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ABSTRACT

Industry 5.0 envisions a shift in European manufacturing toward human-machine
symbiosis, where humans and technical systems operate as adaptive partners.
Realizing this vision poses challenges not only for work organization but also
for product development of manufacturing machines and technical systems.
To validate symbiotic interaction and to systematically generate development
knowledge, suitable testing environments are lacking that focus on the interaction
between humans and the technical system. To address this gap, the new Human-
Machine Symbiosis Laboratory (HMS-Lab) is developed. It integrates three core
aspects: simulation of technical systems, measurement of human physiology,
and measurement of human perception. A mixed reality setup combines a six-
axis industrial robot, a voice-coil shaker, modular handles, and a Unity-based VR
environment. For the simulation of the technical system, this equipment enables
immersive haptic, visual, and acoustic feedback and allows early evaluation of
product behavior without physical prototypes. Human physiology is captured through
motion capture for body posture, force plates, and a six-axis force/torque sensor for
physical load, EMG sensors for muscle activation, and accelerometers for vibration
dynamics. Human perception is assessed with standardized questionnaires and proxy
variables such as eye-tracking via VR headsets. By synchronizing physical and virtual
components in real time, the HMS-Lab establishes a closed-loop environment for
investigating symbiosis. It enables systematic validation of product concepts and
provides a scalable basis for building development knowledge, contributing directly
to the realization of Industry 5.0.
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INTRODUCTION

Global economies are facing increasing challenges due to a rising shortage
of skilled workers, especially in craft and industrial fields in North
America and Europe (Brucker Juricic et al., 2021). This problem is
worsened by demographic shifts and a decreasing influx of young workers
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(Hardege. November 2023). To counteract this development, the European
Commission has launched the flagship initiative “Industry 5.0.” It places
people at the center of production processes and their interaction with
machines (Tropschuh et al., 2021). In the future, humans and machines
will not only interact with each other, but also work together symbiotically
(Inga et al., 2023). This kind of interaction represents the most effective
form of collaboration between humans and technical systems, as both
partners respond to each other to optimize performance. However, product
development for this kind of human-machine system raises the following
research question:

How can a testing environment be designed to validate technical products
in the development of symbiotic human-machine systems and to generate
development knowledge for their design?

In the current state of research, X-in-the-Loop concepts have become
particularly well established for testing products. In these approaches,
physical prototypes are examined in interaction with the partially simulated
overall system (Albers et al., 2013). For systems with strong human
involvement, the Human-in-the-Loop approach has also been established,
enabling the study of human behavior in interaction with technical systems.
Current research includes test environments in which the characteristics of
humans or technical systems are analyzed (see examples in Table 1).

Table 1: Examples of testing environments from the current state of research and their
metrics.

Testing
Environment

Objectives of
Investigation

Independent
Variables

Dependent
Variables

Hardware-in-
Loop-test benches
(e.g. (Dörr et al.,
2021)

Mechatronic
performance of
technical systems

Load profiles/load
from real-world
applications

System behavior of
individual
components

Biomechanical
laboratories (e.g.
(Motek Medical,
2025), (Delft
University of
Technology, 2025)

Biomechanical
performance of
humans

Virtual
environment and
underground,
Tasks

Human motion,
reactions forces,
and physical stress

Psychological
Laboratories (e.g.
(Hommel, 2011))

Human experience,
perception and
fulfillment of tasks

Tasks Perception and
cognitive load

User Centered
Design
Laboratories
((Kleer et al.,
2014), (Rupp,
2010), (Robert
Weidner, 2025))

Interaction
between humans
and tech. systems,
the performance of
mechatronic
systems

Design of technical
systems

Human perception,
human behavior
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Interactive testing environments such as RODOS® (RObot-based Driving
and Operation Simulator) offer the opportunity to test new developments
in technical driving systems directly, without the need to build complex
prototypes (Emmerich et al., 2025). In this Human-in-the-Loop environment,
the technical system can be adjusted and monitored, while human perception
can also be recorded through surveys.

The overview of laboratories in Table 1 shows that there is currently no
testing environment is known that specifically addresses the investigation
of symbiotic human–machine systems. None of the laboratories mentioned
enable the investigation of the multivariate perspective of Inga et al.,
which encompasses four dimensions: task, interaction, performance, and
experience. However, according to Inga et al., this is necessary to study ’true
collaboration’ and symbiosis (Inga et al., 2023).

Based on the characteristics of the existing environments, this paper
presents a concept for such a testing environment. As illustrated in Fig. 1,
the vision combines the characteristics of existing testing environments and
extends them with requirements specific to human-machine symbiosis.

Figure 1: Vision of a testing environment for developing technical, symbiotic human-
machine systems. A human is working with a virtual technical system in a testing
environment. A robot with a real handle and a VR-environment gives him the feeling
of a real-world task.

Methods

In order to realize the vision of a testing environment for the development
of symbiotic human-machine systems, a concept has been designed. This
concept comprises the following elements:

• A mixed reality environment that represents the characteristics of the
technical system and task dimension (Inga et al., 2023).
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• The human interacting with the technical system, whose behavior is
observed.

• Measurement systems that enable data-driven analysis of the human’s
physiological behavior and perception of human-machine interaction.

To generate development knowledge for designing symbiotic human-
machine systems, three key requirements for the testing environment were
derived from the literature. These three key requirements make it possible
to examine the four-dimensional multivariate approach of symbiosis (Inga
et al., 2023).

1. Mixed reality simulation of the technical system must model its haptic
behavior reproducibly and to enable precise adjustments. In addition,
the simulation must represent the application context of the product in
an immersive way.

2. Measurement of human physiological behavior must enable ergonomic
evaluation of the performed task. Minimizing human strain is a central
criterion in symbiotic human-machine systems. At the same time, the
measurement setup should interfere as little as possible with natural
human behavior.

3. Capturing human perception must allow for the identification of human-
machine symbiosis based on objective criteria. Established psychological
questionnaires and physiological proxy variables, such as eye-tracking
metrics or heart rate, should be used to identify sensor-driven indicators
of symbiosis.

The following section presents the technical solutions implemented for
the testing environment and their realization within the Human-Machine
Symbiosis Lab at the Karlsruhe Institute of Technology.

Results

As shown in Figure 2, the technical implementation was divided into three
tasks based on the defined requirements.

Figure 2: Concept for a testing environment for the development of symbiotic systems.
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Simulation of the Technical System

The simulation of the technical system is realized through four components: a
six-axis industrial robot from Kuka (model KR 210 R3100-2C), a specialized
six-axis shaker system (voice coil) from DT-Square (DTSquare GmbH,
Stuttgart, Germany), a handle with interchangeable geometries, and a VR
environment (Meta Quest 3, Unity environment).

Human and technical system are directly interacting via the handle. This
interface is designed with a standardized flange, allowing a wide variety of
handles to be attached. The 6-axis voice coil shaker, positioned between the
handle and the robot (shown in green in Figure 2), models the vibration
behavior and the small-scale movements of the technical system. The general
movements dynamics of the technical system are modelled by the robot,
which is mounted upside down to provide an optimal range of motion.
A 6-axis force-torque sensor (Schunk SE & Co. KG, Lauffen, Germany)
mounted between the robot end effector and the shaker enables participants
to freely guide the robot through force-velocity control. Additional control
parameters, such as the actual response variables from the application,
allow the robot to reproduce the behavior of the technical system in real
tasks. This functionality is achieved using the ADWIN Pro II real-time
control system (Jaeger Computergesteuerte Messtechnik GmbH, Lorsch,
Germany), a Beckhoff SPSS (Beckhoff Automation GmbH & Co. KG, Verl,
Germany), and the robot’s internal control system. These control parameters
are determined in preliminary studies by measuring real applications or
comparable reference systems.

The simulation of the technical system is completed by the virtual
environment, which enables immersion for the participant. In addition to
haptic feedback via the handle, shaker, and robot, the VR environment
delivers visual and acoustic feedback. Within the VR environment, the
technical system and its behavior are displayed realistically. The environment
was developed in Unity, which offers flexibility for the integration of new
virtual worlds and application-specific scenarios.

Measurement of Human Physiology

The following measurement systems are implemented in the Human-Machine
Symbiosis Laboratory to accurately capture participants’ physiological
behavior and their interaction with the technical system, with minimal
influence on the natural human behavior. The evaluation parameters include:

• Physical human behavior, characterized by executed movements and
action forces applied to the technical system,

• Physical load, quantified by body posture and reaction forces acting on
participants,

• Physical strain, determined through muscle activation measurement.

Body posture and participant motion are recorded using an optical motion
capture system with infrared Vicon markers (Vicon Motion Systems Ltd,
United Kingdom). Reaction forces effecting the participants’ physical load
are measured using a floor-mounted force plate (Advanced Mechanical
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Technology, Inc. Watertown, USA) and the six-axis force/torque sensor
integrated onto the robot arm. The same forces and torques measured
by the force/torque sensor are used to analyze the interaction between
the human and the technical system. Muscle activation is measured using
wireless surface electromyography (EMG) sensors (Delsys, Natick, USA). In
addition, the dynamic behavior of the technical system is assessed through
accelerometers mounted on the robot handle, enabling analysis of the effect
of human vibration impedance on system dynamics. An example setup of the
measurement systems is shown in Figure 3. Neither the infrared markers of
the motion capture system or the EMG sensors or the force sensors installed
on the robot restrict participants’ natural behavior. The only limitation
arises from the restricted surface area of the force plate, which confines
the participant’s movements to a defined working position. However, for
stationary tasks, this constraint can be accounted for in the task design,
resulting in minimal impact on study outcomes.

Figure 3: Schematic test setup of the measurement technology in the human-machine
symbiosis lab.

Measurement of Human Perception

To measure human perception and behavior, the technical implementation is
based on the current state of research. Studies show that aspects of human
perception, such as cognitive load, play a central role in human-machine
symbiosis due to their influence on human safety and performance (Zhang
et al., 2023). Standardized questionnaires are used to measure these variables.
They can be administrated via a screen installed in the laboratory, through a
verbal interview conducted by the study supervisor or the VR environment.
In addition to subjective questionnaires, objective proxy variables such as eye-
tracking measurements can collected using the VR-headset. This combination
enables the development of novel metrics to evaluate the state of symbiosis
within the Human-Machine Symbiosis Laboratory.

Coupling VR Environment and Robot for Immersive Perception

The evaluation of symbiotic human-machine systems requires precise
alignment of the VR environment with the physical components to ensure
a realistic sense of immersion for participants. A key element of the system’s
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functionality is the real-time synchronization between the motion of the
physical handle and virtual representation of the technical system in the
VR environment. The Vicon motion capture system records both participant
posture and the handle position. These data are transferred and visualized
in the VR environment and complemented with positional information from
the robot to correct tracking errors, for example those caused by occluded
markers. Ultimately, symbiosis between human and machine can only be
achieved and evaluated through the interaction of all subsystems.

Figure 4: Virtual environment of the human machine symbiose lab in a hammer drill
application.

DISCUSSION

This paper aimed to answer the following research question:
How can a testing environment be designed to validate technical products

in the development of symbiotic human-machine systems and to generate
development knowledge for their design?

This question is divided into two parts:

1. Designing a testing environment for validating symbiotic human-machine
systems
The Human-Machine Symbiosis Laboratory at the Karlsruhe Institute of
Technology (KIT) provides a testing environment that meets the requirements
of three task areas:

• Simulation of the technical systems
• Measurement of human perception
• Measurement of human physiology

The simulation of the technical system is implemented as a mixed reality
environment, consisting of a robot as the physical component for haptic
stimuli and a VR environment for representing the visual and acoustic
application context. This setup is comparable to established simulators
described in the literature (e.g., RODOS, Bengler), but currently shows
certain limitations: the behavior of the technical system can only be
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influenced to a limited extent by participant actions, which may reduce
immersion. In the future, the fidelity of real-world behavior representation
should be enhanced to improve the interaction experience. Existing
interactive test environments, such as the RODOS system developed by
the Fraunhofer Institute, may serve as a reference, particularly in regard
to industrial robot control. In addition, the internal responses of the
simulated system to human actions can be integrated into the control loop of
the Human-Machine Symbiosis Laboratory, enabling more realistic system
behavior. A key objective is to incorporate insights from dynamic test
benches, such as the New Dynamical Test Bench for Multi-Axial Loading
of Angle Grinders (see Table 1), into the control loop (Uhl et al. 2019).

The selected measurement systems for human physiology are state-of-
the-art. The Vicon motion capture system and AMTI force plates are also
used in modern biomechanical laboratories such as the GRAIL environment
(see Table 1). There is, however, potential to extend the metrics used for
perception analysis. Additional psychophysiological approaches, such as
the evaluation of heart rate, blood pressure, or brain activity, could be
integrated to obtain a more comprehensive understanding of human-machine
interaction.

2. Building development knowledge for symbiotic systems
The second part of the research question relates to the possibility of
generating development knowledge from the measurements. This requires
that the influence of various product parameters on human-machine
interaction and their effect on humans can be precisely recorded. The
selected measurement technology, combined with a fully adjustable technical
configuration of the laboratory, make this possible.

This allows hypotheses about novel product development, pushing the
boundaries of what can be investigated beyond what is currently possible
in prototypes. The result is a practical, efficient basis for the stepwise
accumulation of knowledge for the design of symbiotic human-machine
systems.

CONCLUSION

In conclusion, the Human-Machine Symbiosis Lab at the Karlsruhe Institute
of Technology provides a testing environment that allows technical products
to be examined in the context of human-machine symbiosis. This is achieved
by recording human behavior, physical load, and physical strain, while
allowing the configuration of the simulated product to be flexibly adjusted. In
this way, the laboratory enables the systematic accumulation of development
knowledge for the design of symbiotic human–machine systems.
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