 8. Snapshots of the co-kitting task experiment.

7.2.2. Task Results

Results are shown in Figure 9. To facilitate understanding of the graph, only the
maximum values of the data related to the pairs of rigid bodies attached to each operator
are shown, considering that the behavior of the two hands of each operator is almost similar
during the task. The top graph compares the speeds of the operators vyay, , (light green
line, operator B), Umax (blue line, operator A), and vy (yellow line, robot end effector),
while the bottom graph represents the computed distances that are processed to compute
the robot speed scaling factor, k (black line). The minimum protective separation distances
are Smax, , for operator B (orange line) and Smaxs, for operator A (light blue line). They are
compared with the respective distances, dyax,, (purple line) and dyax, , (violet line) and
the minimum allowed distance d,,,;;, (red line).
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Figure 9. Results of the co-kitting task experiment.
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More in detail, during STEP 1, the operators are not present in the collaborative
workspace; thus, the robot moves at its maximum speed (k = 1).

STEP 2 starts at about 6s: operator A walks towards the robot station; thus, the speed
Umax; 4 inCreases up to a peak of about 2.0 m/s. During this motion, Syax,, increases and
the distance dyqx,, decreases, until they become very close: the robot slows down and then
it stops (k = 0) at about 9 s when Smaxyy > dmaX3,4- When operator A decelerates until he
arrives in front of his assembly desk, Umaxs, ~ 0m /s and k gradually increases.

As for the inspection task, STEP 3 highlights that, even if the operator is almost
stationary, the robot still slows down slightly when it passes in front of him to prevent risks
(t =~ 125s).

During STEP 4, operator B carries a toolbox to the robot work table and leaves the
scene: Smax, , becomes more than dmaxL2 ; thus, the robot stops. It resumes the motion only
when the operator reverses the direction of motion and moves away, at about t = 25s.

The robot also stops in STEP 5, when operator A takes the toolbox and its distance
becomes less than d,,;,,: the robot slows down and then it stops at about t = 31s.

Finally, operator A leaves the scene at about ¢ = 46 s while, at the same time, operator
B enters the workspace (STEP 7). Note that, even if both Omaxy and Omaxs, iNCrease, Smax, ,
increases because operator B is approaching the robot while Syx,, decreases because
operator A is moving away. During the last step of the experiment, STEP 8, operator B
replaces a drip tray on the robot table and dyax,, < djpin, thus k = 0. Only when he leaves
the scene does the robot resume its trajectory at its maximum speed.

8. Conclusions

The paper presents a hybrid ROS2-based architecture addressing the challenges en-
countered when integrating collaborative robots in industrial settings. Specifically, the
research introduces a reliable human detection and tracking system using the OptiTrack
perception system, alongside an intention estimation algorithm and a robot control mod-
ule. The integration of these components enables the implementation of a robust SSM
collaborative scenario which can be used in industrial robotic workcells. The developed
speed scaling algorithm performs a real-time risk assessment, adjusting robot speed based
on operators’ behaviors. It increases robot speed in low-risk situations and reduces it in
higher-risk scenarios by calculating the minimum protective separation distance, consid-
ering current safety regulations and by evaluating operator intention predictions. The
great advantage of the proposed technology is that the approach ensures operator safety
while optimizing production efficiency, aiming at improving the industrial profitability in
collaborative workcells. The experimental results demonstrate improved performance in
balancing safety and speed. However, the selected OptiTrack tracking system is highly
robust in dealing with partial occlusions, but it cannot completely eliminate the challenge
of full occlusions where the operator is entirely out of view (i.e., blocked from view by
other objects) and this is a drawback of the proposed technology. The technology can be
used for any type of collaborative activity, e.g., inspection [21] or assembly [22]. This work
represents the starting point for the development of a ready-to-use package that can be
easily adapted to different types of robots and vision systems, e.g., depth cameras such as
Orbec or Intel RealSense can replace the OptiTrack system, to adapt the cost of the workcell
to the application’s needs. The proposed control strategy can be integrated with advanced
real-time trajectory replanning techniques, adaptable to unstructured environments. In
addition, the SSM safety index could be dynamically correlated to the ergonomics of the
operator, e.g., analyzing his posture, integrating exoskeletons, and tracking the entire
human skeleton to correlate the presumed risk to the most exposed part of the human body;,
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according to the actual regulations. Furthermore, object recognition and manipulation
algorithms can be developed for real applications.
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Abbreviations

The following abbreviations are used in this manuscript:

CNN Convolutional Neural Network
DYNAMICA DYNamic Assessment and Mitigation of the Impact of Collaborative Applications
HRC Human-Robot collaboration
HRI Human-Robot Interaction
1IE intention estimation
ISO International Organization for Standardization
LKF Linear Kalman Filter
RB Rigid Body
ROS Robot Operating System
SMEs Small and Medium Enterprises
SoA State-of-the-Art
SSM Speed and Separation Monitoring
TS Technical Specification
URDF Unified Robot Description Format
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