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ABSTRACT

The effects of demographic change are having a clear impact on German companies.
There is a growing shortage of workers to perform manual processes, particularly
in production companies, which is leading to a long-term decrease in company
productivity and an increase in stress levels among employees. In addition, the rising
level of customer-specific product diversification intensifies the stress situation for
employees due to the greater and faster adaptation to new product configurations,
which foster psychological stressors. While the consideration of the physiological
stress situation is state of the art and work design uses these results to design
workplaces, there is a lack of easy-to-use devices for measuring the psychological
stress situation of employees in order to meet the individual needs for recovery. This
paper describes an approach that uses a new wearable to determine the mental stress
situation of employees by analyzing psycho-physiological parameters and deriving the
need for recovery. The connection between the psycho-physiological parameters and
the human performance potential is presented and the functionality of the wearable is
explained. In addition, the approach is being tested in a laboratory study with six test
subjects in a production-like environment. The initial results show a high potential to
sustainably improve workforce scheduling.
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INTRODUCTION

The consequences of demographic transition can be clearly felt in German
companies. Especially in production companies, there is a growing shortage
of workers for manual tasks (Hellwagner et al., 2023), which results in a long-
term downturn in company performance. In addition, increasing customer-
specific product diversification intensifies the stress situation for employees
due to the need to adapt more quickly to new product configurations
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and production processes. This generally favors physical and psychological
stressors, leading to an increase in work-induced sick days and negative
economic consequences in the long term.

To protect employees better from overload in the future, the most recent
approaches focus on employee-centered workplace design using various
measurement systems to identify physical and psychological stressors.

The identification of physical stressors and their effects on employees has
already been thoroughly investigated, and adequate assessment methods and
measurement systems have been developed (BAuA/DGUV, 2020; Ellegast and
Kupfer, 2000; Schiefer et al., 2022). Furthermore, industrial application has
also been investigated on numerous occasions (Beuß et al., 2019).

However, the situation is different when it comes to psychological stressors
and their effects on employees in manufacturing companies. Due to the
complex interactions of the human mind, there is a lack of easy-to-use
instruments for measuring the psychological stress situation to determine the
individual recovery needs of employees and integrate them into production
planning.

For this reason, this article describes an approach that uses chronopsy-
chobiological regulation diagnostics (CRD) to investigate employees’ mental
stress levels with the help of a new wearable. Based on this, the approach
explained further describes how the individual stress situation and the
resulting individual recovery needs can be considered in personnel workforce
planning and thus also in production planning in order to minimize the stress
that occurs and increase employee productivity.

The article is structured in seven sections and refers to the approaches
of Industry 5.0 and employee-centered work design. The methods section
explains the concept of employee-centered work process design by developing
a human-cyber-physical production system and how the wearable works.
Furthermore, the approach described is validated within a laboratory study.
To this end, the study design is first described and then the results obtained are
presented. The article will be completed with a discussion of the results and
the application potential in industrial environments as well as a conclusion.

INDUSTRY 5.0—PEOPLE AT THE HEART OF DEVELOPMENT

Until now, it has not been possible to provide a precise and conclusive
definition of Industry 5.0, as the existing descriptions are too heterogeneous.
On the one hand, the term is seen as the next stage of the industrial revolution,
which will go beyond the effects of the fourth industrial revolution using new
technologies (including digital twins, cloud computing, etc.) (Mukherjee, Raj,
& Aggarwal, 2023). Even greater increases in efficiency and productivity are
expected.

On the other hand, Industry 5.0 is understood as an extension of
Industry 4.0. Here, the current methods and approaches are expanded to
include the goals of sustainability and environmental compatibility through
the optimal use of resources. In this respect, the solutions no longer only
focus on manufacturing companies, but also promote the bioeconomy and
thus also developments in healthcare and the life sciences (Masoomi et al.,
2023).
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On the other hand, the new goals and approaches mentioned above
are fully integrated into the approaches of Industry 4.0 and the naming is
misleading and obsolete (Liggesmeyer and Schöning, 2024).

When looking objectively at the original definition of Industry 4.0,
all technical innovations, developments and methodological approaches
included a constant consideration of people as an important element in the
production environment. Compared to the actual implementations within
Industry 4.0, it can be stated that only very few solutions take people directly
into account (Culot et al., 2020).

For this reason, the term Human-Cyber-Physical-Production-System
(HCPPS) is introduced for this publication, which extends cyber-physical
production systems (Industry 4.0) to include the systematic participation of
humans (Industry 5.0) and thus combines the integral components of both
guiding principles in a consistent system approach.

HUMAN-CENTERED WORK PROCESS DESIGN USING HCPPS

In many manufacturing companies, production planning and control is still
conventionally based on planning data and heuristics of the planning staff.
This favors large deviations between target and actual states and leads to
faulty information flows and productivity losses due to waiting or downtimes
of the machinery or incorrect personnel deployment planning.

The virtual mapping of existing production systems through the
integration and use of various sensors in the production machines enables
real-time, continuous analysis of operating states. These production
systems, known as cyber-physical production systems (CPPS), enable flexible,
automated, and decentralized production. The use of embedded systems and
modern information technology also enables human-independent machine
communication and provides a basis for AI-based optimization options in
production systems. (Monostori, 2014) The data derived from the CPPS
enables better production planning compared to conventional production
systems and favors automated production control (Francalanza et al., 2017).

In production environments in which manual processes cannot be
automated for economic reasons, the use of CPPS has its limits at the human
interface. The stressors acting on people through the work processes lead to
strains that directly influence process execution and process times. Mentally
demanding work processes, in which a high level of concentration is expected,
lead to high levels of mental stress, which can result in rapid fatigue and
therefore a reduction in the quality of work. To avoid this, individual recovery
breaks are the method of choice.

To integrate human performance into the overall view of the production
system, it is necessary to expand the existing CPPS approaches to include
human stress states (Figure 1).

A distinction is first made between physical and mental stress states.
The physical strain on people can be determined by physiological sensors
(e.g. EEG, ECG) but also by ergonomic assessment methods. Sensory
determination has already been extensively researched and in some cases
even integrated into consumer products (e.g. heart rate measurements in
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smartwatches). The processing of the data obtained and the derivation of
recommendations for action for everyday operations are currently the subject
of research activities.

Figure 1: Human centered work process approach using HCPPS.

The mental stress situation in the work environment is usually determined
using structured questionnaires (e.g. BASA II, ERI) (Richter and Schatte,
2011), but can also be determined invasively using blood, saliva or urine tests.
Here, information about the stress can be derived from the concentration
of the hormones adrenaline, cortisol or noradrenaline (Junne et al., 2017).
These assessment methods are unsuitable for long-term use due to the time
and personnel involved. An alternative is the measurement of physiological
and behavioral parameters to derive the intra-individual stress situation, as
demonstrated in chronobiopsychological regulation diagnostics (Balzer and
Hecht, 2000).

CHRONOPSYCHOBIOLOGICAL REGULATION DIAGNOSTIC

While chronobiology deals with the temporal organization of physiology
and the behavior of living organisms, chronopsychobiological regulation
diagnostics (CRD) expands the object of investigation to include the temporal
processes of the psyche (Balzer et al., 2025).

The changes relevant to the temporal dependence of the response reaction
are shown in Figure 2 as a superposition of the circadian rhythm with the
ultradian rhythm (2-4 h cycle) - i.e. as a periodic modulation of basic bodily
functions.

For the deactivation times shown in Figure 2 (red), a distinction must
be made as to whether they occur in the cognitive area, the emotional
area or the physical (muscular) area. Optimally, the deactivation times
of all three components mentioned coincide, so that we can speak of a
general deactivation (tiredness or exhaustion). Multifactorial influences (e.g.
work task and noise) as well as summary effects due to rapid successive
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Figure 2: Model of the superposition of circadian and ultradian rhythms of bodily
functions.

stress typically lead to a shortening of the chronobiologically predetermined
deactivation intervals (originally 2 or 4 hours) and at the same time to an
extension of the deactivation phases in the course of the day. This can vary
depending on the conditions and influences for the components mentioned
(cognitive reaction, emotional reaction, and muscular reaction). Sustained
high levels of stress without sufficient opportunities for regeneration lead to
exhaustion and even burnout in the long term.

The activation and deactivation phases are accompanied by characteristic
psychological features and biochemical changes that influence performance
in the work process.

Based on the results of various studies (Balzer and Hecht, 1996, 2000),
Balzer was able to integrate the CRD into a wearable by using various sensors
to determine physiological parameters (see Figure 3).

Figure 3: Measuring system smardWatch®.
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The smardWatch® measuring system used continuously records the
following physiological and behavioral parameters using four titanium
electrodes at a sampling rate of 10 Hz.

Table 1: Measurement parameters.

Physiological Parameter Reference Resolution

Skin resistance Vegetative-emotional response 24-bit
Skin potential Vegetative-nerval response 24-bit
Electromyogram Muscular response 24-bit
Skin temperature Metabolic response 24-bit
Behavioral Parameter Reference Resolution
Acceleration (dx, dy, dz) Motion behavior 24-bit
Rotation (gx, gy, gz) Motion behavior 24-bit

The regulatory processes in the organism are investigated in the backend
of the measurement system with the help of CRD using spectral analysis
methods and neural networks (Balzer and Hecht, 2000). Among other
things, intra-individual synchronization, intra-individual stress, the basic
rest-activity cycle (BRAC) and overload inhibitions according to Pavlov are
determined.

The analysis parameters listed can be used to draw conclusions about the
user’s mental stress situation, which is necessary for the HCPPS.

CASE STUDY

The HCPPS approach described above and the determination of a person’s
state of mental stress were tested in a laboratory study. For this purpose, a
sample task from the industrial environment was created, which was divided
into the three subtasks described below:

1. Determine the production dimensions of a CAD model on the computer.
2. Prepare a construction drawing based on the information from 1.
3. Produce the wooden components and assemble the module.

The maximum time to complete the task was not allowed to exceed
120 minutes.

The laboratory study was conducted with equal gender representation
with six participants with an engineering background. All participants were
familiar with the use of CAD models, the creation of production drawings,
the production of components and the use of tools (including saws, drills)
and measuring equipment (calipers). The test subjects were between 21 and
23 years old.

In addition to completing the task described, the test subjects filled out four
questionnaires to determine their chronotype, individual stress perception,
basic rest-activity cycle, and high-sensitivity behavior. The purpose of these
is to contextualize the measured values.

The test procedure stipulated that each test subject was fitted with the
smardWatch® measuring system at 2 p.m. on the day before the test. The
measuring system recorded the parameters listed in Table 1 until the test
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subjects went to sleep. The measuring system was not used during the night’s
rest. On the test day, the smardWatch® was put on again after getting up and
the measurement recording was started. In the laboratory, the questionnaires
were presented to the test subjects for completion. After completing the
questionnaires, the practical task was explained to the test subjects and
the execution of the task was started. While the practical task was being
carried out, the test subjects described the individual stress situation to the
test personnel.

After completing the practical task, the test subjects carried out their
normal routine work tasks until the end of working hours. At the end of
the working time, the measurement was stopped using smardWatch® and
the data saved.

RESULTS

The evaluation of the measurements yielded comprehensive results for all
analysis parameters. Of these, the BRAC and intra-individual stress are
presented in more detail for use in the HCPPS approach.

The average recording time for the BRAC analysis was 06:40 h. The results
of the BRAC are shown in Figure 4 as an example for test subjects 2 and 6.

Figure 4: Results of the BRAC for subject 2 (left) and subject 6 (right).

The yellow graphs show the courses of the circadian cycles related
to skin resistance or skin potential. For reasons of comparability, the
courses of the basic rest-activity cycles for vegetative-nervous reactions (skin
potential, green graph) and the vegetative-emotional reaction (skin resistance,
blue graph) were each summarized in one graph. The markings to be
recognized show the minimum of deactivation (red dot), the beginning of
the deactivation phase (green triangle) and the end of the deactivation phase
(brown rectangle).

Figure 4 shows that the subjects’ individual wishes for a break were
expressed in line with the highest registered vegetative-nervous stress.

Within the intra-individual stresses of the test subjects, the descriptions
of the stress situations were compared with the individual regulation states.
During the practical task, subject 4 experienced a calf cramp because of
prolonged standing (Figure 5). At the time of recording the occurrence of
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calf cramps in the activity log, a strong reaction - jump - was registered in the
autonomic nervous response from regulation state 43 (dysregulated, relaxed)
to state 11 (strongly deactivated, relaxed). From 15:34:50 h to 15:36:50 h,
the state of acute stress (tension) is registered for the muscular reaction. This
indicates that when a part of the body is under strong muscular strain, the so-
called whole-body cramp (increased central muscle tone) becomes effective
and therefore a muscular reaction is also recorded in other parts of the body
(as in this case with the measurement of forearm muscle activity). After
approx. 1 min from 15:35:00 h to 15:36:00 h, condition 31 is registered in
the nervous reaction (HP), possibly a kind of overload reaction to the ongoing
muscular tension 15:36:50 h is the end of the muscular strain.

Figure 5: Change in the regulation states of test subject 4 when calf cramps occur
during physical exertion legs static.

DISCUSSION

The reported results are promising for the use of the smardWatch®
as a measurement system for determining the individual stress state of
employees in manufacturing companies. The measurement system indicates
the individual necessity for breaks due to muscular or psychological loads
and appears suitable for the HCPPS approach.

Statistical validation of the results was not possible due to the complexity
of the task, the multitude of influencing factors on the individual well-being
and performance of the participants, and the small number of participants.
However, the principle differentiation of various stress on employees could
be demonstrated. In further tests, the influencing factors and the complexity
of the study design should be reduced. Furthermore, it is recommended that
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a gender-sensitive investigation of the stress states is conducted to potentially
capture menstrual discomfort through the measurement system.

CONCLUSION

The results of the conducted study suggest that the deployed wearable can be
used to determine the stress state of employees. It is further concluded that the
use of the tested device in combination with the presented HCPPS approach
represents an opportunity for production companies to ascertain the stress
situation of the entire production system and derive necessary actions, such
as for rescheduling breaks.

In addition to the study presented here, further investigations are needed to
assess the validity and reliability of the approach. Initially, simple production
systems should be used, and the complexity should be gradually increased.
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