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Abstract— Recent advancements in industrial robotics have
led to the introduction of updated safety standards, including
ANSI/RIA R15.08-1/2 and ANSI/A3 R15.08-2, which establish
guidelines for Industrial Mobile Robots (IMRs). However,
many aspects of these standards have not yet been explored
in the context of IMR safety component development. This
paper presents the design and integration of safety-oriented
software components that align with these standards, with
the goal of enhancing safety and efficiency of IMRs in
intralogistics environments. We propose a multi-layer motion
planning architecture, a planning and control framework for
the manipulator, and a whole-body impedance controller that
treats the IMR as a unified system. Additionally, we integrate
components for robot intent communication, human perception,
and human-robot spatial interaction to improve safety and
user experience. Validation experiments in industrial settings
demonstrate the effectiveness of the developed components
in ensuring safe and adaptive IMR operation in shared and
collaborative human-robot workspaces. The video demo can be
seen at https://youtu.be/Zmt_1hl1CS1E.

I. INTRODUCTION

In modern industrial environments, the demand for in-
creased efficiency and flexibility has driven the adoption of
robotics in diverse applications. However, many production
processes, such as High-Mix Low-Volume (HVLM) manu-
facturing, still rely on human workers to handle complex
tasks requiring adaptability and precision. As fully automated
systems are often impractical for such settings, the focus has
shifted to developing robotic systems capable of coexisting
and collaborating with humans [1]. Robots must exhibit
advanced capabilities to achieve smooth integration in human-
robot co-production environments, including predictive plan-
ning, risk-aware motion strategies, and dynamic whole-body
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manipulation. For instance, learning and exploiting human
activity patterns, predicting motions, and communicating
intent are essential aspects to ensure safety and efficiency
[2]. However, the increasing development of novel industrial
robots with such capabilities continuously introduces new
challenges for human-robot interaction (HRI) in industrial
settings, as detailed in a recent survey [3]. Although the
general goal is to achieve a high level of automation, many
argue that collaboration between humans and robots is an
unavoidable intermediate step. As a result, safety becomes
a crucial aspect in the development of every robotic system
[4]. Moreover, compared to fully automated production,
having human-in-the-loop introduces additional challenges
and requires introducing some safety margins [5], [6].

The first steps toward exploring the possibility of safe
interaction in robotic manipulators were pioneered by foun-
dational works such as [7], which experimentally analyzed
robot-induced injuries and provided a better understanding
of safe robot speeds for physical HRI (pHRI). Since then,
collaborative robots, or cobots, have become integral to indus-
trial processes, ranging from factory production to consumer-
oriented applications [8]. However, ensuring physical safety
alone might not be sufficient, as human perception and
acceptance should also be considered. This led to the concept
of gracefully safe robots introduced in [9]. The perceived
safety and acceptance of a robotic system can be improved
by the generation of "human-like’ motions [10] or visual
cues, such as LED signals on the robot structure or in-
the-floor projections [11]. Nonetheless, such features might
be system-specific, and their integration into a wide range
of mobile robots remains a challenge [12], [13]. Another
approach contributing to the perceived safety is the addition
of an Anthropomorphic Robotic Mock Driver (ARMoD) [14],
which was employed to generate naturalistic cues such as gaze
direction or arm gestures. Consequently, developing various
safety-oriented components and continuous advancements in
industrial robotics have posed the need for standardization.
To address the challenges of pHRI and adopt a systematic
approach to avoiding undesired and potentially dangerous
situations, including harmful collisions, both updated and new
standards, particularly for industrial robots, have been released.
These include, for example, the international standards ISO
10218-1/2 and the ISO/TS 15066', the American ANSI/RIA
R15.08-1/2 and ANSI/A3 R15.08-2 for industrial robots [15].
Specifically, the novel aspect of the recent releases of these

IThe RIA TR R15.606 is the identical adoption provided by the American
Robotic Industries Association (RIA) of ISO/TS 15066 as a technical report.



two standards is the introduction of guidelines for IMRs [15].
A first attempt of integrating a multi-layer safety-oriented
navigation architecture has been proposed in [16]. However,
that approach is limited to intra-logistic operations and was
not assessed in light of the recently introduced ANSI/RIA
R15.08-1/2 IMR safety standard. Thus, aligning and verifying
their safety components is still an open challenge.

The main contribution of this paper is the development and
integration of novel safety-oriented components into an IMR
platform for tasks involving both manipulation and mobile
platform control at autonomous and interactive levels as
shown in Fig. 1. These components are designed to align with
selected sections of ANSI/RIA R15.08-1/2 and ANSI/A3
R15.08-2 standards. The scientific contributions of this paper
are summarized as follows

o Requirements elicitation from the ANSI/RIA R15.08-
1/2 and ANSI/A3 R15.08-2 standards regarding safety
components of IMRs.

o Proposal and developments of safety-oriented software
components in accordance with these standard require-
ments, as well as elaboration of their technical details.

« Validation of the effectiveness of integrating the devel-
oped components into an exemplary IMR? to ensure its
safe operation around human workers in various realistic
industrial settings.

The proposed safety components include a motion planning
architecture, a planning and control framework for the arm
only, and a whole-body impedance controller for the IMR
system. For this, the manipulator and mobile base are treated
as a unified system, enabling simultaneous operation of both
subsystems. This approach improves efficiency and allows
the IMR to exhibit whole-body compliance behavior during
interactions with its environment. Other deployed components
include an adaptation of the robot intent communication
system, human perception stack, and human-robot spatial
interaction (HRSI). For each of these components, the
corresponding standards are highlighted. The integration of
these components in the IMR is evaluated via a test scenario,
which is a representation of the use case environment where
workers and robots interact together. This paper focuses
on the high-level design and integration of safety-oriented
components in the IMR, their alignment with established
standards, and their role in ensuring safety. Therefore, detailed
mathematical formulations and analyses are not included.

II. CONSIDERED ROBOT SYSTEM AND SAFE MOTION
UNIT

A. IMR Hardware and Software Setup

The proposed safety-oriented components are integrated
and tested on the IMR platform shown in Fig. 1. This
IMR integrates an industrial omni-wheeled mobile vehicle,
a Franka Emika Panda manipulator arm [18] on top, and
a NAO mini-humanoid robot [19] as an ARMoD to form

2The considered IMR was manufactured by an industrial partner and further
developed within the EU project DARKO on dynamic agile production robots
for intralogistics applications [17].
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EXEMPLARY ANSI/RIA R15.08-1/2 SAFETY REQUIREMENTS

ANSI/RIA R15.08-1
5.1.7.1 Navigation and control: obstacle/collision avoidance
and simultaneous motions
5.1.7.2 Collision avoidance: prevent or reduce the severity of a collision
5.1.7.3 Velocity limiting: elimination or reduction of tip-over hazards
5.2.7.4 Control of simultaneous motion: allow for coordinated
or independent movements
5.2.18 Collaborative operations: prevent hazardous contacts

ANSI/A3 R15.08-2
5.11.3.1 Risk reduction during collaborative applications
RIA TR R15.606
Power and force limiting

DARKO IMR SYSTEM

Mechatronics and Hardware Safety-oriented Software Components

Franka Emika  Safety for mobile vehicle and arm
Robot arm 1. Motion planner for graceful and
safe robot motions

RealSense 2. Whole body impedance control for

& camera simultaneous operation and safe

« " ARMoD compliance at the end effector

Mobile Safety _for arm pnly
platform 3. Motion planning and control for

performing various tasks

Omni-wheels Other safety features

4. Robot intent communication

LIDAR 5. Human Perception and HRSI

Fig. 1.  The recent releases of the ANSI/RIA R15.08-1/2 introduce
various requirements for IMR systems. This paper focuses on safety-oriented
software components and their integration on an IMR, the DARKO platform,
including a mobile platform, a Franka Emika Panda manipulator [18], and
an Anthropomorphic Robotic Mock Driver (ARMoD) [14].

a combined mobile manipulator system with interaction
capabilities. Efforts were placed to refine all the platform’s
features, ensuring compatibility with current developments
and future requirements. The key novelties of this IMR are:
1) unlike conventional methods that treat the manipulator and
base (mobile vehicle) as separate systems, the IMR in Fig. 1
is considered as a single, unified robot allowing simultaneous
operation of the arm and mobile base, and 2) the NAO robot
is added to the IMR to provide more communication channels
(see Section III-D.1).

B. Vehicle Safe Motion Unit (vSMU) Framework

A unified approach to ensuring human safety during pHRI
with stationary robot arms involves an injury data-driven
safety framework known as the Safe Motion Unit (SMU)
[20]. This framework uses the human’s relative position to
the robot arm to impose speed limits, either in Cartesian
space or at the joint level of the manipulator.

To this end, the SMU for a fixed robot arm is modified
and implemented on the mobile IMR system in Fig. 1, thus,
the naming is modified to vehicle SMU (vSMU). A detailed
procedural description of vSMU algorithm can be found in
[21]. Here, the vSMU sets the limit for robot maximum speed
based on the observed relative human-robot distance and their
velocity information. Correlation between the motion speed
and safety is based on a rich injury database for various
impact curvatures - the vSMU shapes the robot motion such
that the impact energy of possible dynamic collisions will not



lead to serious injury in the worst case. It is worth mentioning
that the deployment of the vSMU requires considering the
IMR as a unified system. This aspect and its impact on the
controller is detailed further in Section III-B.

Another simplification considered for the safety unit is
that the mobile vehicle is modeled as a floating base. Indeed,
this is a valid simplification for the used platform since it
accommodates omni-wheel drives characterized by holonomic
motion.

vSMU Operation Modes: Safety operational modes can
be generally distinguished as [22]: autonomous - no shared
workspace, coexistence - human and the robot share the
workspace but do not have a shared task purpose, cooperation
- coexistance with a shared task purpose, and collaboration -
cooperation that allows contact between the human partner
and the robot. In this paper, the focus is set on autonomous,
coexistance, and cooperation modes since the platform is
treated as a single, unified robot. This can be seen as a
simplification due to the rather different approach for safety
in collaboration where the focus is on velocities of individual
parts. To this end, considering a unified robot, the following
situations are considered:

Case I: Robot and human are moving towards each other.
Case 2: Both are moving in the same direction with the robot
being behind the human and moving faster.

Case 3: Both are moving in the same direction but the human
is behind the robot.

Regarding Case 1, the relative speeds are taken into
consideration, otherwise the derived injury metric would not
be valid. This approach has been introduced as a trade-off
between safety and task execution efficiency. For Case 2,
vSMU is expected to actively control the maximum speed
of the robot: For the metric, it is rather that the absolute
speeds are used (robot not taking advantage of additional
speed margin available due to the human going away). For
Case 3, it is expected that humans will not try to intentionally
cause the collision with the robot. Thus, relative task velocity
stays unaltered while the direction stays consistent.

III. PROPOSED SAFETY-ORIENTED COMPONENTS

A. Motion Planning Architecture

In order to align with ANSI/RIA R15.08-1-
2020:5.1.7.1,2,3 and ANSI/A3 R15.08-2-2023: 5.6.8,
a system needs to handle different contextual cues of the
environment, static and dynamic ones, by generating natural,
smooth, legible and safe robot motion. To achieve this, a
motion planning architecture is developed based on the
following requirements:

e Make use of the several contextual cues that the IMR
can perceive. In particular, the planners are developed
to handle the output generated by scene understanding
and HRSI components presented in Section III-D.2.

o Plan considering different time-scales and represen-
tations. Contextual cues and human’ dynamics are
represented on different time scales. Usually, the se-
mantics of the environments are reported in semi-static

IMR

Layer 1: Long-term context-aware
global planning.

MoD-aware
path planner

Context-aware global
navigation system

Path

Layer 2: Predictive and risk-aware
local planning.

Predictive collision
avoidance algorithm

Risk-aware
planner

Control commands

Layer 3: Safety layer for IMR motion
vSMU

Perception system: Scene Understanding and HRSI

Safe control commands

Actuators

Fig. 2. Motion planning architecture composed of three main layers. Each
layer handles different contextual aspects of the environment.

representations: maps that encode objects’ semantics,
which are updated while the robot is fulfilling its tasks.
Humans’ dynamics are often handled according to two
different time scales: semi-static representations where
long-term human motion patterns are reported (e.g.,
Maps of Dynamics (MoDs) [23], [24]), dynamic and
punctual ones where the current and short-term predicted
behaviors are detailed (e.g., trajectory predictions).

o Consider risk and safety aspects when planning the robot
operation and motion. The generated plans should reduce
the risk of collision or in general robot unsafe operation
at a minimum.

To this end, we consider the multi-layer motion planner
introduced in [25] and depicted in Fig. 2, which follows a
predictive planning setup: differently from a traditional sense-
plan-act one [26], this architecture integrates predictions of
surrounding humans and dynamic objects inside the different
layers. This architecture is composed of three main layers:

Layer 1: Long-term context-aware global planning.
This layer is responsible for generating paths for legible
robot operations considering long-term human behaviors and
semantics® of the environment.The desired path is generated
by two components. First, a context-aware global planner
enables reaching goals in partially unknown semantically-
rich environments, bridging exploration with goal-directed
navigation, considering primarily the static context. Then,
a MoD-aware path planner handles the dynamic long-term
context for navigation in human environments, represented
with MoDs.

3Semantics can be represented as labeled data i.e., text labels associated to
geometric entities and positions, or as neural network architecture embeds.

955



Layer 2: Predictive and risk-aware local planning. The
paths computed in the first layer are then forwarded to the
predictive and risk-aware local planning layer, which runs at
a higher frequency (circa 20 Hz). Here, the paths are adapted
according to different definitions of risk and by performing
obstacle avoidance considering short-term predictions. First,
the waypoints obtained in Layer 1 are processed by a
risk-aware planner, which updates the path based on the
probability of short-term collision and localization error.
Then, a predictive collision avoidance algorithm generates
the control commands, considering short-term predictions of
nearby humans’ behavior.

Layer 3: Safety layer for IMR motion. This layer, for
which the implementation is the main focus of this paper, is
responsible for the reshaping of computed velocity commands
to meet safety requirements. To reduce the hazards and harms
to surrounding humans, the velocities of the IMR are scaled
based on bio-mechanical analysis of possible injuries to
nearby people. The safety components used in this layer
are described in Section II-B.

B. Whole Body Impedance Controller for the IMR

Ensuring safe physical human-robot interactions requires
the ability to achieve compliant behavior, as, in principle, the
human could interact with any part of the robot. This section
introduces an impedance controller that considers both the
arm and the base as an integrated whole-body system, in
accordance with ANSI/RIA R15.08-1-2020: 5.1.7.1,2,4. First,
a unified whole-body dynamic model is constructed for the
analysis of dynamics and kinematics. To construct a whole-
body control system, a unified dynamic model that accounts
for the coupling terms of inertia, Coriolis, and centrifugal
torque is developed as

Mv + Ma,up Mva:| |:qv:| + |:Cv Cva:| |:qv:| + |:O:|
Mg:;, Ma (ja Ca'u Ca q.a a
_ {EU(QU)TU:| + [TSXt:|
- Te T;xt )
(€]
where q, € R"» and q, € R™. are the vehicle available
direction of motions and the arm joint variables. M,, €
R™a *"av presents the inertial coupling between the mobile
platform and the manipulator, capturing the influence of the
platform’s dynamics on the arm, M, = MvTa € R"™av XMaa
describes the reciprocal dynamic effect of the manipulator
on the mobile base. C,, € R™w. represents Coriolis and
centrifugal terms caused by the angular motion of the mobile
base, C,, € R"w denotes Coriolis and centrifugal terms
due to the presence of the manipulator, M, ,, accounts for
the extra inertial effects arising from the arm being mounted
on the base, E, € R™w*"sw is the input transformation
matrix, 7, € R™ and 7, € R"w. are the vehicle and arm
control torques, 7% € R and 7¢*' € R™aa represent the
contributes of external forces felt at joint level.
Additionally, obtaining a whole-body Jacobian matrix
is crucial, as it allows to simultaneously account for the
contributions of both the base and the arm movements to the

end-effector’s velocity. The calculation of the whole-body
Jacobian matrix is as follows:

S'Ue _ I3><3 7Spve S'vv + SA-lz O3><3 A178,(1
Swe|  |0sx3  Isxs | |Swy 0353 SaR| [Pweq
= [Vo(@a)®Ty  Va(@w)®Ja(qa)] BU} ) )

where Is.3 is the identity matrix, S and A represent,
respectively, the world frame and the manipulator’s base
frame, v € R3 and w € R?® are the translational and
angular velocities of the entities described by the following
subscripts: e for end-effector, v for vehicle, e,a for
end-effector velocity considering only arm contribute,
Spye € R? represents the translational displacement from
the geometric center of the vehicle to the end-effector,
SR € R3*3 js the rotation matrix that transforms
coordinates from A to S, SJ, € R6*"a and 5.J, € R6*"4a
are, respectively, the vehicle and the arm Jacobian. Eventually,
s s
Vilao) = [ g2 e and Vala) = [ 120 .
To this end, the whole-body geometric Jacobian is formulated
from (2) as

ST = [Vi(@)* Ty Va(gu)°Ja(ga)] - 3)

Eventually, the whole-body Impedance control law is
obtained by involving the whole-body dynamic and kine-
matic parameters in (1) and (3) and applying the Cartesian
impedance controller presented in [27] to the whole system

T=J(@)"F- = g(a) + J(@)" (A@)ia + p(@, &)

- K& — Dy(@)3),

“
where £ = = — x4, with £ € RS, is the pose error,
A(z) € R%*6 and p(xz,z) € RO*C are the inertial and
Coriolis/centrifugal matrix in Cartesian space obtained from
the joint space dynamical model (1) as explained in [28],
7 =[m 7]’ € R"w 7 is the whole-body control torque,
g=[a 9 }T € R"a 4 are the whole-body joint positions,
while K; € R%%6 ad D,(z) € R%%6 are, respectively, the
desired stiffness and damping matrix. After applying this
impedance controller to the dynamic system in (1), the desired
compliance behaviour to the external force is acquired as
given below

foxt = M) + (p(,8) + Da(x) )& + K@ ()

It is worth noting that the closed-loop system retains
its original inertia as inertia shaping would require direct
measurement of external forces at the end-effector level. This
is a crucial choice for human-robot interaction since it allows
to react to contacts that are detected anywhere on the robot
structure by relying on joint torque sensing rather than being
limited to interactions occurring solely at the end-effector.

Another important aspect to consider is that the mobile base
can not be torque-controlled. As a consequence, a common
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solution is to employ an admittance interface that emulates
the impedance behavior commanded by (4), e.g. [29] as

(6)

where M4, € R"w X" and D4, € R"w*"w are the
selected inertia and damping matrices for attaining the desired
admittance, while q'UTef is the reference velocity obtained
by plugging the control torque 7, in to the equation. In the
absence of torque sensing at the base, the external torque
acting on the vehicle 75%* is assumed to be zero and is
treated as a disturbance. In this way it is not possible to
detect contacts that happen at the mobile base.

The selection of impedance (or admittance) parameters
presents a significant challenge, as they must simultaneously
enforce the desired compliance, ensure satisfactory trajectory
tracking performance, and maintain stability in contact-rich
environments. One approach to simplifying this problem is to
decouple the system dynamics in (1) by assuming quasi-static
base movements [30] or employing feedback linearization
techniques [29]. However, such modifications effectively
obscure the true system dynamics. While this abstraction
is generally acceptable for nominal operations, it may be
insufficient for contact reactions, as physical interactions
occur at a much higher frequency than the typical control
update rates of impedance-based strategies. Nevertheless, in
typical applications of IMRs, such as intralogistics, achieving
high levels of whole-body dexterity is seldom required. As
a result, decoupling manipulation tasks from locomotion
does not significantly compromise performance. Therefore,
treating the IMR as a whole-body system and addressing the
associated challenges fall outside the scope of this work.

Maqu.vref + Daquvref =T, + Tgxt7

C. Planning and Control Framework for Manipulator

As discussed in the latter part of Section III-B, by assuming
quasi-static movements of the mobile base or explicitly
decoupling locomotion tasks from manipulation tasks, it is
possible to separately treat the arm and the mobile base from
planning and control perspective. Based on these assumptions,
a planning and control framework, that considers only the
dynamics of the robotic arm, is presented. Consequently,
since the dynamics of the IMR have been decoupled, here
the safety framework has been reverted from vSMU to SMU.

1) Low-level Control Algorithm: Similar to the approach
outlined in Section III-B, the control law chosen to follow
a Cartesian reference is a classical Cartesian impedance
controller [27], which ensures a safer interaction with the
environment in comparison to the classical position controllers.
Given a desired Cartesian trajectory x4.s and its time
derivative .., the error between the actual and desired
Cartesian position and the velocity of the manipulator can be
defined as € = 4o — @ and € = X 4.5 — x. From these values,
the joint torque required to follow the desired trajectory can
be computed as

To = J7 (qa) (Kpe + K,€) + ga(qa) + Ca(qa, q'a>qa,(7)
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where K, € R"%*"w. and K, € R"a*"w. are matrices
that define the impedance behavior of the controller, while the
other terms have been defined in Section III-B. Running on a
low-level controller means that the SMU does not distinguish
between automatic and semi-automatic modes, aligning with
ANSI/A3 R15.08-2-2023: 5.8.2.2 standard.

2) Human-Like Motion Planning: Controlling the robot
motions as human-like trajectories is essential for improving
the motion’s predictability and acceptance in human-robot
interaction [31]. Thus, we implement the manipulator motion
planning algorithm presented in [10], which relies on the
functional Principal Component Analysis (fPCA) to represent
human motion features with a smaller set of functional
elements.

Thus, the desired planned trajectory is given by

5
2(t) =+ So(t) + Y aiSi(t),

=1

(®)

where T is the average pose of the hand, Sy(¢) is the average
trajectory across all the trajectories in the dataset, a; is a
vector of weights, and S;(t) is the i*" basis element. The
details of computing the trajectory in (8) can be found in
[10].

3) Integration of planning and control framework with
SMU: The SMU sets the highest safe speed to prevent serious
injuries in case of a collision with a human. Therefore, the
motion planning algorithm must adjust the robot’s movements
to stay within the speed limits defined by the SMU. To
achieve this, this paper proposes to use the SMU as a bridge
between the Planner and the Controller where the Planner
continuously calculates the maximum safe speed based on
the robot’s current position and human-related data. Here,
only the manipulator’s end effector is considered the Point
of Interest, and the speed is limited based on the robot’s
reflected mass at that point. Since the system is built within
the ROS framework, a publisher/subscriber setup is used to
send the velocity limit from the SMU to the motion planning
node. The SMU calculates the safe speed using the robot’s
current state and position relative to the worker, then shares
this information through a dedicated topic.

On the motion planning side, the system continuously
checks whether the planned speed follows the SMU constraint.
If the speed is too high, it slows down the trajectory. From
a technical perspective, the planning node runs in cycles,
publishing each trajectory frame at the correct sampling
time to ensure smooth motion. At each cycle, it receives
the maximum safe speed from the SMU, compares it with
the desired speed, and adjusts the sampling time to keep the
motion within safety limits.

D. Additional Deployed Safety-Oriented Components

1) Robot Intent Communication System: The interaction
between a robotic system and a human user, especially if not
specifically trained, is an important factor of perceived safety.
Therefore, the ARMoD [14] can be placed onto the IMR
platform and provides additional communication channels



Fig. 3. Visualization of the integrated human perception stack that was
deployed on Fig. 1. A single Azure Kinect RGB-D camera was used for
human perception, its color and depth images are shown on the left. Bounding
boxes have a fixed scale and indicate tracked persons, trailing blue lines their
past trajectories, blue arrows their velocity vector. Cyan crosses represent
oriented 3D centroids from the RGB-D YOLO detector.

such as A: Head for robotic gaze, B: Text-to-Speech engine
for dialogues, C: Additional LEDs i.e., on the ARMoD torso,
D: Arms for pointing, and other gestures. These features can
improve the perceived safety and align with the ANSI/A3
R15.08-2-2023: 5.2 standard.

2) Human Perception and Human Robot Spatial Interaction
Modules: For the perception of humans around the robot using
its onboard sensors, a modular perception pipeline developed
in [32] was benchmarked. This aligns with ANSI/A3 R15.08-
2-2023: 5.11.3.1. An example scene with a visualization
of outputs from the 3D human perception stack deployed
on Fig. 1 is shown in Fig 3. For HRSI, the risk evaluation
approach studied in [33], [34] was employed to provide
human intention predictions for the IMR.

1V. EXPERIMENTS AND RESULTS
A. Validation of the Integrated System

The integration of the proposed safety-oriented components,
introduced in Section III, in the IMR is evaluated in a selected
use case scenario where the system is performing a pre-
defined task while workers can freely approach the robot.
The ARMoD is excluded here since it was previously tested
in [14]. All parts of the system being ROS-compatible, the
incoming data can be visualized in soft real-time using RViz,
as shown in Fig. 4. As visualized in the virtual environment
(top), worker classification (dangerous or safe) is indicated
above its representation (red or green, respectively) and is
determined based on the detected human position. The figure
also displays the real environment and the virtual safety zones
(bottom).

The robot is set to move between two positions in Cartesian
space, emulating a task execution. The human worker is
being perceived and his position, i.e., skeleton fit, orientation,
speed, etc., is correctly localized in the environment, as well
as with respect to the robot position. As the human enters
the pre-configured safety zone, the vSMU is triggered to
limit the robot’s speed. As can be seen in Fig. 5, the speed
reduction ratio is computed in the online control cycle and
is not a constant value - it is a result of a comparison of the
robot’s current speed with the maximum safe speed at the
current robot position, depending on the robot’s perceived

environment data. The video demo can be seen at https:
//youtu.be/Zmt_1hl1CS1E.

B. Integration of the Human-like Motion Planner

A second integration experiment, between the human-like
motion planner and the SMU, is then conducted. In this
test, the mobile platform remains at a fixed location and
the planner is asked to move the manipulator’s end-effector
forward and backward along the same trajectory on the
horizontal plane. At time ¢t = 5s, a human comes in front
of the manipulator, activating the SMU. The obtained end-
effector Cartesian velocities are presented in Fig. 6. It can be
observed that the presence of a human near the manipulator,
depicted as colored areas, leads to a decrease in the end-
effector Cartesian velocity. Another interesting thing to note
is that the decrease is stronger when the x component of
the velocity is positive. This happens because when v, > 0,
the end-effector is moving toward the human and the SMU
sets a lower maximum allowed velocity to limit dangerous
collision.

V. CONCLUSIONS

This paper presented the integration of safety-oriented
software components into an IMR system, ensuring compli-
ance with the latest ANSI/RIA R15.08-1/2 and ANSI/A3
R15.08-2 safety standards. The proposed components were
incorporated into a multi-layer motion planning framework,
addressing both long-term and short-term safety consider-
ations. To enhance physical safety, we introduced whole-
body impedance controllers, both for the overall IMR system
and specifically for the manipulator arm, enabling adaptive
compliance in dynamic environments. Our experimental
validation demonstrated that the IMR and the manipulator
arm effectively adjusts their velocity in response to human
presence, leveraging the (v)SMU safety framework to mini-
mize potential risks. Additionally, we examined the role of
perceived safety by integrating components for robot intent
communication and spatial interaction with humans, further
aligning with the defined safety guidelines.

The results highlight the feasibility of implementing safety-
oriented software components to improve IMR safety and
interaction in industrial settings. Future work will focus on
extending the validation to more complex scenarios and
refining the adaptability of the safety framework to diverse
industrial environments.
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