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Abstract— Integrating humanoid service mobile robots into
human environments presents numerous challenges, primarily
concerning the safety of interactions between robots and humans.
To address these safety concerns, we propose a novel approach
that leverages the capabilities of digital twin technology by
tailoring it to incorporate comprehensive and robust safety
concepts. This paper introduces a “safe-by-design” digital twin
that operates alongside the real twin robot in the loop, engaging
real-time safety framework during physical interactions with
the surrounding environment, including humans.

To validate the effectiveness of our proposed safe-by-design
digital twin framework, we conducted experiments using a
humanoid service mobile robot alongside simulated human coun-
terparts. Our results demonstrate the capability of the integrated
impact safety module within the proposed digital twin approach
to limit the velocities of both the robot’s base and arms, adhering
to injury biomechanics-based safety thresholds. These findings
emphasize the promise of our proposed approach for ensuring
the physical safety of humanoid service mobile robots operating
in dynamic human environments. It enables the digital twin to
preemptively identify potential safety hazards and formulate
safe intervention actions to ensure the robot’s compliance with
safety regulations, paving the way for safer and more widespread
adoption of robotic systems in various service domains.

I. INTRODUCTION

According to the international standard for robotics vocab-
ulary (ISO8373) [1], service robots are differentiated from
industrial robots that have historically dominated the market.
Unlike their industrial counterparts, which are typically engi-
neered to execute a specific task repetitively in a controlled en-
vironment, service robots are expected to operate in dynamic
and unpredictable settings alongside humans [2]. Personal ser-
vice robots represent a distinct category of service robots de-
signed to perform tasks beneficial to humans in domestic envi-
ronments [3]. This necessitates capabilities such as interaction,
learning, adaptation, and autonomous error correction to nav-
igate the complexities of human environments effectively [4].

Service robots can further be classified in affective (or
social) and effective (or utilitarian) based on their design
strategies [5]. For instance, among the commercially available
affective personal service robots is the humanoid robot Pepper
[6], which was specifically designed for social interaction.
Its child-like design, size, and form are positively received
and well accepted by elderly users [7]. However, these robots
usually have a limited payload, control and sensing capabil-
ities, and are therefore unable to perform complex physical
manipulation and interaction tasks with humans [8], see Fig. 1.
Moreover, even though some safety standards and metrics
for industrial collaborative robots [9]–[11] and personal care
robots [12] exist today, it still seems inadequate for reaching
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Fig. 1: An exemplary physical interaction scenario showcasing the humanoid
robot GARMI and a human user. By synchronizing both the robot and human
joint locations from the physical twin PT (left), physical interactions occurring
in the real-world can be precisely mapped to the digital twin DT (right).

the full potential of humanoid service robots. Substantial
difficulties persist for mobile systems used in nonindustrial,
unstructured environments in our everyday lives, potentially
full of cluttered human interactions, making the occurrence of
unexpected contacts and subsequent injury risk very probable
[13]. However, a lot of promising research and developed
work is currently being conducted in order to overcome these
safety challenges [14], [15]. Furthermore, a redefinition of
safety by introducing new dimensions (interaction, cyber,
societal, and temporal) in order to consider additional aspects
besides physical safety was proposed in [16]. This new defini-
tion aligns better with the risks of human-robot interaction and
technological advancement in artificial intelligence and cyber-
physical systems. Humanoid robots, which comprise a special
class of personal service robots, can be seen as examples of
such systems. Their final aim is to be deployed in an unknown
environment to assist people and interact with them directly.
Although many humanoid systems have been currently devel-
oped, they are primarily used as research platforms [17]–[24].

Current challenges facing humanoid robots

In contrast to the Pepper robot, more advanced humanoids
face numerous challenges that hinder their accessibility to end
users [25]. A primary obstacle in this regard is the absence
of well-defined, unified safety approaches. At the moment,
different safety strategies are applied by every individual
robot. For instance, adding arbitrary limits on joint positions,
velocities, and/or torques [23], monitoring the internal state of
the platform [22], stopping all action if unexpected contact or
force has been detected [21]–[23]. Unfortunately, just ensuring
physical safety is not enough for service humanoids to enter
the domestic arena. Additional high-level concerns from differ-
ent perspectives, e.g., legal and ethical, need to be addressed.
For example, complying with governmental data security reg-
ulations (e.g., GDPR in Europe) and clear accountability and
transparency procedures [26], [27]. Additionally, medical de-
vice regulations could apply if the humanoid robot is used as
a medical tool, e.g., for rehabilitation or tele-diagnostics [28].
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One technology that could potentially bridge the aforemen-
tioned research gap is the digital twin (DT) concept. Unfortu-
nately, the use of the term DT has been vague in the literature
of the last decade with many different definitions [29], [30].
A very elaborate overview discussion on the past, present,
and future digital twins has been recently introduced in [31].

Up to now, the use of DT technology in service robotics
and healthcare has not yet fully matured as compared to other
industries such as assembly line manufacturing [32]. Manu-
facturing offers a controlled environment where the states of
the physical system can be easily recorded and digitized. For
instance, a digital model of the service humanoid Pepper was
developed in [33] and used to train the model in the digital
world to allow its physical twin (PT) to perform object-
touching tasks. Nevertheless, until recently, most existing
DT systems focused only on the technical system without
considering humans in the equation. However, with the
increased use of collaborative robots in manufacturing, human
models are being added to the digital world [34]–[36] with the
aim to increase the safety, ergonomics, and efficiency of the
manufacturing process. To the best of the authors’ knowledge,
as of today no DTs exist in the service robotics sector for
physical Human-Robot Interaction (pHRI) that represent both
the robot and the human in the same digital domain and use
that to improve their interaction. We think this research gap
should be explored since it offers great potential to bridge
service robots from the laboratories to a home setting.

Contribution
In this paper, similar to a recently proposed approach

for cobotic workstations in [35], we develop a physically-
consistent DT that has the following properties:

i) high fidelity multi-physics digital model capable of
describing the micro and macro features and mirroring
the state of and the behavior of the physical system,

ii) capability of performing simulation in the virtual
model and mirroring the same to the physical model
in real-time, and

iii) employing a two-way real-time communication for data
transfer between the physical and the digital systems.

Our scientific contributions can be summarized as follows:
I. We propose a novel safe-by-design DT framework

for pHRI to speed up the process of application
prototyping for service humanoids operated in domestic
environments shared with humans (see Fig. 2),

II. Accounting for high-level concerns from ethical and
legal perspectives, the proposed DT framework fulfills
the requirements of data recording and compliance with
GDPR for service mobile robots,

III. By employing accurate physical models, it is capable
of capturing the contact dynamics arising from the
movement of different parts of its robotic systems
(including robot-to-human impacts),

IV. Relying on a multi-layered safety architecture guiding
the generation of simulated task/motion plans and
control actions, human kinematics and musculoskeletal
models can be used within our DT to ensure safe
pre-collision control of robots in pHRI applications.

V. For validation, we demonstrate its ability to address
impact safety during pHRI by implementing a
pain/injury biomechanics based data-driven safety
approach for pre-collision control.
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Fig. 2: Safe-by-design digital twin concept. The PT⇋DT interaction
framework (top-left) ensures that only safe control actions are applied to
physical entities in the real world. The real-time transmission of their actual
status information ensures high transparency while allowing for precise
synchronization of their simulated avatars. Highlighted layers in transparent
boxes outlined with dashed borders will be the focus of our future research.

II. FOUNDATIONS AND SYSTEM MODELS

In this section, kinematic structures and dynamic models
of the main subsystems of the employed humanoid system
are introduced as modular building blocks for its whole-body
dynamics. For the sake of clarity and to avoid a cluttered
notation, we leave out the dependence of the variables on time
t. The fundamental case of rigid links and joint couplings
is considered, and a well-known approach for obtaining
an unconstrained free representation for the whole-body
dynamics of mobile manipulator systems is reviewed and
adapted for use with the considered humanoid system.

A. Considered robot systems and their dynamics
We consider a dual-arm humanoid robot that has a differen-

tial drive-wheeled mobile base moving its body platform. The
geometrical dimensions and inertial parameters of the base
platform and body are shown in Tab. I. The active wheels
of the base platform are shown in black, and the passive
wheels are depicted as gray circles. The active wheels of the
differential-drive base can rotate independently from each
other while satisfying the conditions of pure rolling and non-
slipping. At the locations L, R on the body platform, two
seven-DOF1 Franka Emika Panda manipulator arms (identical,
each has a total weight of 18 kg) are mounted. Also, a third
serial rigid link connects the humanoid head to the body
platform.2 The combination of wheeled base, body platform
(with its head), and dual-arm manipulator subsystem forms the

1DOF is a standard robotics acronym for the motion’s degrees-of-freedom.
2For simplicity and without any loss of generality, we assume the serial

link connecting the head to the body to be static, thus, it is considered
throughout the paper as a lumped mass added to the body.
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wheeled humanoid robot system under consideration. Its gen-
eralized coordinates q∈Rn (n :=nv+nl+nr) are composed
by the base vehicle coordinates qv∈Rnv and the dual-arm
manipulator system coordinates ql∈Rnl and qr∈Rnr 3

q=

[
qv

ql
qr

]
. (1)

The coupled dynamics of this dual-arm wheeled humanoid
system can be expressed in the decomposed, modular form M ′

v(q) Mvl(q) Mvr(q)

MT
vl(q)

MT
vr(q)

Ml(ql) 0
0 Mr(qr)


︸ ︷︷ ︸

M(q)

[
q̈v

q̈l
q̈r

]
︸ ︷︷ ︸

q̈

=

[
Ev(qv) 0 0

0
0

I 0
0 I

]
︸ ︷︷ ︸

τ

+

[
Av(qv)

Tλv

0
0

]
︸ ︷︷ ︸

τcon

,

+C(q,q̇)q̇+τf+g(q)
(2)

where the symmetric, positive definite mass matrix of
the coupled system is denoted by M(q)∈Rn×n, the
Corilois matrix by C(q,q̇)q̇∈Rn×n and its defined
through the Christoffel symbols of the first kind satisfy-
ing Ṁ(q)=C(q,q̇)+CT(q,q̇), and the gravity torque by
g(q)∈Rn. The actuation input transformation matrix is de-
noted by E(q)∈Rn×r, the input torque vector by τ ∈Rn, the
constraint forces by τcon∈Rn, and I and 0 are respectively
identity and zero matrices with appropriate dimensions.

Our specific base vehicle subsystem is subject to m
constraints, where the matrix associated with them is denoted
by Av(qv)∈Rm×nv and λv∈Rm is the vector of constraint
forces. The base vehicle’s steering always satisfies

q̇v=S(qv)
Sq̇v, (3)

where S(qv) is the constraint auxiliary matrix mapping
from the space of input velocity Sq̇v to the velocities of the
two wheels (i.e., the space of differential coordinates of the
wheeled base vehicle) q̇v [37], [38]. This matrix includes the
vehicle’s motion constraints (e.g., on the wheels) and fulfills
the equality ST(qv)A

T
v (qv)=0. In other words, the space

spanned by the auxiliary mapping S(qv) always lies in the
nullspace of the constraint A(qv). Hence, the superscript
S denotes a constraint-free space quantity.

Since the two arms experience no movement constraints,4
the velocity vector of the full humanoid system is obtained
from

q̇=SI(qv)
Sq̇=

[
S(qv) 0 0

0
0

I 0
0 I

] Sq̇v

q̇l
q̇r

. (4)

The corresponding constraint-free velocities can similarly
be mapped via an extended Jacobian SJ(q)∈R6×n to
operational space velocity twist ẋ∈R6×1 as

ẋ=J(q)q̇= SJ(q)Sq̇=
[

Jv(qv)S(qv) Jl(ql) Jr(qr)

]
︸ ︷︷ ︸

SJ(q)

 Sq̇v

q̇l
q̇r

,
(5)

where Jv(qv)∈R6×nv , Jl(ql)∈R6×nl , Jr(qr)∈R6×nr

are the Jacobian matrices associated with the mobile base
vehicle, the left arm, and the right arm, respectively.

3For the considered system, the two manipulation arms are identical both
kinematically and dynamically, i.e. nl=nr .

4Except for the obvious actuator and controller interface constraints,
defined by the used motors and dictated by the robot manufacturer.

B. Constraint-free whole-body dynamics
As already previously shown in [39], the whole-body

coupled dynamics of the dual-arm wheeled humanoid can
be derived from the macro/mini structure approach [40]. In
the constraint-free space S, its whole-body dynamics can
be expressed in the form

SM(q)Sq̈+SC(q,q̇)Sq̇v+
Sg(q)= Sτ , (6)

where
SM(q)=SI

T(qv)M(q)SI(qv)

SC(q,q̇)=SI
T(qv)

(
M(q)ṠI(qv)+C(q,q̇)SI(qv)

)
Sg(q)=SI

T(qv)G(q),
Sτ =SI

T(qv)E(q)τ .

(7)

C. Inertial impact properties and safe pre-collision control
The pseudo-kinetic energy matrix of the system SΛ−1(q)

can be evaluated as
SΛ−1(q) = SJ(q) SM−1(q) SJT(q)

=

[
SΛ−1

tr (q) SΛco(q)
SΛco(q)

T
(q) SΛ−1

rot(q)

]
,

(8)

where SΛ−1
tr (q), SΛ−1

rot(q), SΛco(q) denotes the translational,
rotational, and coupling parts of SΛ−1(q), respectively.
Moreover, the reflected mass mu(q) along a Cartesian
direction u∈R3 and the inertia about that direction Iu(q),
taking into account the base vehicle’s motion constraint into
account, are given by

mu(q) =
(
uT SΛ−1

tr (q) u
)−1

,

Iu(q) =
(
uT SΛ−1

rot(q) u
)−1

.
(9)

III. METHODOLOGY

This section outlines the key concepts of our proposed
safe-by-design Digital Twin (DT). Herein, we elaborate on
its core methodology, which includes the DT-guided safety
framework for HRI and the real-time synchronized PT⇋DT
bidirectional communication approach.

A. DT-guided safety concept for HRI
Since service humanoids are generally expected to operate

in human-populated environments, a multitude of safety
concerns will typically arise. Addressing those concerns
adequately is of paramount importance for any foreseeable
integration of such robots, including GARMI, to support
humans with everyday tasks. For this, we rely on and extend
our recently proposed approach for addressing various safety
aspects in HRI [41]. There, on top of ethical, legal, and
security aspects, we distinguish the following safety layers

Physical safety layers
– Impact safety
– Ergonomics
– Musculoskeletal safety

Cognitive safety layers
– Perceived safety
– Acceptance
– Personalization

Furthermore, all physical and cognitive safety layers are
subject to anthropomorphic scaling and user customizations.
For the sake of brevity and to be able to show concrete
results proving the feasibility of the proposed safe-by-design
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TABLE I: Geometrical schematics and parameters of the considered wheeled humanoid robot GARMI.

Actuated wheels

CoM

CoM

SIDE VIEW BOTTOM VIEW

Mass: 2.9 kg, Radius: 0.08m
Max. translational velocity: 0.08ms−1

Inertia about rolling axis: 0.0089 kgm2

Platform body
Mass: 60 kg (including wheeled base, torso, and head)
Inertia about center of mass: 3.1 kgm2

Dimensions[m]: l=1.2c=0.5b=0.15d=0.68h=0.19

Arm base mounting location in base frame [m]:
VpL=[−0.143,+0.2,+1.129]T, VpR=[−0.143,−0.2,+1.129]T

DT-based approach for HRI safety, we limit our discussions
through the rest of the paper to physical safety only. Cognitive
safety aspects can be well-addressed as high-level constraints
on the physical safety layers as already discussed in [41].

Using the generalized Safe Motion Unit (gSMU) pipeline
explained in [39], [42], one can also evaluate the inertial
properties for assigned points-of-interest (POIs) on both the
base and the dual arms along directions of possible impacts
with nearby humans. Basically, the gSMU acts as a pain/injury
biomechanics based safety filter for planned motions of both
the mobile base and the dual arms in the DT, ultimately
ensuring their safe pre-collision control in the PT. More
specifically, for the reflected masses obtained by the coupled
whole-body dynamics (9), the gSMU algorithm ensures a
human-safe operation by always producing instantaneous
safe velocities along the base body and dual-arm structure.
As a result, any desired risky base/arm movement, wherein
the desired task velocity of at least one POI exceeds the
specified safety threshold from the pre-collision safety
module, is scaled down. For instance, the impact safety data
is typically encoded using pain/injury biomechanics-based
safety curves. Therefore, the gSMU shapes the energy of
any undesired potential robot-human contact by reducing
the task velocity at the robot POI and along the impact
direction. Such safety filtering can be achieved, for example,
by imposing a scaling factor that satisfies 0≤α

safe
impact<1.

Similar safety factors can be used to satisfy other physical
safety aspects such as, e.g., ergonomics αergonomics or
musculoskeletal safety α

muskoloskeletal
safety , see Fig. 2.

B. Real-time synchronization of PT-DT interactions

The key novelty we propose to ensure an effective and safe
control for the humanoid robot GARMI involves bridging the
gap between the physical world and the digital simulation.
This is achieved through the establishment of a seamless real-
time “sim-real-sim” loop, wherein the DT simulation remains
in constant synchronization with the PT of the real world via
sensors, while the desired motion plans are generated in the
DT and subsequently transmitted to the PT actuators. Such a
transparent PT⇋DT synchronization approach enables precise
calibration of the DT and the real-time refinement of the kine-
matics and dynamics of the simulated systems. These digital
systems are developed using a detailed physics engine [43],
ensuring physical accuracy with contact-consistent simulated
models and control interfaces [44], [45], while continuously
mirroring the actual status of the PT. The direct bilateral com-
munication and real-time synchronization for PT⇋DT inter-
actions distinctly enhances transparency in sensing and facili-
tates a closed-loop control and steering mechanism, setting our
digital twin apart from conventional simulation-only methods.

By iterating the required safety evaluations for each
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(b) Arm motion profile.

Fig. 3: Motion profiles for the service robot GARMI. Base followed an
L-shaped motion (a), while each arm’s end effector performed a triangular
motion (b) during the experiments.

point-of-interest (POI) on the robot structure in the DT, only
safe task/motion plans and control actions are generated and
sent to the real robot for execution as desired trajectories
(depending on the level of intervention required), see
Fig. 2. Of course, critical safety aspects that do not tolerate
any delays, e.g., possibly experienced in the PT⇋DT
communication channel, has to be implemented directly
on the physical robot (i.e., in the PT) after fulfilling the
according sensing requirements. For instance, the gSMU
requires at least robust pose tracking of the nearby human(s),
which can be addressed via e.g. visual perception. However,
the human pose tracking in both PT/DT twins falls outside the
scope of of this conceptual work and its video demonstrations.
Of course, including the human kinematics and dynamics
as well as its tracking are core objectives of our ongoing
research using the proposed safe-by-design DT concept.

C. DT compliance with the GDPR
The analysis of the GDPR requirements for GARMI relies

mostly on our previous work [26]. The main result there was
the development of a data recorder system [46] that uses
encryption, hashing and signing algorithms for the recorded
data to ensure transparency, data security and integrity
required for compliance with the EU GDPR act [47]. Further
details on how the data recorder system was integrated within
the proposed digital twin environment can be found in [27].

IV. EXPERIMENTAL VALIDATION

The experimental setup to test the developed DT solution
consisted of three main parts connected through ROS5 as
an underlying communication channel:

i) The GARMI robot’s physical model that runs in the
MuJoCo physics engine [43] while following the motion
profiles depicted in Fig. 3a for the base and Fig. 3b for
both arms separately.

5ROS stands for Robot Operating System, https://www.ros.org/
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(a) Mobile base motion. (b) Left arm’s EE motion. (c) Right arm’s EE motion.
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Fig. 4: Results of the gSMU-based impact safety module tested in the DT environment. Each column shows the results for individual analyzed parts
of the humanoid, and they report from left to right about the wheeled base, the left arm, and the right arm, respectively. Subplots (a–c) are snapshots
from the DT at the time instant when the gSMU safe velocity scaling takes effect. Subplots (d–f) show the relative distances between the robot parts
and the human during the experiments. Subplots (g–i) are the underlying safety curves for the respective robot part. Subplots (j–l) depict the effect of
the gSMU-based impact safety module on the robot velocities.

ii) The human kinematic model and the environment,
which have been simulated using UE56 for graphics
visualization (see Fig. 2). We employed a sinusoidal
function as the relative distance profile between GARMI
and the simulated human. Please note that realistic
human body kinematics were not considered in this work,
however, they are the subject of our ongoing and future
research. The distance information was updated with a
frequency of 100 Hz. To capture the entire HRI scenario,
GARMI’s states were visualized in UE5 by interfacing
with GARMI’s physical model within MuJoCo.

iii) Finally, the gSMU-based safety module that is utilized to
adjust velocity commands based on encoded biomechan-
ical impact data and the current states of both the robot
and the human. The safety module is activated when
the relative robot-human distance falls below 2.3 meters.
This distance threshold was chosen heuristically as the

6UE5 stands for Unreal Engine 5, https://www.unrealengine.com/en-US

protective separation distance Sp(t0) [11] for the nom-
inal settings of the demonstrated tasks with a simulated
human motion of a maximum speed of almost 2 m/s.7

To validate the gSMU framework for ensuring the safety
of the humanoid robot GARMI, a total of three experiments
have been conducted with the DT: one for the base platform
and one for the individual arms of GARMI. In the first
experiment, the robot base moved following the points shown
in Fig. 3a while trying to maintain its maximum velocity of
2 m/s. On the other hand, the end-effector of each GARMI’s
arm followed the motion profile shown in Fig. 3b.

A. Results
The carried out experiments can be seen in the supplemen-

tary video8 and their results are shown in Fig. 4. The the re-

7For exemplary calculations of Sp(t0) relevant to a typical collaborative
task with a lightweight robot arm, the reader is advised to check [48].

8https://youtu.be/7rHItLRsGyY
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sults in the following order: base motion (left), left arm motion
(middle), and right arm motion (right). The moments at which
the safety module has been triggered causing to scale down
the velocity of the moving part are depicted in Fig. 4a–4c.
The relative robot-human distances at any given time instant
are shown in Fig. 4d–4f. Indicated there as well (highlighted
in gray) are the time during which the gSMU module is
activated, where the relative robot-human distance falls below
a safe distance threshold. The used 2D safety curves in the
impactor’s mass/velocity plane for the gSMU are displayed
in Fig. 4g–4i for using injury biomechanics information from
experimental impacts with lower and upper human extremities
(for use with the GARMI’s base and dual arms, respectively).
Lastly, in Fig. 4j–4l the comparisons between the desired
velocities, safe velocities, and actual recorded velocities of
the part in motion are shown. The forward velocity of the
base during the motion is shown in Fig. 4j, whereas the
magnitudes of end-effector velocity in task space for the left
and right arm are shown in Fig. 4j and Fig. 4l, respectively.

V. DISCUSSION

Results for different use cases were shown in the previous
section. In the first experiment, the base of the humanoid
was commanded to drive along a path with a constant speed
of 2 m/s, however, at this speed, human safety is endangered.
Therefore, the humanoid service robot GARMI must slow
down when it encounters a human. An example of such a
scenario can be seen in Fig. 3a. From the recorded velocity
profile shown in Fig. 4j, it is clear that the platform slowed
down drastically, thanks to the gSMU framework when
triggered by a human. Afterward, when the human has
moved away from GARMI, the integrated safety module in
DT allows for a slow increase in speed until the human is
outside of the gSMU safe distance threshold.

The other two experiments were very similar to each other
since they included the same components. The gSMU-based
safety module slows down the end-effector movement (see Fig.
4k and Fig. 4l, highlighted area). The important thing to notice
there is that the end-effector movement is only restricted when
it moves from point 3 to point 1 (Fig. 3b). This feature of the
gSMU-based safety module is essential since it only restricts
movements in dangerous directions while the robot can move
freely in all other directions. This restriction on the velocity
scaling is important as it does not compromise the movement
efficiency of the robot entirely when a human is nearby.

Regarding the underlying injury biomechanics information
employed for safety in our simulated use cases, Fig. 4g–4h
display the safety curves that have been used for the safe
velocity scaling by the gSMU. The blue triangle indicates the
reflected mass for each component when the safety modules
get triggered, i.e. when the human gets too close to the robot.
For the case of individual arms, the reflected mass is close
to ∼1 kg. The relatively low value compared to the size and
overall weight of the used serial manipulator in the dual-arm
system of GARMI (namely, the Franka Emika Panda arm) can
be explained by the configurations of the arms while executing
their respective tasks (see Fig. 4b and Fig. 4c). During the
experiments, the first three joints were mostly stationary while
the remaining ones (i.e., the last four joints) contributed the
most to achieving the goal positions. Due to their lighter de-
sign, these last four joints contribute less to the reflected mass
compared to if the first three joints were instructed to move.

All the aforementioned results have been obtained in a DT
environment, which provides a simple and inexpensive testing
solution for various scenarios that cannot be performed in
real life due to the potential risks. Our results show the
effectiveness and importance of the novel safe-by-design DT
concept that can be implemented and used for prototyping
and actual control of complex humanoid robots. Additionally,
to ensure safe pHRI, the requirements from relevant safety
standards and technical specifications can be also included
in the developed DT solution such that the relevant safety
aspects of planned robot motions/interactions with humans
are adequately analyzed.

VI. CONCLUSION

This paper presented a safe-by-design DT solution that
extends the state-of-the-art digital twin based approaches
to address real-world integration challenges of complex
robotic systems. Specifically, we considered the use case of a
humanoid service robot operating in domestic settings, where
we focused on addressing the physical safety aspects of HRI.
The results obtained from simulating multiple scenarios that
are typical for such service robots moving in a home-like
human environment validate the proposed safety-driven
DT approach. The integration of detailed human and robot
physical models within the DT framework offers several
significant advantages in terms of safety tests and validations,
overcoming safety issues of service robots. Compared to
the risky and potentially more expensive approach of testing
directly in the real world, it provides a cost-effective solution
for prototyping applications involving physical interaction.
This also enables the generation of nominal data sets, encod-
ing potential human-robot interaction patterns, and other key
useful task dynamics. For instance, it facilitates the simulation
of HRI scenarios and further allows for the investigation of
human comfort and ergonomics. Future work may involve
the integration of in-vitro human kinematics, musculoskeletal
and skin tissue models to further enhance human simulations.
Furthermore, the proposed PT⇋DT integration scheme offers
the potential for improving human models by incorporating
sensed and tracked motions into the simulation while also
enabling the feedback of simulated robot plans to the actual
robot. This tight sense-and.-act interconnection closes the
loop between simulation and the real world, enhancing the
capabilities and applicability of the developed DT framework.
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